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University of Washington

Abstract

Design and Development of Surface Plasmon Resonance Imaging Microfluidic Assays

Jennifer Olivia Foley

Chairperson of the Supervisory Committee:
Professor Paul Yager
Department of Bioengineering

This dissertation focuses on the design and development of SPR-imaging microfluidic
assays to quantify nanomolar concentrations of small molecules (cortisol and phenytoin)
in saliva for a point-of-care medical diagnostic. Microcontact printing, as a method to
immobilize proteins on gold surfaces, was characterized with SPR-imaging, XPS, and
XPS-imaging. Computational models of a standard microfluidic flow assay, an indirect
immunoassay, and the concentration gradient immunoassay were developed to achieve a
deeper understanding of the mass transport of analytes within a microchannel as well as
to explore methods to improve the sensitivity of a microfluidic flow assay. The models
showed strong qualitative agreement with experimental results. A microfluidic mixer —
the herringbone channel — was incorporated in a microfluidic assay. The surface binding
profile of a protein was significantly altered with this geometry. The surface binding
profile was confirmed with SPR-imaging experiments. The model did not indicate an
increase in the rate of binding of the protein to the surface of the herringbone
microchannel when compared to a straight microchannel. Experimentally, at distances
further downstream than that explored by the computational model, there was a modest
increase in the rate of binding of the protein to the surface, suggesting that the
herringbone geometry requires longer distances to significantly increase the rate of

binding of a protein to a surface.
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Chapter 1: Introduction

Microfluidic technologies have the potential to change the medical diagnostic paradigm
by serving as an enabling technology in the development of point-of-care (POC)
diagnostics. Typically, patients must travel to hospitals where large centralized
laboratories carry out medical tests that may take several hours to several days to
complete. POC diagnostics bring the test to the patient, thereby increasing the availability
and frequency of the tests and in turn improving the quality of health care the patient

receives.

Microfluidic assays have several advantages over conventional large scale methods,
making this technology suitable for POC diagnostics. These advantages include a
reduction in sample and reagent volumes, the potential to reduce the size of the
instrumentation in order to develop portable diagnostic equipment, the potential to use
affordable and disposable polymeric devices, and a reduction in the amount of waste
generated. Immunoassays represent versatile platform technologies capable of detecting
and quantifying a wide variety of analytes and therefore represent an ideal assay format

for a POC diagnostic.

The primary focus of the entire research project, funded by the National Institute of
Dental and Craniofacial Research (NIDCR), was the development of a point-of-care
microfluidic diagnostic to quantify nanomolar concentrations of a hormone, cortisol, and
an epileptic drug, phenytoin, in saliva. Surface plasmon resonance (SPR) imaging, the
detection method chosen for the salivary POC diagnostic, requires relatively simple
optical components, and a portable and affordable SPR system is commercially available
(Spreeta — Texas Instruments). Not only is the development of an affordable and portable
SPR instrument feasible, but quantitative microfluidic assays using SPR have been
widely reported in the literature."'! Initial research for this dissertation aided in the

development of a home-built SPR instrument.'*



A typical format for an SPR microfluidic assay is shown in Figure 1. An analyte, the
molecule to be quantified, binds to a capture molecule immobilized to a gold surface in a

microchannel. SPR monitors in real time the binding of the analyte to the gold surface.'
Fow 2
N N
H

CAPTURE
MOLECULE

ANALYTE u

Figure 1. Microfluidic flow assay. A capture molecule immobilized to a surface of a microfluidic device
binds to analytes in solution.

Producing well-defined and uniform patterns of capture molecules on a gold surface is a
critical step in the development of sensitive microfluidic SPR-imaging assays. The
immobilized capture molecules should be resistant to non-specific fouling and have a
high surface density. Ideally, multiple capture molecules should be immobilized to the
gold surface to allow several analytes to be quantified simultaneously. In Chapter 3, the
characterization of proteins immobilized onto a gold surface using the surface patterning
method — microcontact printing — was conducted using SPR-imaging, XPS, and XPS-
imaging. In Chapter 4, the ability to pattern proteins inside three-dimensional

microstructures using microcontact printing was also explored.

Computational models of several microfluidic assay formats were developed to achieve a
more thorough understanding of the mass transport of the analyte within the
microchannel as well as the binding profile of the analyte to the immobilized capture
molecule. The models served as an efficient method to quickly explore a range of assay
parameters, including flow rates, device dimensions, and analyte concentrations. The
model results complemented the primary experimental method — SPR-imaging — in that
the models gave insight not only into the binding of the analyte to the surface, but also
into the concentration profile of the analyte in the microchannel. Chapter 5 describes the

development of a computational model of a generic assay format — the binding of a



protein, streptavidin, to its immobilized ligand, biotin. Experiments were completed to
assess the validity of the model. A computational model of an indirect immunoassay is
detailed in Chapter 6. Chapter 7 details the computational model for a novel

immunoassay developed by Dr. Kjell Nelson, the CGIA."

In Chapter 8, a herringbone microchannel — a microfluidic geometry proven to mix
solutions in the bulk of the microchannel'® — was incorporated in a microfluidic flow
assay to assess whether the geometry would improve the performance of a generic
microfluidic assay format. Experiments and computational simulations were completed.

All relevant background information for this research can be found in Chapter 2.



Chapter 2: Background and significance

2.1 Microfluidics

Significance and potential

A microfluidic device has channels with at least one dimension greater or equal to one
micron but less than one millimeter. Microfluidic technology has been applied in the

research and development of a number of fields including single cell studies,'” cell and

17-19 20, 21 8,9, 22-27

protein patterning, tissue engineering, chemical and medical diagnostics,

% 2 o name a few. Some advantages30 associated with using

and chemical synthesis
microfluidic devices over traditional laboratory equipment include a reduction in the
sample and reagent volumes required to carry out a particular process, a reduction in the

size of the equipment, and a reduction in the amount of waste generated.

Given these advantages, a major goal in microfluidics is to develop a lab-on-a-chip
(LOC) in which several laboratory operations are integrated onto a single microfluidic
device. The LOC concept has been promoted particularly in the area of medical
diagnostics.3 ! Large centralized hospital labs typically carry out these assays which may
require several milliliters of blood, urine, or another biological sample. Often, several
types of laboratory equipment are required to complete the tests, and it may be many days

before the patient and doctors receive the test results.

Microfluidic technologies have the potential to change the medical diagnostic paradigm
by bringing the test to the patient in what is termed a point-of-care (POC) diagnostic. The
motivation of this work is to develop portable, rapid, easy-to-use, affordable assays
capable of monitoring more than one analyte. Microfluidic technology fits into the vision
of POC diagnostics by reducing the volume of the sample required from the patient,
reducing the size of the analytical instrumentation equipment, and integrating several

processes onto a single device. Microfluidic devices, particularly those made from
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plastic, could potentially be mass-produced resulting in affordable and disposable

products.

The concept of POC diagnostics is not new. Portable home glucose monitors are readily
available to diabetics®® and illustrate how POC diagnostics can greatly improve health
care. The unique aspects of the POC diagnostic for which the majority of work in this
proposal was completed are that it analyzes saliva from patients and will simultaneously
quantify multiple analytes. By multiplexing the assay and using a minimally invasive
sample, this technology would represent a significant advancement in the development of

POC medical diagnostics.
Microfluidic Assays

One area of microfluidic medical diagnostic research focuses on the development of
microfluidic immunoassays. Immunoassays are tests that use antibodies to identify and
quantify molecules (analytes) of interest known as analytes. Antibodies, 150 kDa proteins
produced by the immune system, specifically bind to an antigen (Figure 2). Antibodies
recognize a variety of antigens including proteins, peptides, and small organic
molecules.>* > The ability of an antibody to recognize a range of molecules coupled with
the commercial mass-production of antibodies has enabled immunoassays to become a
platform diagnostic technology with an important role in medicine as well as for
detection of agents of chemical and biological warfare. In traditional assay formats, such
as the ELISA,* * antibodies are an integral part of the assay. ELISAs typically take
several hours to overnight to perform, and the assay is conducted at pseudo-equilibrium
time points. By carrying out immunoassays in a microfluidic format, all of the

aforementioned benefits associated with the smaller size scale are gained.
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Figure 2. Structure of an antibody.>* An antibody contains two antigen binding sites and is composed of
heavy and light chains. The antigen-binding sites are located at the variable regions (Fab portion of the
molecule). The ability to specifically recognize antigen molecules has made antibodies an essential tool in
diagnostics. Image reproduced from the cited reference.

Another protein molecule often incorporated in microfluidic assays is streptavidin (Figure
3). Streptavidin has one of the highest measured affinities (~1.8x10"> M')*’ for its ligand,
the small molecule biotin.** *° Streptavidin is a 60 kDa tetrameric protein and has four
binding sites for biotin. Given the strength of the streptavidin-biotin affinity, these
molecules are frequently used in a number of life science applications which include
purification, labeling, and diagnostics.*>** For the purpose of this thesis, the streptavidin-

biotin system will serve as proof of principle for a new assay format.

A B
; 0
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Figure 3. Structures of (A) streptavidin* and (B) biotin. (A) Cartoon of streptavidin with biotin binding
sites. (A) is reproduced from the cited reference. Streptavidin is a 60 kDa tetrameric protein which has four
binding pockets for the small molecule biotin. The affinity between SA/biotin is one of the highest affinity
protein-ligand interactions known.



Microfluidic Flow Assays

A common microfluidic immunoassay format is shown in (Figure 1) and for the purpose

b

of this dissertation is termed “the flow assay.” In this assay format, the surface of a
microchannel is functionalized with a capture molecule that will bind to a molecule
(analyte) from a solution. Flow assays can be qualitative or quantitative and may be
coupled to a variety of detection methods including fluorescence and colorimetric
methods.”® %6 Because molecules bind to a surface, this assay format is also particularly
conducive to surface sensitive detection methods and will be the primary assay format

explored in this research.

Diffusion Immunoassay

4749 patented by the Yager group™® and used in the

The T-sensor device (Figure 3),
development of a patented immunoassay,5 ! takes advantage of the fluid flow properties

that often characterize microfluidic devices.
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Figure 4. T-sensor. Microfluidic device to which two fluid streams are introduced (indicated by the arrows)
and exit the device with one outlet.

The Reynolds number (Equation 1) is a non-dimensional parameter describing the

influence of viscous forces versus inertial forces.> >
_ PUX.
Re = u Equation 1

where p represents the viscosity of the fluid, p represents the density of the fluid, u;

represents the characteristic velocity, and x; represents the characteristic dimension.



Given the small characteristic dimensions of microfluidic devices and relatively low flow
rates, the Reynolds number is often <1 indicating that viscous rather than inertial forces
dominate. Under these flow cohditions — termed “laminar flow” — the fluid moves as if it
were a series of layers — or laminae — that do not cross.>® > In this flow regime, a well-
characterized velocity profile — a parabolic velocity profile — for fluids in a rectangular
duct (Figure 5) exists.

1.5*average velocity

Figure 5. Velocity profile under laminar flow conditions for a rectangular duct microchannel. The
computational model results illustrate the parabolic velocity profile. The velocity ranges from zero to
1.5x(average velocity).

The velocity at the walls is zero and the maximal velocity occurs at the center of the
device. Because the fluid streamlines do not cross, mixing between fluid streams occurs
solely due to diffusion. Given the properties of laminar flow, when two fluid streams are

introduced to the T-sensor, mixing occurs at the fluid/fluid interface.

The Yager group developed a microfluidic immunoassay, the diffusion immunoassay
(DIA), which takes advantage of the predictable mixing properties in low Reynolds
number flows.>* In one stream of the device, a sample with an analyte of interest is
introduced. In the other stream, an antibody recognizing that antigen is introduced
(Figure 6A). If no antibody is present in the adjacent stream, the antigen freely diffuses
into the next channel (Figure 6B) as the solutions stream flow down the length of the

device. When antibody is present, the antibody will bind to the antigen. The antibody-
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antigen complex has a smaller diffusion coefficient than the free antigen and therefore

the antigen bound to the antibody will be more concentrated at the fluid/fluid interface
than the free antigen (Figure 6B). Depending on the concentration of the antigen in
solution relative to the concentration of antibody, the amount of antibody-antigen

complex will vary.
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Figure 6. DIA™ (A) Solutions of antibody and antigen (sample analyte and fluorescently labeled analyte
spiked into the sample) are introduced to a T-sensor. Under conditions of laminar flow, the antigen and
antibody mix and react in the microchannel. The concentration profile (x dimension) of the fluorescently
labeled analyte is taken at the detection zone. (B) Cross-sectional cartoon of the distribution of analyte at
the inlet and the detection zone (A and B) and the distribution of the analyte in the microchannel when
antibody is presented in the adjacent stream (C and D). (C) The concentration profile across the width of
the channel (x dimension) of the fluorescently labeled analyte at the detection zone. This profile
quantitatively relates to the amount of sample analyte (unlabeled analyte) in the stream. The images were
reproduced from the cited reference.

To create an assay capable of measuring the amount of antigen in the sample solution, a
known quantity of fluorescently labeled antigen is introduced to the sample stream. This
fluorescently labeled antigen competes with the unlabeled antigen in the sample to bind

to the antibody. At very high concentrations of antigen in the sample (unlabeled antigen),
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most of the antibody binds to the unlabeled antigen enabling the unbound labeled

antigen to freely diffuse into the adjacent stream. At low concentrations of antigen in the
sample (unlabeled antigen), most of the antibody binds to the labeled antigen thereby
concentrating it at the fluid/fluid interface (Figure 6C). By analyzing the concentration
profiles of the fluorescently labeled antigen across the width of the channel (“x”

dimension), the amount of antigen in the sample can be quantified.

An important design parameter in this assay is the diffusion coefficient of the analyte
relative to the diffusion coefficient of the antibody. The concentration profile of the
labeled antigen is most significantly modulated when there is large difference between
the diffusion coefficient for the antigen and the diffusion coefficient for the antibody-
antigen complex. Dr. Ken Hawkins has been exploring the utility of the DIA to measure
high molecular weight analytes such as proteins. The work has shown that the ability to
measure slow diffusing analytes is a challenge. Therefore, the DIA is better suited to

quantify fast-diffusing analytes.

Concentration Gradient Immunoassay

A modified version of the DIA, the concentration gradient immunoassay (CGIA), was
invented by Dr. Kjell Nelson.”> 3 As in the DIA, two fluid streams are introduced to the
device — one contains the sample with a fast diffusing analyte and the second contains an

antibody to the analyte (Figure 7).
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Figure 7. DIA. A solution of antibody and a sample containing a fast-diffusing analyte are introduced to a
T-sensor. Due to the laminar flow conditions, the solutions mix by diffusion at the interface of the streams.
As they travel downstream and mix, the analyte and antibody bind giving rise to complex (green). The
complex formation is biased to the side of the channel the antibody was introduced due to the relative
difference in the diffusion coefficients for the analyte and antibody.

In solution, the antibody and antigen bind at the interface of the fluid streams. The
amount of complex generated for a given concentration of antibody depends on the
concentration of antigen in the sample. At a region several millimeters downstream of the
channel inlet (~22 mm), a surface of the device is functionalized with immobilized
antigen. This surface binds the free antibody in solution. The signal for this assay is
generated by the change in the mass at the surface of the binding region (Figure 8) due to

the binding of the free antibody.
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Figure 8. Diagram of the CGIA. This assay extends the DIA (Figure 6) by incorporating a surface with
immobilized antigen. Antibody that is not bound to an analyte could bind to the surface. The amount of
antibody bound to the surface inversely relates to the amount of analyte in solution.

Because the amount of free antibody depends on the amount of antigen in the sample, the
total amount of antibody bound as well as the surface profile of the binding could
potentially be used to quantify the amount of antigen. This has been proven

experimentally and explored with a computational model in Chapter 7.

Microfluidic Mixers

The fluid flow properties in microfluidic devices generally fall within the laminar flow
regime. Although the T-sensor described above takes advantage of the properties of
laminar flow, many lab-on-a-chip applications require that the fluid streams are mixed.
However, at low Reynolds number, mixing occurs due to diffusion which depending on
the geometry of the device could be a slow process. To reduce the time scale required to
mix fluid streams, several different device geometries have been explored.l(” 3657 Often,
the purpose of these geometries is to either impose a secondary flow to increase mixing,
divide and recombine the fluid streams into thin strips to reduce the diffusion length, or
generate fluid flow patterns in which inertial effects become more significant than if the

channel geometry were a rectangular duct.
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Staggered Herringbone Microfluidic Mixer

One microfluidic mixer geometry, the staggered herringbone microfluidic mixer (Figure
9) first presented by Whitesides et al.,’® was designed to impose a secondary flow that
would circulate the flow perpendicular to the overall flow trajectory. When oblique
rectangular structures are place on a straight microchannel the pressure fields on the fluid
are altered generating a slowly rotating velocity field (Figure 9A) In the staggered
herringbone geometry (Figure 9B) two spiraling flows (clockwise and counter-clockwise)
on either side of the herringbone point are created. By imposing two circulating streams,

it was shown that the total time to achieve full mixing was significantly reduced (Figure
9B and C).
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Figure 9. Staggered herringbone mixer.'® (A) Influence of oblique microstructures above a microchannel on
the velocity profile. (B) Diagram of a staggered herringbone microchannel. The grooves induce two
circulations transverse to flow which serves to mix solutions in the bulk. A confocal fluorescence image of
a fluorescein solution introduced to the device illustrates the mixing process. (C) Plot relating the position
in the microchannel (y dimension) at which the fluorescein solutions were ninety percent mixed as a

function of the log of the Peclet number. The Peclet numbers ranged from ~1000 to ~ 20,000. The images
were reproduced from the cited reference.

In Chapter 8, the influence of the chevron mixer microchannel in a microfluidic assay

will be explored to determine its impact on the performance of a microfluidic flow assay.
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Microfluidic Device Fabrication

Numerous types of materials — glass, silicon wafers, and elastomers — and fabrication
techniques — laser ablation, photolithography, electrodeposition and embossing — to name
a few are used to fabricate microfluidic geometries.sg'63 In this research, two materials
were used (1) the elastomer polydimethylsiloxane (PDMS) and (2) the plastic laminate —
mylar (polyethylene terephthalate).

PDMS is an optically transparent, hydrophobic, elastomer permeable to oxygen which is
often used in microfluidic research (Figure 10A and B).5» ¢ A process known as
photolithography — a method in which light is exposed to a light-sensitive chemical,
termed a photoresist — is often used in the fabrication process of PDMS microfluidics.
Photoresists either polymerize (negative resist) upon exposure to light or are dissolved
(positive resist) by the light. By exposing the photoresist through a mask some areas of
the photoresist are exposed to light while others areas are not thereby allowing a pattern
of resist to be generated on a substrate that can serve as a mold for a PDMS device.** In

this research, the negative photoresist, SU8 (Microchem, Newton, MA), is spun on a
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Figure 10. PDMS device. (A) PDMS microfluidic device fabrication using soft 11thography (B) PDMS/Au
slide microfluidic device assembled. (C) PDMS chemical structure and reaction.’ The i image was
reproduced from the cited reference. The devices depicted in (A) and (B) were constructed by Dr. Mark
Blaylock.

wafer and exposed to UV light under a photomask to create mold onto which a solution
of siloxane oligomers are poured (Figure 10C). The oligomers are then cross-linked as
described by the reaction in Figure 10C. A benefit of using photolithography is that from

one SUS8 master, numerous PDMS microfluidic devices can be cast.

Other popular materials in microfluidic research are polymeric laminates — thin sheets of
plastics.“’ 67 Advantages associated with using plastics are that they are affordable to
manufacture and can be mass-produced; thereby making it a feasible possibility that

disposable microfluidic devices can be produced in an affordable manner. The polymeric
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laminates used in this research, mylar, are ablated with a carbon dioxide laser to create

channels within the laminate (Figure 11B and C). Mylar coated with adhesive on both
sides is commercially available (Fralock, CA). Once the laminates are cut they are

stacked together and adhere to each other with the adhesives (Figure 11A).

) s i ®)
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Figure 11. Mylar device fabrication. (A) Mylar polymeric laminates. The mylar with the microchannel has
adhesive on both sides to adhere it to the other laminate and the gold-coated glass slide. (B)-(C) Carbon
dioxide laser to manufacture device.



17

Computational modeling of microfluidic systems

An important tool in the development and design of microfluidic assays is computational
modeling. Computational models assist in the rational design of a device and aid in the
understanding of the physical processes which occur inside the microchannel. They also
serve as an efficient tool to optimize and improve the sensitivity of an assay. In this
dissertation, the primary experimental method, SPR imaging, only monitors the
microchannel very near the surface. On the other hand, the computational models give

insight into the physical processes occurring throughout the microchannel.

The Finite Element Method

A commercially-available finite element method software, COMSOL®, (Comsol, Inc.
Uppsala, Sweden) was used to model microfluidic assays. The exact details of the
COMSOL operating protocols are not available due to proprietary concerns. However,
the finite element method is well-documented and developed computational method and
often a weighted residual method — such as the Galerkin method — is used to solve finite

element problems.®®

Briefly, when the finite element method is employed, the geometry of the model system
is drawn and then divided into discrete elements in a process known as meshing.
Approximate solutions to the partial differential equations governing each element are
determined. The coefficients to approximate the solution can be determined with the

Galerkin method. The approximate solution to a problem could be defined as: 68

N .
6(x) = 6o+ Y cicr(x) Equation 2
i=0
where ¢; and ¢ represent undetermined coefficients and trial functions respectively. A
linear operator such that the exact solution is zero is applied to the approximate solution
yielding the residual R. The ¢;s can be determined using the following equation: 68
.[ WeR(x)dx =0 Equation 3

where Wy is a set of weighted functions.
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Governing equations of microfluidic systems

The following equations were employed to model microfluidic assays. The equations

52,53

were derived from chemical engineering textbooks and modified for the particular

application based on discussions with Prof. Bruce Finlayson.
The Navier-Stokes Equation

The Navier-Stokes equation expresses the conservation of momentum. Solving this
equation in COMSOL® yields the fluid flow properties in the microfluidic device such as

the velocity profile in the microchannel and the fluid streamlines.

When the influence of gravity is negligible as is the case with the models explored in this

proposal, the equation reduces to:

,0%—';+pu0Vu=-Vp+uV2u

where u is the fluid velocity, p is the pressure, p is the density of the fluid, 4 is the

Equation 4

viscosity of the fluid, and ¢ is time.
Conservation of Mass

The Navier-Stokes equation and the conservation of mass are typically solved
simultaneously. In this proposal, we will only study incompressible fluids in which, p, the
density of the fluid, is constant. The expression of the conservation of mass for an
incompressible fluid is below.

Veu=0 Equation 5

The Convection-Diffusion Equations

The convection-diffusion equation describes the conservation of chemical species in a

system. When the solution to the Navier-Stokes equation is coupled to this equation in
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COMSOLP®, the concentration profiles of reacting and non-reacting species in a

microchannel with fluid flow can be determined.

dc
P +Ve(-DVc+cu)=R Equation 6

where u is the fluid velocity, ¢ is the concentration of the chemical species, D is the
diffusion coefficient of the chemical species, R is the rate of production of the chemical

species, and ¢ is time.

2.2 Surface Plasmon Resonance

Significance and potential

Surface plasmon resonance (SPR) is an optical detection method that measures changes
in refractive index near a surface.'* This surface sensitive detection method is conducive
to the microfluidic flow assay format described in 2.1, and quantitative SPR microfluidic
assays have been reported in the literature." ! With SPR, measurements can be collected
in real-time and have been shown to yield kinetic information on the binding of

biological species.

SPR has several advantages over other optical detection methods — in particular
fluorescence. It does not require any components of the system to be labeled, and the
instrumentation is relatively simple and inexpensive. Given these advantages as well as
the potential to develop quantitative microfluidic assays, there have been increased
efforts — including the work in this dissertation — to develop affordable point-of-care SPR

instruments.

Surface plasmon resonance

In SPR, polarized light reaches a metal surface under conditions of total internal
reflection creating an evanescent electric field at the interface of the metal and a
dielectric. The evanescent field can interact with the free electron clouds in the metal

generating plasmons — charge oscillations. When the energy from the incident field is
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transferred to the plasmons in the metal thereby reducing the intensity of the light

reflected off the metal surface, resonant conditions have been achieved.'* 871 For the
plasmons to be excited, energy and momentum must be conserved. Therefore, not only
the energy of the incident light but also the incident angle at which it strikes the gold
surface, determine if plasmons can be excited. Based on the principles of the
conservation of energy and momentum, instruments can be designed to either keep the
incident angle constant and alter the wavelength of light or keep the wavelength of light

constant and alter the incident angle.

The condition at which resonance occurs depends on several factors including the
dielectric constant of the media at and near the gold surface. The dielectric constant
relates to the square root of the refractive index of the media. If the refractive index
changes at the surface of the metal, the resonance conditions are altered. This change in
refractive index at a surface correlates with a change in mass at the surface. By
monitoring the light reflected off the metal substrate, it can be determined whether the
refractive index (i.e. amount of mass at the surface) has been altered at or very near the

surface of the metal (Figure 12).'* %72

Due to the evanescent nature of the electric field, the contribution to the signal is
strongest at the metal surface and exponentially falls as the distance from the surface
increases. The surface-sensitivity of this detection method makes it conducive to
microfluidic flow immunoassays described in Section 2.1 in which molecules from
solution bind to capture molecules immobilized to a surface, thereby altering the
resonance conditions. SPR immunoassays have been reported in the literature and have
been shown to quantitatively measure analytes. Numerous research groups have built
SPR instruments. Several commercially available SPR instruments are also available

from Biacore (Uppsala, Sweden) and Texas Instruments (Spreeta).
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Figure 12. Principles of a surface plasmon resonance immunoassay in an angle dependent system.
Polarized light is incident on a prism and a gold surface. On the gold surface, an antibody is immobilized to
which the analyte will bind. The incident light is reflected from the sensor surface and collected by a
spectrophotometer. As analyte is flowed across the sensor surface and binds to the antibody, the local
refractive index changes at the surface and shifts the angle at which resonance occurs from theta 1 to theta
2 (upper inset). This shift can be monitored over time (lower inset) and may be used to quantify the amount
of analyte in a sample. The image was copied from
http://www.ifm.liu.se/applphys/sensor/bilder/SPR_schem?.jpg

Surface plasmon resonance microscopy

In traditional SPR, the signal represents the average refractive index over an entire area
as a function of wavelength or the incident angle (Figure 12). In surface plamson
resonance microscopy (SPRM), also referred to as SPR-imaging, the output is a grey-
scale image in which the local refractive index (Figure 13) can be determined by the
intensity of the signal in different regions of the image. Unlike traditional SPR with only
a single output, multiple regions can be monitored simultaneously with SPR microscope.
SPR imaging assays can detect and quantify multiple analytes, assuming the surface is

functionalized with multiple capture molecules.
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Figure 13. SPR Image. An image of protein printed on a gold surface. The different intensities of light
indicate different local refractive indexes at the gold surface. The background solution is a PBS buffer.

Given the ability to multiplex assays, a number of research teams' > 77>

including the
Yager group have built SPR imaging systems. Since 2001, Dr. Elain Fu built and
characterized this instrument.”> A major portion of my initial work on this project
contributed to the characterization of the SPR imaging system and two articles have been

published on its development.

1. Fu, E., Foley, J., and Yager, P. (2003). “Wavelength-tunable surface plasmon

resonance microscope.” Review of Scientific Instruments. 74: 3182.

2. Fu, E., Chinowsky, T., Foley, J., Weinstein, J. and Yager, P. (2004). “Characterization
of a wavelength -tunable surface plasmon resonance microscope.” Review of

Scientific Instruments. 75: 2300.

The instrument shown in Figure 14 was designed to scan wavelengths of light while
keeping the incident angle constant. The instrument was constructed in the Kretschmann
geometry. The source is a halogen lamp. An interference filter selects the incident

wavelength. As the interference filter is tilted from the normal to the incident light, the
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light is blue shifted (Figure 15) thereby enabling a range of wavelengths to be quickly

scanned. The advantage of this design over angle-scanning instruments which require
bulky mechanical parts to alter the angle of incidence is that it is a relatively compact
design that is amenable to the development of a portable device. For improved
sensitivity, the incident wavelengths chosen are in the near infrared.” (Interference filters
for 880 nm and 905 nm have been used). The substrates are gold-coated glass
microscope slides, and a CCD camera collects the light reflected from the prism. (Note:
For a detailed description of the instrument please refer to Chapter 3.4)
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Figure 14. SPR microscope'” (A) Diagram of the wave-length tunable SPRM. The interference filter
positioned immediately before the prism when tilted blue-shifts the light.”> The images were reproduced
from Fu et al. (2003). (B) Photograph of the SPRM courtesy of Dr. Elain Fu.



24

filter wavelength function
- 5060
ﬁ R4 34, —
& BEO8 e D
£ ? ': . - M% *
—820.0 W
——860:6
- B0 $ -
o A ' r
100 0.0 100 20.0 300 40.0
tilt angle (deg.)

Figure 15. Wavelength tunability of an interference filter. > Wavelength of light selected to pass through an
interference filter as a function of tilt angle. The data for an 850 nm and an 880 nm interference filter are
presented. The tilt angle represents the angle the filter is positioned from normal incidence with the light
source. The image was reproduced from the cited reference.

2.3 Surface Patterning

Significance

Producing well-defined and uniform patterns of molecules on surfaces — in particular
antibodies or antigens — is an essential component of the microfluidic flow assays
presented in this dissertation. Patterning surfaces with molecules is also important in a
variety of other research areas including tissue engineering, DNA microarrays, chemical
sensors, and cell assays to name a few. Due to this interest, a large body of research has
explored methods to pattern surfaces with molecules from DNA to proteins to lipids to
alkanethiols. For the purpose of this research, we will focus on methods to pattern two

types of molecules - self-assembled monolayers and proteins.
Self-Assembled Monolayers

Self-assembled monolayers (SAMs) (Figure 16) are “ordered molecular assemblies
formed by the adsorption of an active surfactant on a solid surface.””’ Chemical
interaction of the head group and the surface as well as inter-molecular interactions drive

the formation of SAMs. SAM formation is relatively simple and typically requires the
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incubation of a substrate in a dilute solution of the surfactant. The highly-ordered

crystalline nature of SAMs enables the study of precise surface chemistries. The
introduction of different tail groups to the SAMs permits the exploration of a variety of
surface properties.”’ "

A B

Figure 16. Structure and order of self-assembled monolayers on gold.”” (A) A cross-sectional view of the
chemical structure of hexadecanethiol monolayers on Au(111) determined by a computational model. (B)
A top-down view of the orientation of the sulfur atoms (shaded) on Au (111) (open circles). The images
were reproduced from the cited reference.

Many thiol-terminated molecules have been shown to form SAMs on gold. Alkanethiols
in particular have been studied extensively. The alkanethiol monolayers typically have
thicknesses on the order of nanometers. Although the exact nature of the thiol-gold

interaction is unknown and under investigation,****

research indicates that the longer the
alkane chain, the more stable and well-ordered the monolayer. It is hypothesized that this
stability arises from increased inter-molecular van der Waals interactions. The need for
increased van der Waals interactions also has been suggested to induce a tilt from normal
to the surface in the SAMs structure.”” # ® Several different terminal groups have been
introduced to alkanethiols to explore different engineered surfaces. These chemistries
include carboxyls, hydroxyls, ethylene glycols, and biotins.®>* Generally, the
introduction of a terminal group has been associated with a reduction in the order and
stability of the SAM and careful attention must be given to characterize these SAM

systems.79’ 83, 84, 86, 87, 90-93
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Given the ease of assembly and well-characterized behavior, SAMs - in particular

polyethylene glycol terminated thiols (HS-PEG) — have been used extensively in sensor
technologies which require the functionalization of a gold surface such as SPR. Ethylene
glycol is neutral and hydrophilic moiety. Research suggests that the water of hydration
at a HS-PEG surface serve to “shield” it from proteins thereby significantly reducing
non-specific adsorption.®> **'% Resistance to non-specific adsorption would reduce the

background and improve the sensitivity of an assay.
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Figure 17. Mixed biotinylated alkyl thiol (BAT)/ oligoethylene glycol (OEG) thiol.® (A) Chemical
structures of the thiol molecules. (B) Cartoon depicting structure of mixed thiol layer on a gold surface. (C)
Graph relating solution mole fraction of BAT and surface mole fraction BAT based on XPS measurements
assessing atomic percentage of nitrogen in the sample. The optimal binding profile was determined to be a
solution with a 0.1mole fraction of BAT for a solution with a total of 0.1 mM thiols in ethanol. The images
were modified from the cited reference.

Thiol systems have also been developed to immobilize biotin molecules to the surface

igure and Figure and bind the protein streptavidin from solution.”™ ™ e
(Figure 17B and Figure 18A) and bind the protei ptavidin f lution. % 8 101 Th

1'88 1.101

mixed thiol system developed and characterized by Jung et a used

and Nelson et a
in this research incorporates a thiol with a biotin group at the terminus (Figure 17A) and

an OEG (oligoethylene glycol) thiol (Figure 17A) to reduce non-specific adsorption of
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protein to the surface. The amount of BAT thiol in solution during the deposition of the

thiol onto the surface did not relate linearly to the amount bound to the surface (Figure
17C). The research by Nelson et al.'” indicated that a surface concentration of BAT at
~20% bound the highest concentration of streptavidin to the surface from solution (Figure

18B).
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Figure 18. Streptavidin binding properties of mixed biotinylated alkyl thiol (BAT)/ polyethylene oxide
(PEO) thiol layers on gold.]01 (A) Cartoon of streptavidin (SA) binding to mixed BAT/PEO thiols on a
gold-coated slide. (B) SPR binding profile of SA to mixed thiols on gold for wildtype (WT) SA as a
function of BAT percentage of total thiol in solution where the total thiol concentration is 0.1 mM. The
images were reproduced from the cited reference.

Current patterning techniques

A number of methods to pattern surfaces with molecules — in particular SAMs and
proteins — have been developed. Physical adsorption of proteins and SAMs onto surfaces
is the most conventional method. For proteins, the exact nature of the binding interaction
is non-specific and the interactions vary from protein to protein and surface to surface.
Proteins have been deposited from microfluidic channels onto surfaces to generate
micron-scale patterns (Figure 19). By introducing a different protein to each
microchannel, multiple proteins may be patterned simultaneously on a surface 5% 102 103
Proteins may also be covalently linked to an activated surface via amines, thiols and
carboxyls present on proteins.104 Proteins immobilized to surfaces in this way could also

be patterned by introducing them to a substrate in a microfluidic device. When using

ultra-violet light (UV) activated chemistries, the surfaces may also be patterned using
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photolithographic techniques in which a mask covers the substrates and selectively

exposes it to UV thereby generating a pattern of immobilized proteins. Thiols and
proteins have been patterned onto surfaces with UV methods.'® % Unlike physical
adsorption methods in which the proteins over time may release from the surface due to
the non-specific interactions with the surface, covalent linkages ensure to a greater extent
that the proteins will not be removed.
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Figure 19. Patterning of proteins onto surfaces using multiple microchannels.'” (A) Protein antigens are

introduced to a microfluidic device and physically adsorb to a glass surface. (B) Fluorescently labeled
antibodies recognize the immobilized antigens indicating the location of the proteins as well as the fact that
the proteins retain some if not all of their structure. The images were reproduced from the cited references.

Dip pen nanolithography (DPN), pioneered by the Mirkin group (Figure 20), uses one or
several cantilevers to pattern nanoscale features on planar surfaces. Molecules are
transported and deposited onto the substrate via the water meniscus present at the
cantilever tip. DPN can pattern a variety of molecules including proteins and SAMs.
When multiple cantilevers and solutions are introduced, DPN may pattern multiple
molecules onto a surface. However, this method has limited throughput (i.e., “writing”
large areas of molecules takes time), depends on the relative humidity of the chamber,
and requires expensive instrumentation. Ink-jet printing and pin-spotting methods create
droplets with volumes on the order of tens of picoliters and deposit them onto a
surface. 9710 Inkjet technologies have been shown to print proteins and alkanethiols onto

surfaces (Figure 21). The major concerns with these methods of patterning are the
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uniformity of the spots due to drying effects, the wettability of the surface, and the

thickness of the deposited films.''* ''!
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Figure 20. Dip pen nanolithography. (A) An AFM tip inked with an alkanethiol is drawn across a surface
generating nanometer-sized patterns.'® (B) AFM image of hexadecanethiol written onto a gold surface
with DPN.2" The images were reproduced from the cited references.
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Figure 21. Inkjet printed molecules. (A) Condensation photograph of hexadecanethiol printed onto a gold
surface and backfilled with mercaptohexadecanoic acid.''® (B) Photographic image of BSA printed onto a
glass surface.'!! The images were reproduced from the cited references.

Microcontact printing

Microcontact printing (WCP) will be the primary method to pattern surfaces with SAMs
and proteins explored in this dissertation. In uCP, a concentrated solution of a thiol or
protein is introduced to a poly(dimethylsiloxane) (PDMS)% stamp. The molecules non-
specifically adsorb to the stamp. The stamp is rinsed, dried, and placed onto the
substrate.!’>11° A monolayer of protein or thiols transfers from the stamp to the substrate.

Homogeneous, sub-micron-sized patterns of proteins can be produced (Figure 22). The
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patterned features have sharp edges and are uniform.''® "7 The microcontact-printed

118

proteins retain some of their activity in solution.””” Multiple proteins may be patterned

onto a surface by inking a flat PDMS stamp with several microfluidic channels.''?
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Figure 22. Microcontact printing proteins onto surfaces. (A) Procedure to microcontact print proteins on a
surface.'”® (B) Fluorescently labeled protein printed on a glass slide.'”® The images were reproduced from
the cited references.

Microcontact printing has several disadvantages. PDMS is a silicone polymer. Short
oligomers are present in the PDMS stamp and have been shown to contaminate the

substrate.?*'?" The oligomers may serve to reduce and/or interrupt the function of the

printed protein. Several methods including solvent extraction,120 UV/ozone treatment,121

exposure to oxygen plasma,'** and polymerizing the PDMS at an elevated temperature125

have been shown to reduce the oligomer contamination, but no method completely
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eliminates all oligomers from the substrate surface. There has also been shown to be a

dependence on the type of ink as well as the pre-treatment of the PDMS stamp on the
amount of silicone oligomers transferred to the substrate.'*> '® The precise placement of
the stamp onto a substrate is also difficult. In most protocols, the stamp is placed onto the
surface with tweezers allowing for large error and the imprecise registration of the pattern

on the substrate.

The physical process by which a protein, thiol, or cell transfers from the PDMS stamp to
a surface is not completely understood. There are several mechanisms by which the
molecules may transfer from the stamp to the surface — including vapor deposition,
wicking from the recessed regions of a patterned stamp, and direct contact.'* Some
research suggests that it is the free energy of the surface versus the free energy of the
stamp that determines if the molecule will transfer. Chen et al. microcontact printed
proteins on a variety of self-assembled thiols on gold.'”? This work suggested that the
more hydrophilic the substrate the more protein transferred. The authors suggest that
increasing the wettability of a substrate and in turn increasing the free energy of the
surface improves the transfer of proteins. It was demonstrated that PDMS stamps
exposed to oxygen plasma and modified with hydrophilic groups transfer less protein
than the native hydrophobic PDMS surface.'?

Experimental Analysis Techniques

129 characterized the molecules

SPR and X-ray photoelectron spectroscopy (XPS)
patterned with microcontact printing. XPS (Figure 23) provides quantitative information
on the elemental surface composition of a sample. Monochromatic X-rays strike a surface
and interact with orbital electrons. Photoelectrons are released. The kinetic energy of the
released electron yields information on the identity of the elements present at the surface.
Conventional XPS measures the average elemental composition of a substrate. Imaging
XPS provides local information about the elements present on a sample.”® Both of these

techniques were employed to characterize patterns of molecules on gold.
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Figure 23. Schematic of X-ray photoelectron spectroscopy (XPS). (A) Diagram of the principles of XPS.
X-rays are directed towards the sample. Photoelectrons are released from the surface to a detector which by
measuring the kinetic energy of the photoelectron can chemically identify the element it was released from.
(B) The XPS instrument used for this research was the Kratos Axis Ultra. The image was copied from the

following website (http://www.kratos.com/Axis/).
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Chapter 3: Surface patterning: Microcontact printing
molecules on gold surfaces

3.1  Objectives
1) Microcontact print alkyl thiols on a gold surface.

2) Microcontact print proteins on a gold surface.
3) Characterize the density of microcontact printed proteins and the amount of

non-specific and specific binding to the patterned protein.

3.2  Background

A critical component in the design of microfluidic flow assays is the immobilized capture
molecule to which analytes from solution bind. As mentioned in Chapter 2, microcontact
printing is one method of patterning a surface with molecules. This method of patterning
has been used extensively in immunoassays and microfluidic cell studies.''® 125 131144 1¢
is well-established and unlike other patterning methods, such as ink jet printing, does not

require expensive capital equipment.

Given the popularity of microcontact printing as a patterning technique, the literature is
filled with extensive studies of microcontact printed thiolg. 1% 117 120,127, 144130 1y 5]
work for this dissertation focused on the patterning of thiols onto gold surfaces to assist
with the characterization and development of the SPR microscope.13 However, the
primary focus of this Chapter is the microcontact printing of a protein on a gold surface.
Most of the Chapter is devoted to the characterization of the ability of an antibody from
solution to bind to the patterned protein (antigen), the non-specific adsorption of a protein
(BSA) from solution to the microcontact printed protein, and the uniformity of the
patterned protein. Two controls were studied: (1) a gold surface to which a protein was
physically adsorbed and (2) a gold surface stamped with a PDMS stamp inked with a

solution of buffer.

In the literature, proteins and PDMS stamps inked with solvent (i.e., no protein) have

been patterned on a variety of surfaces and substrates including gold,lzo’ 122, 151157 gelf-
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assembled monolayers,'*> !> lipid bilayers on glass substrates,'*> immobilized bovine

serum albumin (BSA),"® GaAs,'*® polymers (PMMA,'** 1% PET,'®! PTEE'®), InTiO0,'®*

and glass.''® 142195184 The protein may be non-covalently adsorbed to the substrate''®

135,164 o1 the protein may be introduced to a substrate with reactive groups which will

covalently link the protein to the surface.'>" 1**1% The studies have employed numerous

analytical techniques to characterize the patterned protein. These techniques include

atomic force microscopy (AFM),116’ 123, 128, 131, 154, 159, 163, 165-169

122, 154, 165 XPS 120, 121, 123-125, 128, 154, 159, 165
?

contact angle

measurements, scanning electron microscopy

(SEM),!2* 163 secondary X-ray induced electron imaging (SXI),'?®

secondary electron
emission,'” ellipsometry,'*>'"! Fourier transform infrared reflection absorption
spectroscopy (FT-IRRAS),!? 154 159 165 time-of-flight secondary ion mass spectroscopy
(TOE-SIMS),!20 121125161 g 5re5cence microscopy, 16 118 122123, 131, 142, 163-166. 171173 1 g

SPR.ISL 152,157

Research indicates that a monolayer of protein transfers to the substrate during
microcontact printing.164 Studies suggest that the microcontact printed proteins retain
their structure (i.e. they are recognized by antibodies or other ligands from solution).'*"
131,135,164 11 the case of a microcontact printed IgG on a glass substrate, it has been
shown to retain its ability to bind to antigen from in solution. However, the microcontact
printed antibody bound ~80% of the amount of antigen as the physically adsorbed IgG.""®
An enzyme, alkaline phosphatase, has also shown that in the microcontact printed form it

retains its ability to catalyze reactions.'*®

As described in the Background, the exact mechanism of the transfer of the protein to the
surface is not well-understood at the molecular level. Attempts to explore methods of

transfer were completed by Workman et al. !¢

in which they assert the ink may transfer to
the substrate through vapor deposition, wicking from the recessed regions of a patterned

stamp, and direct contact.

In this dissertation, two surface analysis techniques were used to characterize a

microcontact printed protein on a gold surface — SPR-imaging, XPS, and XPS imaging.



35
This research represents the first known attempt to (1) quantify the uniformity of the

pattern of microcontact printed protein versus another protein immobilization method
(physical adsorption) using SPR-imaging, (2) assess the uniformity of the specific and
non-specific binding of proteins to microcontact printed proteins as well as microcontact
printed buffer using SPR-imaging, and (3) characterize microcontact printed proteins on
gold using XPS-imaging. The advantage of characterizing the microcontact printed
protein using SPR-imaging versus other imaging techniques — such as fluorescence — is
that it detects changes in refractive index near a surface — whether it is a result of PDMS
stamp contamination or the patterned protein. Fluorescence, on the other hand, only
detects the fluorescently labeled molecule — typically a protein — and therefore does not

give a sense of the amount and distribution of PDMS contamination.

Other research has been published in the literature which has characterized microcontact
printed proteins using SPR-imaging. Wilkop et al.’*! patterned bacterial toxins on a gold
surface and assessed the binding of an antibody to the patterned protein. However,

Wilkop et al.l”!

did not have any controls such as physically adsorbed bacterial toxins to
compare the uniformity of the patterned protein or the specific or non-specific binding of
proteins from solution to the patterned protein. Nor did they explore the contamination of
the silicone oligomer with SPR-imaging. The protein was also patterned onto a SAM
with a reactive N-hydroxysuccinimide (NHS) group to covalently link the protein to the

surface. Park et al.!>?

used SPR-imaging to characterize pattern of gold-binding protein
(GBP) — fusion proteins. They also did not have any controls nor did they attempt any
rigorous quantification of the binding of a molecule to the patterned protein or the
uniformity of the patterned protein. Therefore, this work represents the first attempt to
quantitatively characterize microcontact printed proteins using SPR-imaging with proper

control groups.

XPS has been used extensively to study microcontact printing. This technique has often
been used to assess the amount of silicone oligomer contamination transferred from the

PDMS stamp to the substrate. These studies have suggested several methods to reduce
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the amount of silicone oligomer contamination. Glasmastar et al.'*' evaluated the
silicone contamination transferred to gold coated substrates from PDMS stamps inked
with water. The authors indicate that exposing the stamp to UV/ozone for 10 minutes
significantly reduced the amount of silicone oligomers transferred to the surface. . The
authors suggest that during the UV/ozone treatment the surface of the PDMS became
glassy (SiOy) and brittle thereby reducing the amount of silicone oligomers transferred to

the surface. Graham et al.'*°

used stamps extracted in hexanes over the course of a week
and explored silicone contamination on gold substrates using dodecanethiol as the ink.
Their work suggests that hexanes extraction reduced the silicone oligomer contamination

on the substrate. Sharpe et al.'?®

patterned a gold surface using microcontact printing with
two different thiols as an ink and indicated that the type of ink can impact the extent of
silicone oligomer contamination. Langowski et al. '** assessed the silicone oligomer
transfer from a PDMS stamp inked with water to a PMMA substrate and reported that
exposure of the stamp to oxygen plasma served to reduce the amount of silicone
oligomer. The authors also hypothesize that during the oxygen plasma treatment the
surface of the PDMS becomes glassy (SiOx) thereby reducing the amount of silicone

oligomers transferred to the surface.

Several studies in the literature have used XPS to characterize microcontact printed
substrates where the ink was not simply a thiol or a solvent (i.e. water or PBS). The
purpose of the XPS studies presented in this dissertation was to quantify the amount of
each element on a substrate microcontact printed with a protein and to the extent of
silicone oligomer contamination. However, the majority of the XPS studies completed on
microcontact printed proteins did not aim to quantify the atomic concentrations of all of
the elements present on the substrate nor did most studies examine silicone oligomer
contamination.

Cho et al.'>*

microcontact printed the TAT peptide (a peptide found in HIV) on a gold
substrate. The authors did not use the XPS data to calculate the atomic percent of each

element on the surface. Instead, they used the location and shape of the C(1s) and N(1s)



37
peaks to obtain structural information about the immobilized peptide and confirm the

presence of amide bonds. The authors did not indicate if Si was present on the surface. In
2006, Cho et al.'>® again immobilized the TAT peptide onto a substrate — GaAs — and
used high resolution XPS spectra to obtain structural information about the microcontact
printed peptide. No silicone oligomer contamination was reported. Rozkiewicz at al. 165
microcontact printed proteins onto aldehyde terminated SAMs on gold and a silicon
wafer. The proteins were covalently attached to the surface. The authors did not report
the atomic percent of each element on the surface — only the ratio carbon to nitrogen. Nor

did the authors mention the presence of silicone oligomers on the substrate.

The only known XPS study widely available in the literature which used XPS to analyze
the amount of silicone oligomer contamination on a surface microcontact printed with a
protein was completed by Ross et al.'® In this study, BSA was microcontact printed on
dried poly(bis-SorbPC) planar support lipid bilayers. The authors collected XPS spectra
which indicated that Si was present on the substrate contacted with an untreated PDMS
stamps. The PDMS stamp was exposed to oxygen plasma. The Si(2p) peak on the lipid
substrate was greatly reduced indicating that less silicone oligomer was transferred to the
substrate. However, the authors did not report an atomic composition of the surface. The
authors indicated that oxidizing the stamp reduced the amount of silicone oligomer
contamination, but it also reduced the efficient transfer of the protein from the stamp to
the substrate. The authors suggest the reduction in the transfer of the protein from the
stamp to the substrate can be attributed to the increased wettability of the stamp which in
research completed by Tan et al.' and described in the Background is a major factor in
the proper transfer of a protein to a substrate. Ross et al.'*® also indicated that the

presence of the silicone oligomer increased the non-specific binding to the substrate.

A major controversy in the literature of microcontact printed substrates is the distribution
of the silicone oligomer contamination. Numerous studies using fluorescence and AFM
clearly indicate that protein is transferred in region of contact of the stamp and the

substrate. Proteins are large molecules and are slow to diffuse or vaporize. Therefore, the
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indirect methods to noncovalently transfer a protein to a surface suggested by

Workman et al.''* are less likely for a large molecule like a protein. However, silicone
oligomers, depending on the extent of cross-linking, can vary in size and could be rather

small. Hale et al.!®

completed TOF-SIMS imaging of a poly(tetrafluoroethylene) (PTFE)
substrate brought into contact with an oxygen plasma treated PDMS stamp that was not
inked with any solution. The results indicated that silicone fragments were everywhere —
in the regions of direct contact with the stamp where most of the fragments were located
as well as in the regions where the stamp did not contact the surface. The authors suggest
that volatile silicone oligomer fragments from the PDMS stamp transferred to the
substrate during contact. On the other hand, a TOF-SIMs imaging study completed by

Yang et al. ot

indicated that silicone oligomers were located only in the regions the
stamp contacted the substrate. In this study, an oxygen plasma treated PDMS stamp
transferred a biotin derivative to a poly(ethylene terephalate) (PET) substrate. Glasmastar

et al.'?!

completed XPS analysis (spectroscopy not imaging mode) on gold surface
brought into contact with a patterned (i.e. not a flat PDMS stamp) PDMS stamp inked
with a solution of deionized water. The results indicated that the patterned PDMS stamps
transferred more Si to the surface (10% +/-1.2%) than the flat PDMS stamps (6.2% +/-
1.6%). To determine if silicone fragments were transferred through the vapor phase to
regions of the substrate not in contact with the stamp, a gold substrate was exposed to a
flat piece of PDMS position 13 microns from the surface. No Si peaks were detected
suggesting that transfer from the vapor phase to the surface is unlikely for the silicone
oligomers, and thereby bringing into question the hypothesis proposed for oligomer

transfer by Hale et al.'?

TOF-SIMs images were completed which indicated that the
majority of the silicone oligomer transfer occurred in areas where the stamp contacted the
surface with a greatly reduced signal in the regions the stamp did not contact the surface.
For stamps treated with UV/ozone, however, TOF-SIMs images indicated that the
majority of the oligomer transfer occurred in regions the stamp did not contact the
surface. The authors suggest that a potential route for transfer of more silicone oligomers
from the patterned stamp versus the unpatterned stamp may be a result of the escape of

material down the walls of the PDMS features (due to capillary forces perhaps), and that
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the UV/ozone treated stamps are more brittle and more likely to crack at the wall

structures thereby releasing silicone oligomers that travel from the features of the stamp
to the surface. This result suggests that the geometry of the stamp may have a significant
influence on the transfer mechanism of silicone oligomers to a substrate. However,
UV/ozone treated stamps have not been examined in this dissertation and that route of

silicone transfer has not been extensively explored.

An important point which the authors did not note was that the methods they used to
study the substrates, XPS and TOF-SIMs, required an ultra high vacuum. Under these
conditions, the vacuum may have spread the silicone oligomer across the surface during
pump down. Therefore, this research which used SPR-imaging to explore the pattern of a
gold substrate microcontact printed with a PDMS stamp inked with buffer and patterned
and imaged under ambient conditions serves to reveal the silicone oligomer pattern

before it has been exposed to an ultra-high vacuum.

A major limitation of the literature characterizing microcontact printed patterns is that the
protocols, inks, and substrates vary substantially. Because surfaces are highly reactive
and prone to contamination, subtle variations in a protocol may have a huge influence on
the properties of a patterned protein. Therefore, it is difficult to directly compare the
results of one study with another. Several potential variations in protocols and materials

are listed below.

(1) Method of curing the PDMS. The PDMS could be cured at room temperature or at an
elevated temperature in an oven. The method of curing will affect the cross-linking
reaction. Therefore, the temperature and the age of the PDMS will affect the amount of
oligomer in the stamp. Work by Hale et al.'® has suggested that curing the stamp at an

elevated temperature reduces the amount of silicone contamination.
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(2) Ratio of elastomer base to curing agent. Typically the PDMS is measured and

mixed manually. Therefore, user error could either increase or decrease cross-linking

thereby altering the amount of small silicone oligomers in the stamp.

(3) Solvent for the ink. Sharpe et al.'®® and Hale et al.'® have shown that silicone

contamination can depend on the type of ink employed.

(4) PDMS Stamp preparation. The type of master to create the stamp, the type of solution
to clean the stamp, and whether the stamp underwent UV/ozone treatment,'* oxygen
plasma treatment,m’ 162 hexanes extraction,120 or was modified with another functional

5122

group on the surface of the PDMS ““ will each affect the surface properties of the stamp

and in turn the properties of the patterned molecules.

(5) Concentration of the ink. The concentration of the ink varies widely — particularly for
proteins — ranging from several micrograms/milliliter15 ! to hundreds of
micrograms/milliliter.155 Wilkop et al.”®! and Graber et al.'*® have shown that there is a

concentration dependence on the uniformity of the pattern of a protein on a gold surface.

(6) Incubation time of the ink on the PDMS stamp. The incubation time in the literature

has ranged from five minutes'*! to an hour.'**

(7) Substrate. As previously mentioned, numerous types of substrates have been
patterned with microcontact printed proteins. Given the fact that the molecular
mechanism of the transfer of the protein is not yet completely understood and that Tan et
al.'?? have shown that the relative wettabilities of the stamp and the substrate significantly
influence the ability to generate clean patterns with microcontact printing, the type of

substrate examined will significantly affect the patterning procedure.

(8) Functionalization of the substrate. Some substrates have been functionalized with

other molecules including SAMs,m’ 153 lipids,123 and immobilized BSA.!3®
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(9) Manual dexterity. This technique requires the user to gently place the stamp on the

substrate and remove it without smudging the pattern. Therefore, this is a learning curve

required to achieve reproducible patterns.

Given the number of variations in the protocols and materials used to microcontact print
molecules onto a substrate as well as the wide range of techniques used to evaluate the
patterned molecules, it is difficult to find a study in the literature to directly compare the
results presented in this dissertation. As mentioned previously, there are some significant
differences between the SPR-imaging experiments completed by Wilkop et al. 1 and
Park et al.’®? and the work completed in this dissertation. Therefore, only qualitative
comparisons can be made. However, the XPS analysis presented by Glasmastar et al.'*!
that analyzed silicone oligomer contamination on gold surfaces contacted with PDMS
stamps inked with deionized water can be compared to the XPS data presented in this
dissertation. The major difference between the work presented in this dissertation and the

1.12! are the contact time of the solution with the

work completed by Glasmastar et a
PDMS stamp (45 minutes for this dissertation and 3 minutes for referenced work) and the
ink (PBS for this dissertation and deionized water for the referenced work). For the XPS
analysis of the microcontact printed proteins, once again, there are substantial differences
in the protocols and materials analyzed. The XPS analysis which shows the strongest
similarity to the data presented in this dissertation was completed by Ross et al.'* In this
article, BSA molecules were microcontact printed onto lipid bilayers immobilized on
glass. The authors did not present any quantification of the atomic percents of each
element on the surface, but by analyzing the shape of the peak, they confirmed that
silicone oligomers were transferred with the protein to the substrate and that treatment of
the PDMS stamp with oxygen plasma will reduce the amount of contamination.

Therefore, this work can again be used for qualitatively comparison of the data presented

in this dissertation.
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3.3 Initial Design Considerations

An important experimental design parameter for the microcontact printing experiments
was the size of the patterned features. The SPRM had a lower spatial resolution than the
XPS instrument. Patterned features had to be on the order of 100 microns to be resolved
by the SPRM. For XPS-imaging experiments, the imaging spot size was on the order of
400 micron x 400 micron.'™ To ensure that the regions that were contacted by the PDMS
stamp and the regions that were not contacted by the stamp were imaged simultaneously,
the patterned features were approximately 200 micron x 200 micron in dimension. Given
the difficulty in locating a particular region within the XPS field of view, it was important

to pattern the entire gold-coated slide.

3.4  Materials and Methods

Chemicals and reagents

Bovine serum albumin (BSA) and all antibodies were purchased from Sigma (St. Louis,
MO). The proteins were diluted in phosphate-buffered saline (PBS) (Sigma, St. Louis,
MO). Deionized water (still from Barnstead International, Dubuque, Iowa at the
University of Washington) was used throughout the work. Hexadecanethiol (HDT, Fluka,
St. Louis, MO) and ethylene glycol thiol (HSC11-EG4, TH 003-1, Prochimia, Sopot,

Poland) were diluted in absolute ethanol.

Fabrication of the SU8 masters for the PDMS stamps
SU8 masters for PDMS stamps were fabricated using established soft photolithography

methods® 17

at the Washington Technology Center (WTC). First, custom black and
white transparency masks were created (Publication Services, University of Washington,
Seattle, WA). Next, a layer of SU8 (MicroChem, Newton, MA) was spun (Solitec
Spinner, Milpitas, CA) onto a clean, three-inch silicon test wafer (Silicon Sense, Nashua,
NH) and the wafer was pre-baked to densify the SUS film. Then, the wafer was exposed

to ultraviolet light using a four-inch infrared contact aligner (AB-M, San Jose, CA),



43
thereby polymerizing the exposed regions of the SUS8. The wafer was incubated in a

solution of SU8 developer (MicroChem, Newton, MA), which removed any
unpolymerized SUS8. The wafer was baked a final time to harden the SU8. The depth of
the SUS features were measured with the P15 surface profilometer (Tencor, San Jose,

CA) located in the WTC.

Fabrication of the PDMS stamps

PDMS stamps were prepared by dispensing Sylgard 184 prepolymers (Dow Corning,
Midland, MI) at a 10:1 ratio of polymer to curing agent onto SU8 masters.
Unpolymerized Sylgard 184 was dispensed into planar Petri dishes (Falcon 1001 and
1013, Becton Dickinson Labware, NJ) to produce flat PDMS stamps. PDMS was cured at
60° C for at least 24 hours and the stamps had a thickness of 3-5 mm. Prior to being used,
the PDMS stamps were sonicated in a 1:1 solution of isopropanol:deionized water or
ethanol:deionized water for 10-15 minutes, rinsed with deionized water, and blown dry
under Nj. Some stamps underwent a hexanes extraction procedure in which the stamps
were soaked for ~24 hours in a solution of hexanes and sonicated three times for 5
minutes in a 1:1 solution of ethanol:deionized water. This procedure was repeated three
times. Other stamps underwent oxygen plasma deposition (Barrel Etcher, Branson, WTC)
at a power of 300 Watts for three minutes. These stamps were used immediately after

plasma treatment to ensure that the hydrophilic layer of the PDMS was maintained.

Preparation of gold substrates

For the substrates that were microcontact printed with thiols, a 1 nm adhesion layer of
chromium and a 45 nm layer of gold were electron beam-deposited (CHA 600, CHA
Industries, Fremont, CA) onto a clean glass microscope slide (Fischer Scientific,
Pittsburgh, PA). All gold depositions were completed at the Washington Technology
Center (WTC). The gold-coated slides were cleaned in a 5:1:1 solution of deionized
water:ammonium hydroxide:30% hydrogen peroxide for ~15 minutes at an elevated
temperature or for ~ 45 minutes at room temperature. The slides were rinsed with

deionized water and ethanol and then dried under a stream of N».
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For all other substrates, electron-beam gold-deposited slides were purchased from

Platypus Technologies (Madison, WI) with an adhesion layer of titanium and a 50 nm

layer of gold. These gold-coated slides were cleaned under UV/ozone for 30 minutes.

The gold substrates used in the XPS experiments must be smaller than the traditional
microscope slide used in the SPR imaging experiments to allow for the simultaneous
analysis of multiple samples. The slides were diced with a diamond-tipped pen into 1 cm

x 1 cm pieces.

Preparation of flow cells

Sheets of adhesive and Mylar® (Fralock, Canoga Park, CA) were ablated with a carbon
dioxide laser (M25, Universal Laser System, Inc., Scottsdale, AZ) to form the channel
and capping layers of the flowcell. These layers were then assembled on top of the gold-

coated glass substrate and pressed to create a simple flow cell (Figure 24).

Mylar
L Adhesive/
. / Adhesive
; layer

Gold-coated glass
slide

Figure 24. Laminate and glass microfluidic device for SPRM experiments. Two Mylar® sheets with inlets,
outlets, and the microchannel were fabricated using a carbon dioxide laser and adhered to a gold-coated
glass slide.

Microcontact printing of alkanethiols onto gold surfaces

Clean hexanes-treated PDMS stamps that contained 500 micron x 500 micron recessed
square features were inked with a 10 mM solution of hexadecanethiol in absolute ethanol
for 30-40 minutes at room temperature. The stamps were rinsed with ethanol and blown
dry under a stream of N,. The stamps were placed onto the gold-coated slide for 30-60

seconds and then removed.
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Microcontact printing of proteins onto surfaces

Clean PDMS stamps were inked with a solution of IgG (200-500 microliters at 0.5 mg
mL" in PBS) for 30-40 minutes at room temperature. The stamps were rinsed with
solutions of PBS, PBS with 0.05% Tween 20, and deionized w’ater, and blown dry under
a stream of N». The stamps were placed onto the gold-coated slide for 30-60 seconds and
then removed. This substrate is referred to as the uCP protein substrate in the text and
MCEP protein in all graphs. The control pattern (the uCP buffer substrate in the text and
MCP buffer in all graphs) followed the same experimental protocol except that the
PDMS stamps were inked with a solution of PBS rather than IgG in PBS.

Surface plasmon resonance imaging

The SPRM instrument (Figure 14) built by Dr. Elain Fu and described in the Background
(Chapter 2) was used for the SPR imaging experiments. The experimental set-up is
described in detail elsewhere."® Briefly, a 150 watt quartz halogen lamp (Dolan-Jenner,
Lawrence, MA) served as the source and was coupled to a multi-fiber light pipe (Edmund
Industrial Optics, Barrington, NJ). An achromatic lens (Edmund Industrial Optics,
Barrington, NJ) collected and focused the light on a 100 micron pinhole (Edmund
Industrial Optics, Barrington, NJ). Another achromatic lens (Edmund Industrial Optics,
Barrington, NJ) collected and collimated the light from the pinhole. The beam of light
passed through a polarizer (Edmund Industrial Optics, Barrington, NJ) and an
interference filter (Edmund Industrial Optics, Barrington, NJ). The interference filter was
mounted on a stage (Newport Corporation, Irvine, CA) which enabled rotation of the
filter face with respect to the beam of incident light. As the filter was tilted off-axis, the
light blue-shifted enabling the tuning of the wavelength of light (see Figure 13) that
passed through the filter. The light traveled to a custom-ground BK7 prism (Matthew’s
Optical, Poulsbo, WA), which had an incident angle of 64.8° from the gold-coated
substrate. The light reflected from the substrate was focused with an imaging lens
(Edmund Industrial Optics, Barrington, NJ) onto a CCD camera (Retiga EX, Qimaging,

Burnaby, Canada). Labview programs (National Instruments, Austin, TX), written by Dr.
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Elain Fu, automated the collection of images taken by the CCD camera and the

rotation of the interference filter and polarizer.

A manifold, built by Dr. Mark Blaylock (Figure 25), interfaced the gold-coated glass
substrate with the prism and fluidic tubing. Before placing the manifold on the prism, one
to two drops of refractive index matching fluid (Cargille Laboratories, Cedar Grove, NJ)
were deposited on the prism. Two PDMS gaskets connected and sealed the
polyetheretherketone (PEEK) tubing (0.33” diameter, Upchurch Scientific, Oak Harbor,
WA) to the Mylar® device. Syringe pumps (Kloehn, Las Vegas, NV) generated pressure-

driven flow.

Figure 25. Manifold that interfaced the microfluidic device with the SPRM and fluidic tubing. The PDMS
gaskets connected the ports of the microfluidic device with fluidic tubing to the pump. The microfluidic
device was secured between the two layers of the manifold using set screws. The manifold rested on the
prism of the SPRM, thereby interfacing the gold-coated slide with the prism. Image of the manifold before
assembly. ‘

Two interference filters were used for the work in this dissertation. Initial studies of
printed alkyl thiols used a filter with a peak emission of 880 nm. In later work, an
interference filter with a peak emission of 905 nm was adopted. Typical integration times
for the SPRM images were 0.2-1 second. TM, TE, and dark images were collected. A

series of TM and TE correction images were also collected. For a thorough explanation
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of image processing, the calculation of the percent change in reflectivity, and

calibration of the instrument, see Appendix C. Labview programs (National Instruments,

Austin, TX) written by Dr. Elain Fu automated the image processing.

SPR-imaging of microcontact printed protein (uCP protein)

To quantify the surface density of the microcontact printed protein, the non-specific
binding of BSA, and the specific binding of an IgG to a microcontact printed protein,
SPR-imaging experiments were conducted. The PDMS stamps used to microcontact print
the protein onto the gold-coated slide had 500 micron x 500 micron recessed square
features. SPR images of the pCP protein substrate were collected with PBS as the
background solution. Then, the uCP protein substrate was exposed to a concentrated (0.3
mg/mL) solution of BSA for forty five minutes, rinsed with PBS, and imaged. Finally, a
0.1 mg/mL solution of an IgG that recognized the microcontact printed protein was

incubated in the device for twenty minutes, rinsed with PBS, and imaged.

The control groups for the SPR-imaging experiments were (1) the nCP buffer substrate —
a gold-coated slide printed with a PDMS stamp inked with PBS for forty five minutes
and (2) the physically adsorbed protein substrate — a gold-coated slide to which IgG was
physically adsorbed by incubating the slide in a 0.5 mg/mL solution of IgG for 45
minutes. The same experimental protocol was followed for the experimental and the

control groups.

SPR images were collected over a range of imaging wavelengths (approximately 905 nm
to 825 nm) corresponding to a thirty-eight degree shift of the 905 nm interference filter.
The imaging wavelength was approximated using the following filter function for a
similar interference filter (880 nm filter from Edmund Optics): w=905-(0.17905* 0)-
(0.05019* 6 * 6) where w=imaging wavelength and 8 =degree shift of the 905 nm

interference filter from normal incidence.
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The SPR images were processed using the methods described in Appendix C. To

assess the homogeneity of the substrates, histograms were generated relating the
reflectivity from a given surface or the change in reflectivity (upon the binding of an IgG
molecule to the substrate or the non-specific adsorption of a BSA molecule to the
substrate) as a function of number of pixels which had the corresponding reflectivity or
the change in reflectivity. The full width at the half maximum (FWHM) of each
histogram was determined manually. For each type of substrate, three experiments were
completed (n=3). The calculated FWHM for each substrate is the mean of the manually
determined FWHM. The error bars represent the standard deviation of the mean FWHM.

To quantify the change in reflectivity upon the binding of an IgG molecule to a substrate
or the non-specific adsorption of a BSA molecule to a substrate, the difference of the
mean reflectivity (calculated by the analysis software) was calculated for each selected
region. Once again for each type of substrate, three experiments were completed (n=3).
The calculated change in reflectivity is the average of the mean change in reflectivity for
each replicate (over the region of interest). The error bars represent the standard deviation

of the average of the mean change in reflectivity for the three replicates.

The entire region of the nCP protein substrate and the pCP buffer substrate that contacted
the PDMS stamp were selected for analysis. A region comparable in size to the regions
selected for the uCP protein substrate and the uCP buffer substrate was selected for the
physically adsorbed substrate. The areas of the selected regions for the SPR-imaging

analysis ranged from approximately 3.1 mm? to 8.2 mm?®.

An important data analysis parameter was the imaging wavelength selected for each data
set. In order to select the appropriate imaging conditions, SPR curves relating the
reflectivity versus wavelength (as described in Appendix C, the wavelength in the system
is determined by the tilt of the interference filter) were generated. The wavelength that
gave rise to the largest change in reflectivity for the binding of a molecule to the surface

was selected for the analysis of the change in reflectivity. For the analysis of the
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homogeneity of the initial pattern of molecules on the surface, the wavelength that was

the most sensitive to small changes in refractive index (i.e., the linear portion of the

steeper side of the SPR curve) was selected for the analysis.

XPS experiments

All XPS and XPS-imaging data were collected at NESAC-BIO at the University of
Washington by Dr. Lara Gamble using the Kratos Axis Ultra-DLD spectrometer
(Shimadzu, Kyoto, Japan). The instrument had a monochromatized Al Kalpha X-ray and
a low energy electron flood gun for charge neutralization. The pressure in the chamber
during data acquisition was less than 5 x 10” torr. The analyzer was located normal to the
surface of the substrate yielding a 10 nm sampling depth. The pass energy for survey
spectra was 150 eV. The pass energy for high resolution spectra was 20 eV. All
substrates were approximately 1 cm x 1 cm. Commercial software, Kratos Vision2,
analyzed the data and calculated elemental compositions. The atomic concentrations of
Si, N, O, C, and Au were quantified using the Si(2s), N(1s), O(1s), C(1s), and Au(4f)
peaks with the peaks corresponding to binding energies of 153 eV, 400 eV, 532 eV, 285
eV, and 84 eV. No other chemicals contributed significantly to the XPS spectra. All
unprocessed XPS data are presented in Appendix L.

Non-imaging XPS

The experimental group was the LCP protein substrate — a gold-coated slide microcontact
printed with an IgG. The control groups were 1) a gold-coated slide, 2) the pCP buffer
substrate — a gold-coated slide microcontact printed with a PDMS stamp inked with PBS
for forty five minutes, and (3) the physically adsorbed protein substrate — a gold-coated
slide to which IgG was physically adsorbed by incubating the slide in a 0.5 mg/mL
solution of IgG for 45 minutes. The PDMS stamps were not patterned (i.e., they were
flat), ensuring the entire surface of the PDMS contacted the substrate. The X-ray spot size
for these acquisitions was on the order of 300 micron x 700 micron. No high resolution

scans were completed.
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Two substrates were analyzed for the experimental group and each control group.

Three spots were analyzed on each sample for a total of six XPS spectra for the
experimental group and each control group. General survey scans were analyzed to
determine the atomic concentration of C, N, O, Si, and Au at the surface. The error bars

represent the replicate standard deviation of the mean.

Imaging XPS

The XPS-image interrogated approximately 400 micron x 400 micron areas on the
substrate. The PDMS stamps had 200 micron x 200 micron recessed square features. The
experimental group was the nCP protein substrate. The control group was the pCP buffer
substrate. Given the strength of the Au(4f) signal for regions of the surface not contacted
with the PDMS stamp, the Au(4f) signal was used to focus the analyzer on the patterned
substrate. Two spots were imaged on the pCP protein substrate. The majority of the data

analysis was completed by Dr. Lara Gamble.

Initial studies indicated that it was difficult to image elements other than Au(4f) due to
noise considerations and the fact that it was difficult to select an appropriate background
signal to subtract. The noise and high background signal may be a result of inelastically

scattered electrons from the gold surface.

An XPS-image of Au(4f) was collected on the nCP protein substrate in order to locate the
bare gold regions of the substrate. Then, region of interest scans (ROI) (55 micron
diameter circle of the surface) were completed in regions of the surface contacted and not
contacted by the PDMS stamp. High resolution scans of Si(2s), N(1s), O(1s), and C(1s)
were used to calculate the local atomic concentrations. The error bars represent the

standard deviation of the mean.

For the control surface (the uCP buffer substrate), there was no detectable variation in the
Au(4f) signal across the surface, suggesting that the surface was relatively uniform in

atomic composition. Therefore, the instrument had difficulty focusing on the patterned
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substrate, and it was not possible to collect an XPS-image for this substrate. One

hypothesis for this difficulty is that PDMS oligomers, which had transferred in a pattern
to the gold-coated slide under ambient conditions, spread across the entire surface under

the high vacuum conditions that are required to collect XPS data.

3.4  Results and Discussion

There are several considerations that should be applied when assessing the quality of a
pattern of molecules on a surface. The patterned molecules should be homogeneous and
have a high surface density. The printed molecule, if a protein, should retain its structure
and binding specificity. There should be limited non-specific binding to the patterned
molecule. The patterning method should be reproducible. The patterns produced with

uCP were judged by several or all of these criteria.

For the analysis of surfaces microcontact printed with protein, several substrates were

studied with SPR-imaging, XPS, and XPS-imaging.

1) uCP protein substrate (or MCP protein on all graphs).
This substrate was a gold-coated slide microcontact printed with a protein — an IgG

molecule.

2) pCP buffer substrate (or MCP buffer on all graphs).

This substrate was a gold-coated slide microcontact printed with a PDMS stamp inked
with a solution of PBS - not a solution of protein in PBS. This substrate was not only an
important control group for the pCP protein substrate; it also provided relevant
information for another method of patterning a substrate with multiple proteins using
pCP. In this method, a flat PDMS stamp patterned with multiple proteins via ink jet
printing or an open ended series of microchannels was brought into contact with the
substrate. Some regions of the PDMS stamp were not functionalized with protein, and

therefore bare PDMS contacted the surface in this case also.
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3) Physically adsorbed protein substrate

This substrate was a gold-coated slide to which a protein — an IgG molecule — had
physically adsorbed across the entire surface. As previously mentioned in Chapter 2,
physical adsorption is a common method to immobilize a protein onto a surface.
Therefore, this control group served to compare the uCP protein substrate with another

standard method of immobilizing a protein on a surface.
4) Bare gold surface
This control group was only studied with XPS and XPS-imaging and served as a control

necessary to assess the density of the patterned or adsorbed protein on the surface.

SPR Images of patterned gold surfaces.

Alkanethiol microcontact printed on gold

Hexadecanethiol was microcontact printed onto a gold-coated slide with a PDMS stamp
that had 500 micron x 500 micron recessed square features. The substrate was imaged
with the SPRM (Figure 26). Due to the optics of the SPRM (see Appendix C for further
explanation), the image was foreshortened in the horizontal direction (x-dimension) by a
factor 0.42. The pattern was relatively homogeneous and had well-defined edges. This
method of patterning has been shown to be reproducible and robust. Figure 26 also
demonstrates the effect of imaging wavelength on image contrast in SPRM. As the
wavelength was shifted away from the optimal imaging conditions (Figure 26), the
patterned region became indistinguishable from the background. By introducing another
thiol that would adsorb to the bare gold regions of the substrate, it is also possible with
this technique to pattern two thiols onto a surface. A stamp inked with an alkyl thiol also
may repeatedly pattern the surface without the need for re-inking (data not shown) due to
the absorption of the hydrophobic alkane thiols into the bulk of the hydrophobic PDMS

stamp.
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Thiol

Figure 26. Microcontact printed alkanethiols on gold. SPRM images of hexadecanethiol (HDT) printed on
a gold slide with a solution of water as the background. * The thiols appear lighter in this series of images.
The interference filter angle shifts fifteen degrees which correlates to approximately 40 nm wavelength
shift. The dimension of the recessed rectangular pattern is 500 microns x 500 microns. The image was
reproduced from cited reference.

UCP protein substrate

An IgG molecule was microcontact printed onto a gold-coated glass slide with a PDMS
stamp that had 500 micron x 500 micron recessed square features (Figure 27). SPR
images of the patterned surface were collected over a range of imaging wavelengths
(Figure 27). The data indicate that microcontact printing generated a pattern of protein on
the surface with well-defined edges. The patterned protein was not homogeneous across
the entire gold surface (Figure 27B and C). In some locations on the gold-coated surface,
it appeared that very little to no protein was transferred from the stamp to the surface.
These results are comparable to the patterns of proteins assessed with SPR-imaging in
other studies.'>" !> The uniformity of the patterned protein will be quantified in later

sections of this chapter.
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Figure 27. SPR images of microcontact printed protein on a gold surface over a range of wavelengths (A).
The PDMS stamp had 500 micron x 500 micron recessed square features. The 500 micron x 500 micron
square regions were bare gold. (A) A =905 nm. (B) A =898 nm. (C) A =881 nm. (D) A =854 nm. PBS was
the background solution. The contrast in the image has been enhanced for viewing purposes. The images
are uncorrected TM images.

UCP buffer substrate

The pCP buffer substrate was imaged over a range of imaging wavelengths (Figure 28).
The data indicate that the PDMS stamp deposited a residue of silicone oligomer that
could be detected with the SPRM. This result corroborates previous findings in the
literature.'*" 1241?7 The pattern was extremely inhomogeneous (particularly in Figure
28C), with some regions of the surface modified with a thick layer of silicone oligomer
(upper right portion of the surface) and other regions of the surface unmodified by the
oligomer. When compared to the pCP protein substrate, the pattern of the silicone
oligomer does not have well-defined edges. Less material was transferred to the surface,

as is evident in the low contrast in the SPR signal between the patterned and unpatterned
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regions of the surface. Furthermore, the PDMS appears to be located only in regions

the PDMS stamp contacted the surface. Since this experiment was performed under
ambient conditions, it suggests that the silicone oligomers remain in the regions the stamp
contacted the gold substrate. The ultra high vacuum TOF-SIMs analysis of similar

substrates presented by Glasmastar et al.'*!

indicated that silicone oligomer was present
over the entire surface, but the majority of the silicone oligomer was located in the
regions the PDMS stamp contacted the surface. A possible explanation for the low levels
of silicone oligomer in the regions not contacted with the PDMS stamp in the TOF-SIMs
image given that the SPR-imaging data does not suggest that silicone oligomers are
present in the areas not contacted with the stamp is that under the ultra-high vacuum

some of the oligomer spread across the entire surface. The uniformity of the SPR-

imaging pattern will be assessed later in this chapter.
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Figure 28. SPR images of the uCP buffer substrate — a gold surface microcontact printed with a PDMS
stamp inked with PBS buffer. Each image was collected with a different imaging wavelength. The PDMS
stamp had 500 micron x 500 micron recessed square features. In the images, the stamp did not come into
contact with the gold surface in the location of the 500 micron x 500 micron square features. (A) A ~905
nm. (B) A ~898 nm. (C) A ~881 nm. (D) A =854 nm. PBS was the background solution. The contrast in the
image has been enhanced for viewing purposes. The images are uncorrected TM images.

Uniformity of the patterned surfaces for the uCP protein and the uCP buffer substrates
An important characterization of a patterned substrate is the uniformity of the pattern

across the surface. As evident in Figure 27 and Figure 28, microcontact printing did not
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generate perfectly homogeneous patterns of protein or silicone oligomer on the surface.

To achieve a quantitative measure of the uniformity of a patterned surface, histograms
relating the reflectivity (a value ranging from O to 1) versus the number of pixels that had
the respective reflectivity value were generated. Histograms for the physically adsorbed
protein substrate (Figure 29), the uCP protein substrate (Figure 30), the uCP buffer
substrate (Figure 31), and a clean gold surface — termed the buffer substrate (Figure 32) -
were generated. A major advantage of using histograms to achieve a greater quantitative
understanding of the uniformity of the surface rather than the mean reflectivities and the
standard variations is that the histograms will indicate if two or more distinct populations
are present on the surface as opposed to a large value for the standard variation which
would occur if only mean reflectivities were analyzed. Therefore, if only the mean
reflectivity and the respective variances were used to assess the homogeneity (as
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completed by Wilkop et al.”"), this information would remain uncovered.
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Figure 29. Physically adsorbed protein histogram. A histogram of the reflectivity as a function of pixel
number for a gold substrate to which a protein (an IgG) was physically adsorbed. SPR-imaging results. The
imaging wavelength was approximately 893 nm. The background solution was PBS buffer.
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Figure 30. MCP protein histogram. A histogram of the reflectivity as a function of pixel number for the
uCP protein substrate. SPR-imaging results. The imaging wavelength was approximately 889 nm. The
background solution was PBS buffer.
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Figure 31. MCP buffer histogram. A histogram of the reflectivity as a function of pixel number for the pCP
buffer substrate. SPR-imaging results. The imaging wavelength was approximately 861 nm. The
background solution was PBS buffer.
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Figure 32. Buffer histogram. A histogram of the reflectivity as a function of pixel number for an
unmodified gold substrate. SPR-imaging results. The imaging wavelength was approximately 866 nm. The
background solution was a solution of PBS buffer.
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The histograms indicate that there were relatively unimodal distributions of

reflectivities for the physically adsorbed protein substrate (Figure 29), the uCP protein
substrate (Figure 30), and the buffer substrate (Figure 32). On the other hand, there was a
bimodal distribution of reflectivities for the uCP buffer substrate (Figure 31), which
indicates the surface pattern was inhomogeneous. This result is expected since the SPR
image (Figure 28) of the substrate indicated the pattern of the silicone oligomer on the
surface was extremely inhomogeneous. The populations of the reflectivities on the uCP
buffer substrate can be attributed to the regions of the surface modified by the silicone
oligomer and the regions that were not modified by the silicone oligomer (i.e., a bare gold

surface).

The full-width of the half maximum (FWHM) of each histogram was determined
manually (Figure 33). (Please note that Figure 33 assesses the FWHM of the %
reflectivity, which equals 100 x reflectivity value in the histogram.) This value yields a
quantitative measure of the uniformity of the pattern on the surface. Ideally, every pixel
would have the same reflectivity value. Therefore, the larger the FWHM, the less uniform
the pattern. The buffer substrate served as a control for this experiment since it yields
information about the uniformity of the gold surface to which all molecules adsorb.
Therefore, it should ideally have the lowest FWHM. The results (Figure 33) indicate that
the FWHM for the uCP protein substrate (~5%) was larger than the FWHM for the
physically adsorbed protein substrate and the buffer substrate (~3%). This indicates that
the uCP protein substrate had a less homogeneous surface than the physically adsorbed
protein. This result is not surprising since it is likely that not only protein but silicone
oligomer was transferred to the gold-coated slide. The buffer substrate and the physically
adsorbed substrate had very similar values of FWHM, suggesting that the surface of the
physically adsorbed substrate was extremely homogeneous. Given the bimodal nature of
the histogram for the pCP buffer substrate, it was not possible to calculate a FWHM
using the simple manual procedure. However, the difference in the reflectivity for the

maximum reflectivity value for each population was consistent (~0.09 +/-0.001; n=3).
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Figure 33. Full-width half max (FWHM) of the histogram relating the percent reflectivity for several
substrates versus pixel number from the SPR-imaging results. The error bars represent the replicate
standard deviation of the mean FWHM. (n=3)

Characterization of the binding of the protein physically adsorbed to a gold-coated slide

To assess the amount of the protein that physically adsorbed to the gold-coated slide and
to quantify how uniform the surface was, SPR images were collected. The initial SPR
image of a clean gold surface was subtracted from the SPR image after incubation with a
solution of protein (an IgG) to quantify the change in reflectivity due to the adsorption of
the protein to the surface. There was an approximately 44% (+/-1%; n=3) change in
reflectivity when IgG was physically adsorbed to the gold-coated glass slide. This percent
change in reflectivity is relatively high compared to other SPR-imaging studies
completed in the lab in which a layer of streptavidin (SA) is expected to yield ~20%
change in reflectivity. However, a different gold substrate (different type of glass and a
titanium not a chromium adhesion layer) was used in this study, and a larger protein (an
IgG ~150 kDa versus SA ~60 kDa) was immobilized onto the surface. The SPRM
instrument has been shown to have linear response up to approximately a twenty percent
change in reflectivity under similar but not identical imaging conditions.'* Therefore, the
measured change in reflectivity was well outside the linear range, and it is not possible to

quantify the total amount of protein with this calibration curve.
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The histogram of the change in reflectivity (due to the physical adsorption of protein
onto the gold surface) as a function of pixel number (Figure 34) was unimodal,
symmetric, and narrow in width. This result indicates that the change in reflectivity was
uniform across the entire surface. The FWHM of the percent change in reflectivity was
~1.8% (+/-0.3%) (n=3), which further illustrates that there was not very much variation in
the change of reflectivity due to the binding of an IgG molecule to the surface. These
results indicate that the surface of the physically adsorbed protein substrate was

homogeneous.
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Figure 34. Histogram of the change in reflectivity when a protein adsorbed to a gold surface. SPR-imaging
results. The imaging wavelength was approximately 877 nm. The background solution was PBS. The
adsorbed protein was an IgG molecule.

Characterization of the non-specific binding of BSA to the surface

Each substrate was incubated in a solution of BSA to assess the non-specific binding of a
protein to the surface. Ideally, in a microfluidic flow assay there should be little to no
non-specific binding of protein to the surface immobilized protein. The initial SPR image
(before BSA incubation) was subtracted from the SPR image after incubation with BSA
to quantify the change in reflectivity due to the adsorption of BSA on the surface (Figure
35). The uCP protein substrate and the physically adsorbed protein substrate had very
little non-specific adsorption of BSA to the patterned surface (2% and -0.8% change in
reflectivity where the negative change in reflectivity suggests material was removed from
the surface. However, the noise for this instrument is typically +/-1% thereby making it

impossible to assess whether material was removed.) This corroborates findings by
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Wilkop et al.””! in which very little non-specific binding to a microcontact printed

protein antigen was reported. There was an approximately 22% change in reflectivity for
the uCP buffer substrate, indicating that a substantial amount of BSA adsorbed to the
surface. Since pCP of proteins relies upon the non-specific adsorption of a protein to a
PDMS stamp, it is expected that BSA would non-specifically adsorb to a gold surface

modified with silicone oligomers from a PDMS stamp.
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Figure 35. The percent change in reflectivity when BSA non-specifically adsorbed to the surface. SPR-
imaging results. The error bars represent the replicate standard deviation of the mean change in reflectivity.
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Figure 36. Histogram of the change in reflectivity versus the number of pixels when BSA non-specifically
adsorbed to a gold surface to which a protein has been physically adsorbed. SPR-imaging results. The
imaging wavelength was ~ 889 nm. The background solution was PBS. The physically adsorbed protein
was an IgG molecule.
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Figure 37. Histogram of the change in reflectivity versus number of pixels when BSA non-specifically
adsorbed to the WCP protein substrate. SPR-imaging results. The imaging wavelength was ~ 866 nm. The
background solution was a PBS. The microcontact printed protein was an IgG molecule.
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Figure 38. Histogram of the change in reflectivity versus the number of pixels when BSA non-specifically
adsorbed to the uCP buffer substrate. SPR-imaging results. The imaging wavelength was ~ 877 nm. The
background solution was PBS.

Histograms relating the change in reflectivity due to the adsorption of BSA to the surface
versus the number of pixels were generated for each substrate (Figure 36-Figure 38). The
histogram for each substrate had an unimodal and symmetric distribution, suggesting that
the surfaces were relatively homogeneous. The width of the histogram is much larger for
the pCP buffer substrate (Figure 38) than for the pCP protein substrate (Figure 37) or the
physically adsorbed protein substrate (Figure 36). Since the histogram of the initial
reflectivity for the uCP buffer substrate (Figure 32) was bimodal (suggesting that some
regions of the surface were modified with silicone oligomers and other regions were not
modified with the oligomers), it is interesting that the histogram has relatively normal

distribution (granted the distribution is skewed with a long tail at higher changes in
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reflectivity). This result suggests that similar amounts of BSA non-specifically

adsorbed to the silicone oligomers on the surface as well as to the bare gold surface.
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Figure 39. The full-width half max (FWHM) of the histogram relating the percent change in reflectivity
when BSA adsorbed to the surface versus the number of pixels. SPR-imaging results. The error bars
represent the replicate standard deviation of the FWHM. (n=3)

The FWHM of the percent change in reflectivity was again calculated to determine if the
non-specific binding of BSA was uniform across the surface (Figure 39). The pCP
protein substrate and the physically adsorbed protein substrate had comparable FWHM
(~2.5%) suggesting the change in reflectivity due to the adsorption of BSA was relatively
homogeneous over the entire surface. The pCP buffer substrate had a much higher
FWHM (~7%) and a large replicate standard deviation. This suggests not only that the
adsorption of BSA to the surface was inhomogeneous for a given sample, but also that it

varied substantially from sample to sample.
Characterization of the specific binding of an IgG molecule to the surface
After incubation with BSA, each substrate was incubated in a solution of IgG that

recognized the surface immobilized protein (i.e., the immobilized protein was the antigen

of the IgG in solution). The SPR image of the substrate after incubation in a solution of
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BSA was subtracted from the SPR image of the substrate after incubation in a solution

of the IgG to quantify the percent change in reflectivity due to the adsorption of IgG to

the surface.

(A) B)
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Figure 40. SPR images of the surface binding of an IgG molecule to the pCP protein substrate. The PDMS
stamp had 500 micron x 500 micron recessed square features. Bare gold was located in the 500 micron x
500 micron square regions. (A) SPR image of the surface with microcontact printed antigen on the surface
after incubation in a solution of BSA. (B) SPR image of the surface shown in (A) after incubation in a
solution of an IgG molecule that recognized the microcontact printed antigen molecule. (C) SPR difference
image. (B)-(A). The image in (C) indicates the local change in refractive index when the IgG molecule
bound to the patterned protein. PBS buffer was the background solution for each image. The wavelength of
light was ~904 nm. The selected wavelength yielded the greatest change in reflectivity in the microcontact
printed protein regions on the surface. The contrast in the images has been enhanced for viewing purposes.
The images in (A) and (B) are uncorrected TM images.

The SPR difference image (Figure 40C) indicates that the binding of the IgG to the uCP
protein substrate was relatively uniform over the entire surface and resulted in a pattern
of bound IgG that was similar to the initial pattern of protein in that it had well-defined

features.
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Figure 41. The percent change in reflectivity when IgG adsorbed to each substrate. SPR-imaging results.
The error bars represent the replicate standard deviation of the mean change in reflectivity. (n=3)

There was a larger change in reflectivity due to the adsorption of IgG to the surface for
the physically adsorbed protein substrate (~38%) versus the pCP protein substrate
(~28%). Once again, the SPRM instrument has a linear relationship between the change
in refractive index at the surface and the percent change in reflectivity up to a ~20%
change in reflectivity.'? Therefore, the measured changes in reflectivity for the physically
adsorbed protein substrate and the pCP protein substrate are well outside this linear
range, so the values should not be compared directly. The results clearly indicate that
more IgG adsorbed to the physically adsorbed substrate than to the uCP protein substrate.
There are several potential reasons for this large difference. Any or all of these
hypotheses may be responsible for the difference in the amount of IgG that bound to the

surface:

(1) More antigen was immobilized to the physically adsorbed substrate versus the
uCP protein substrate.
(2) The antigen immobilized to the physically adsorbed substrate retained more of its

structure than the antigen immobilized to the uCP protein substrate.
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(3) Silicone oligomers transferred to the uCP protein substrate during the printing

process covered the patterned antigen (protein) thereby blocking the IgG in

solution from binding to the patterned antigen.

With the current SPR data, it is not possible to identify the specific cause(s) for the
discrepancy in the total amount of IgG bound to the substrates. However, given the fact
that very little BSA non-specifically bound to the pCP protein substrate and the
physically adsorbed protein substrate, and a significant amount of IgG bound to each
substrate, the results suggest that the IgG molecules bound specifically to both the pnCP
protein substrate and the physically adsorbed protein substrate.

The puCP buffer substrate also non-specifically bound IgG (~9% change in reflectivity).
This result suggests that the adsorption of BSA did not completely block the uCP buffer

substrate.
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Figure 42. A histogram of the change in reflectivity when an IgG molecule bound to an antigen physically
adsorbed to a gold surface versus the number of pixels. SPR-imaging results. The imaging wavelength was
approximately 904 nm. The background solution was PBS. The physically adsorbed protein was an IgG
molecule.

The histogram of the physically adsorbed substrate (Figure 42) had an unimodal and
symmetric distribution and was relatively narrow in width. This result indicates that the
binding of the IgG to the immobilized antigen was relatively uniform across the entire

surface.
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Figure 43. A histogram of the change in reflectivity for the pCP protein substrate when an IgG molecule
specifically bound to an antigen immobilized to the surface with microcontact printing. SPR-imaging
results. The imaging wavelength was approximately 904 nm. The background solution was PBS. The
microcontact printed protein (antigen) was an IgG molecule.
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Figure 44. A histogram of the change in reflectivity when an IgG molecule non-specifically adsorbed to the
uCP buffer substrate. SPR-imaging results. The imaging wavelength was approximately 881 nm. The
background solution was PBS.

The histogram for the uCP protein substrate (Figure 43) had two distinct populations,
each with an unimodal and symmetric distribution as a function of the change in
reflectivity, indicating that some regions of the surface bound a significant amount of IgG
(~30% change in reflectivity) and other regions did not bind any IgG. Of the three
samples of the pCP protein substrate for which the binding of IgG to the surface was
monitored, two exhibited this behavior, suggesting that the antigen was not transferred
from the stamp to the surface in some regions of the uCP protein substrate. This
corroborates the results for the SPR difference image (Figure 40), in which it appeared

that some regions of the patterned surface did not bind any IgG.
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Unlike the pCP protein substrate, the histogram for the pCP buffer substrate (Figure

44) did not indicate that there were two distinct populations on the surface. The
histogram for the uCP buffer substrate was much wider than the histogram for the
physically adsorbed protein. The histogram (Figure 44) also did not have as unimodal a
distribution of changes in reflectivity when compared to the physically adsorbed protein
substrate. This result indicates that the binding of IgG to the uCP buffer surface was not
as homogeneous across the entire surface as the binding of the IgG to the physically

adsorbed protein substrate.
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Figure 45. The full-width half max (FWHM) of the histogram of the percent change in reflectivity when an
IgG adsorbed to the surface. SPR-imaging results. The error bars represent the replicate standard deviation
of the mean FWHM. (n=3) For the pCP protein substrates that were bimodal (n=2), the FWHM was
calculated for the largest change in reflectivity for the bimodal systems (i.e., for the pixels for which there
was a change in reflectivity).

The FWHM was again calculated to assess the homogeneity of the binding of the IgG to
the surface (Figure 45). The uCP protein substrate had the largest FWHM (~ 6%) and a
large standard deviation indicating that the binding of IgG to the surface was
inhomogeneous and also varied substantially from sample to sample. On the other hand,
the FWHM for the pCP protein substrate had a comparable FWHM (~3%) to the

physically adsorbed protein substrate and a small standard of deviation. This suggests
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that the binding of IgG to the surface is relatively homogeneous across the entire

surface and reproducible from sample to sample.

For an ideal microfluidic flow assay, the binding of the IgG to a surface immobilized
antigen should be relatively homogeneous across the entire surface and reproducible.
Therefore, these results suggest that a surface to which the antigen was physically
adsorbed would be more robust for a microfluidic flow assay than a surface to which the

antigen was microcontact printed.

XPS and XPS-Imaging

XPS and XPS-imaging experiments were completed to determine the chemical

composition at the surface of a substrate microcontact printed with a protein.

XPS

The atomic concentrations of silicon, nitrogen, gold, oxygen and carbon were measured
with XPS. The uCP protein and the nCP buffer substrates were contacted with a flat
PDMS stamp. The atomic concentration of gold at the surface yields information about
the density of the microcontact printed or adsorbed protein. A high atomic concentration
of gold would indicate that a significant portion of the gold surface is exposed. This
would suggest that the protein has a low surface density. The atomic concentration of
nitrogen yields information about the amount of protein present on the substrate as
protein is the only molecule that contains nitrogen (barring an outside source of
contamination). Microcontact printing work in the literature indicates that when the
stamp contacts the surface, silicone oligomers contaminate the surface.'' 19,123 The
atomic concentration of silicon on the surface can be used to assess the extent of this
contamination by silicone oligomers. Protein, organic contaminants, and silicone
oligomers would all give rise to the presence of oxygen and carbon on the surface.
Therefore, the atomic concentrations of oxygen and carbon cannot be attributed to a

single source on the surface of the substrate.
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Figure 46. XPS data. (1) Bare gold slide. (2) Microcontact printed protein (WCP protein) on a gold-coated
slide. (3) Microcontact printed buffer (uCP buffer) on a gold-coated slide. (4) Physically adsorbed protein.
Two samples with 3 spots per sample were analyzed. The error bars represent the standard deviation of the
measurements.

Figure 46 presents the atomic concentration of O, N, C, Au, and Si for the experimental

group and the control groups.

1) Bare gold. (black in Figure 46). Bare gold becomes contaminated with hydrocarbons
upon exposure to the atmosphere. The XPS data indicated that as expected the surface
was contaminated with organics (C, O). This substrate also had the largest atomic
concentration of gold (~43%), which also is expected as no molecules were intentionally
adsorbed to the surface. No silicon was present. There was a small amount of nitrogen
contamination on the surface (~1%), which may be due to background nitrogen

contamination in the lab environment.

2) uCP protein substrate (white in Figure 46). The atomic concentration of nitrogen
(~8%) indicates that protein was transferred to the surface. The surface concentration of
gold was significantly reduced compared to the bare gold surface (~43% for the bare gold
substrate versus ~5% for the uCP protein substrate), suggesting that the protein had
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covered a significant amount of the gold surface. The uCP protein substrate also had

some silicon (~6%) on the surface that can be attributed to the silicon found in the PDMS
stamp, suggesting that there was transfer not only of protein but also silicone oligomers
from the stamp to the surface. The silicone oligomers as well as the protein contributed to
the atomic concentrations of oxygen and carbon, which makes it difficult to verify the
source of these elements. The presence of silicone oligomers on the surface corroborates
the qualitative findings of Ross et al.'® which detected with XPS the transfer of silicone

oligomers to a substrate patterned with microcontact printed BSA.

3) puCP buffer substrate (red in Figure 46). A high atomic concentration of silicon was
detected on this surface (~8%), which can be attributed to the silicon found in the PDMS
stamp. This corroborates the results of Glastmastar et al.'?! that detected 6.2% (+/-1.6%)
of Si on a similar gold substrate. Given the error bars, the data cannot distinguish
between the amounts of silicone oligomers transferred to the uCP protein substrate versus
the nCP buffer substrate. This sample had a relatively high atomic concentration of gold
(~33%), suggesting that the entire surface was not covered with the silicone oligomers.
This corroborates the SPR-imaging data (Figure 28 and Figure 31) in which the pattern of
silicone oligomer on the surface was very inhomogeneous. Once again, there was a small
amount of nitrogen contamination on the surface (~1%), which may be due to
background nitrogen contamination in the lab environment. The silicone oligomer also
contributed to the atomic concentration of oxygen and carbon, but once again, it is

difficult to verify the source of these elements.

4) Physically adsorbed protein substrate (blue in Figure 46). The atomic concentration of
nitrogen for this sample (~12.5%) was higher than the amount present on the pCP protein
substrate (~8%). This result suggests that more protein adsorbed to the physically
adsorbed substrate than to the uCP protein substrate. The atomic concentration of gold
was also reduced (~7%), indicating that most of the gold surface had been covered with

protein. However, the atomic concentration of gold (~8%) was slightly higher than the



72
atomic concentration of gold for the pCP protein substrate (~5%), suggesting that more

of the gold surface was exposed. No silicon signal was present.

XPS-imaging

As mentioned in the Materials and Methods section, several technical difficulties were
encountered during the XPS-imaging experiments. It was not possible to collect an XPS-
image for the pCP buffer substrate as it appeared to be uniform in atomic composition
across the entire surface. It also was not possible to image an element other than gold for
the pCP protein substrate. It is likely that inelastically scattered gold electrons created a
very large background signal that made it difficult to isolate the signal from the other
elements (N, C, Si, and O). To overcome these limitations, the substrate was imaged for
Au(4f) (Figure 47). The XPS image of Au(4f) yielded the expected results for a PDMS
stamp with recessed 200 micron x 200 micron square features spaced 200 microns apart —

namely a high Au(4f) signal in the square feature regions that did not contact the stamp.
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Off Spot -

100 microns

Figure 47. XPS-images of Au (4f). The larger the gold signal, the higher the surface atomic concentration
of gold. The locations “on spot” refer to areas where the protein-functionalized patterned PDMS stamp did
not contact the gold surface. The locations “off spot” refer to areas where the protein-functionalized
patterned PDMS stamp did contact the gold surface.

Based on the locations of the high and low atomic concentration of gold, local regions of
interest (ROI) XPS survey scans (Figure 48) for N(1s), C(1s), Si(2s), O(1s), and Au(4f)
were completed in the regions unmodified (ROI unpatterned — high atomic concentration
of gold) and modified (ROI patterned — low atomic concentration of gold) by contact

with the protein-functionalized PDMS stamp. Nitrogen (Figure 48) was present only in
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the region where the PDMS stamp contacted the surface. This suggests that protein

was transferred only through direct contact of the stamp with the surface. The atomic
concentration of gold for the ROI patterned surface was lower. This would be expected

since the transferred protein layer would cover the gold surface.

Silicon was detected across the entire surface, with an atomic concentration ranging from
~T7-10%. Given the error bars and sample size (n=2), it is difficult to distinguish between
the amount of silicon present on the ROI patterned and unpatterned surfaces. However, it
is not entirely intuitive that the unpatterned region may have slightly more Si present on
the surface (~10% which is comparable to the atomic percentage that Glasmastar et al. 12
detected with XPS (non-imaging) for gold substrates contacted with PDMS stamps that
were not inked with protein in buffer but water). Ignoring the SPR-imaging data (Figure
27), the fact that slightly more Si was present on the ROI unpatterned substrate (where
the stamp did not contact the surface) suggests that the hypothesis presented by

Glasmastar et al. '*!

that suggested that the patterned stamp introduced more silicone
oligomers to the surface due to the transport of the oligomers down the sidewalls of the
featured stamp to the substrate possibly due to capillary forces may be correct. However,
given the SPR-imaging data (Figure 27), the presence of silicon across the entire surface
may more likely be an artifact of the ultra high vacuum required to conduct XPS as the
SPR-image (Figure 27) which was collect under ambient conditions clearly indicated that
the PDMS oligomers were transferred in a pattern during the printing process and in the
locations the stamp directly contacted the substrate. However, the silicone oligomers may
spread across the entire surface when exposed to the ultra high vacuum. Another ultra
high vacuum technique, TOF-SIMs, that analyzed a gold substrate patterned with a stamp
inked only with buffer (no protein) also saw the presence of silicone oligomer over the

entire surface'?! further giving support to this hypothesis.

Nitrogen was not located in the unpatterned regions (ROI unpatterned). This suggests that

even though the protein was transferred to the surface with silicone oligomers by the
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PDMS stamp once the protein adsorbs to the gold, unlike the silicone oligomers, it

does not spread across the entire substrate once exposed to ultra-high vacuum conditions.
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Figure 48. XPS region of interest (ROI) scans of gold slides microcontact printed with an IgG. Two regions
were analyzed: (1) Unpatterned — the area where the PDMS stamp did not contact the surface and (2)
Patterned — the area in which the PDMS stamp did contact the surface and protein should have been
transferred to the gold surface. The error bars represent the standard deviation in the measurement (n=2).

Comparisons of the spectroscopy data, in which a flat PMDS stamp transferred protein to
a gold surface (the pCP protein substrate), and the XPS-imaging data (ROI patterned and
unpatterned), in which a patterned PDMS stamp transferred protein to a gold surface
(Figure 49), indicate that there are some discrepancies between the data sets. The
discrepancies could be a result of the redistribution of the silicone oligomer from the

patterned to the unpatterned regions on the substrate under the ultra-high vacuum.

Ideally, the atomic composition of the ROI unpatterned surface (region of the surface

where the PDMS stamp did not contact the surface) should correlate with the atomic

composition of the bare gold substrate. The atomic composition of the ROI patterned
surface (region of the surface where the PDMS stamp did contact the surface) should also

correlate with the atomic composition of the uCP protein substrate.
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The ROI patterned surface and the pCP protein substrate had similar atomic
concentrations of silicon, oxygen, and nitrogen. However, the atomic concentration of
gold was much higher for the ROI patterned surface (~18% atomic concentration of gold
versus ~4% atomic concentration of gold for the pCP protein substrate). The atomic
concentration of carbon was lower for the ROI patterned surface (~45% of the atomic
concentration was carbon versus ~59% of the atomic concentration was carbon for the
uCP protein substrate). The higher atomic concentration of gold and the lower atomic
concentration of carbon for the ROI patterned surface may also be an artifact of the
exposure of the substrate to an ultra high vacuum. The silicone oligomers transferred with
the protein to the surface may have spread across the entire surface, thereby exposing
bare gold in regions that contacted the PDMS stamp and reducing the amount of carbon

present in those locations due to the loss of the silicone oligomer.
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Figure 49. Comparison of XPS data — imaging and spectroscopy. Four data sets (Bare Au, uCP buffer, uCP
Protein, and Physically Adsorbed Protein - see Figure 46) are spectroscopy data on modified gold-coated
slide surfaces in which flat PDMS stamps were used for the uCP protein substrate and the pCP buffer
substrate. The ROI patterned regions (where a PDMS stamp functionalized with a protein touched the
surface) and unpatterned (regions where a PDMS stamp did not touch the surface — see Figure 48) are XPS
imaging data sets in which a stamp with 200 micron x 200 micron recessed features and inked with a
solution of protein contacted a gold-coated slide.

The ROI unpatterned surface (region where the PDMS stamp did not contact the surface)

had higher atomic concentrations of silicon and oxygen than the bare gold substrate. This
data once again suggest that silicone oligomer spread across the entire surface when the
substrate was exposed to ultra-high vacuum. The atomic concentration of carbon for the
ROI unpatterned was lower than the atomic concentration of carbon for the bare gold
substrate (~24% versus ~48%). This may possibly be due to a reduction in the amount of
organic contaminants on the ROI unpatterned surface as compared to on the bare gold

substrate. However, as stated previously, it is difficult to determine the source of the
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carbon on the surface since it may be the result of organic contaminants and/or silicone

oligomers. A similar atomic concentration of gold was present in the ROI unpatterned
surface and the bare gold substrate (~45% versus ~42%), suggesting that a similar
percentage of the surface was covered by organic contaminants (bare gold) or silicone

oligomer and/or organic contaminants (ROI unpatterned).

3.5. Conclusions

Protein and thiols were microcontact printed on gold. SPR-imaging experiments
indicated that the alkyl thiol patterns were uniform and had well-defined micron-scale
features. The microcontact printed protein pattern — the pCP protein substrate — also had
well-defined micron-scale features. However, the patterned protein was not as
homogeneous as a surface to which the protein was physically adsorbed. There was
limited non-specific adsorption of BSA to the pCP protein substrate (~3% change in
reflectivity). The non-specific adsorption of BSA to the uCP protein substrate was also
relatively uniform across the entire surface when compared to the physically adsorbed
protein substrate. An IgG from solution bound to its antigen — the microcontact printed
protein. Less IgG bound to the microcontact printed antigen than a physically adsorbed
antigen. The binding of IgG to the microcontact printed antigen was not homogeneous.
Some regions bound no IgG, and other regions bound a significant amount of IgG. XPS
data of the microcontact printed protein indicate that (1) silicone oligomer transferred to
the surface along with the protein, (2) the gold surface was densely covered with the layer
of protein/silicone oligomer, and (3) less protein was transferred to the gold surface for
the microcontact printed substrate versus the substrate to which protein was physically
adsorbed.
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Chapter 4: Microcontact printing proteins inside of
microstructures

4.1  Objective

1) Explore the ability to microcontact print proteins inside three-dimensional
microstructures.

2) Determine if the patterned protein retains its structure.

4.2  Related Publications

Work for this aim was completed at IBM Research Labs in Rueschlikon, Switzerland.
The work was completed under the supervision of Dr. Emmanuel Delamarche. Richard
Stutz was responsible for the microfabrication. Dr. Heinz Schmid assisted with the
development of a pressure sensor as well as fluorescence measurements. A research

article has been published on this work:

Foley, J.; Schmid, H.; Stutz, R.; Delamarche, E. (2005). “Microcontact Printing of

Proteins Inside Microstructures.” Langmuir. 21:11296.

4.3  Materials and Methods

Chemicals and reagents

All antibodies were purchased from Sigma. The proteins were diluted in phosphate-
buffered saline (PBS) (Sigma, St. Louis, MO). Deionized water (produced by the
Simplicity 185 System, Millipore at the IBM Research Labs) was used throughout the

work.

Fabrication of the molds for the PDMS stamps

Molds in silicon wafers (Siltronix, Geneva, Switzerland) were microfabricated using
photolithography and a deep reactive ion etcher (STS ICP, Surface Technology Systems
ple, Newport, UK.). A thin layer (~40 nm) of Teflon was sputtered onto the silicon
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master to improve the release of PDMS from the mold. The silicon molds had 3-um-

deep etched features. These molds created stamps with 2-um-diameter posts positioned

12 pum apart and 5-um-wide lines spaced 10 wm apart were used in this work.

Fabrication of the PDMS stamps

PDMS stamps were prepared by dispensing Sylgard 184 prepolymers (Dow Corning,
Midland, MI) at a 10:1 ratio of polymer to curing agent onto the silicon. An automatic
mixer (DOPAG Micro-ix E, Cham, Switzerland) dispensed the PDMS. In all cases
(planar and patterned stamps), PDMS was cured at 60 °C for at least 24 h and the stamps
had a thickness of ~3-5 mm. Prior to being used, the PDMS stamps were sonicated in a
1:1 solution of isopropanol:deionized water or ethanol: deionized water for 10-15 min,

rinsed with deionized water, and blown dry under N».

Gold coated microfluidic networks (MFNs)?” 7® (Figure 50) were fabricated in silicon
wafers using photolithography and a deep reactive ion etcher (STS ICP, Surface

Technology Systems plc, Newport, U.K.).
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Figure 50. Microfluidic Network (MFN). A MFN fabricated in silicon and coated with gold.

Three depths of MFNs were studied: 2, 5, and 15 pm. Some MFNs were sputtered with
Ti and Au (LA440S, VonArdenne Anlagetechnik GmbH, Dresden, Germany). 5 nm of Ti
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(adhesion layer) and 40 nm of Au were deposited on the 2-um and 5-um-deep MFNs.

In the case of the 15-um-deep MFNs, 5 nm of Ti and 150 nm of Au were deposited. The
MFNs were diced and separated (Dicing Saw 8003 from ESEC). Before each use, the
MEFENs were treated with ozone (UV-Ozone Photoreactor PR -100, Ultra-Violet Products,
Upland, CA) for 30-40 min to remove contaminants from their surface. Some of the
MFNs were modified with alkanethiols to control the wetting and protein-repellency of
the various parts of the MFNs. A clean flat PDMS stamp inked with a solution of
hexadecane thiol (HDT) was placed onto the MFN and removed. The MFN was covered
with a solution of the hydrophilic HS-PEG for ~1 min, rinsed with ethanol, and dried

under a stream of N».

Microcontact printing of proteins onto planar surfaces

Clean stamps with micron-sized features were inked with protein solutions (~200-500
microliters at 0.5 mg mL™" in PBS) for 30-40 min at room temperature. The stamps were
rinsed with solutions of PBS, PBS with 0.05% Tween 20, and deionized water, and
blown dry under a stream of N,. The stamp inked with proteins was placed onto the

substrate for ~30-60 seconds and then removed.

Microcontact printing of proteins into three dimensional devices

To print proteins into microstructures, a controlled pressure was applied to the back of
the stamp inked with protein. The pressure was directed toward the microstructures by
placing a small PDMS piece (~4 mm? in area) on top of the stamp. This PDMS piece was
centered over the microstructures of the MFN targeted for printing. The substrate, the
protein-coated PDMS stamp, and the small PDMS piece were slowly raised with a
micrometer-controlled stage and pressed against an optically transparent piece of plastic.
As the MFN and stamp were raised, the collapse of the stamp into the microstructures
was observed optically with a binocular (Nikon). A strain gauge measured the force
applied to the stamp. To print into the 2-, 5-, and 15-um-deep structures, pressures of

~0.2, ~4.2, and ~7.0 MPa were applied, respectively. Once the stamp contacted the
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bottom of the microstructure, the stamp remained in that position for ~1 min and was

then removed.

Fluorescence imaging

The fluorescent images were collected with a microscope (Labophot-2, Nikon) equipped
with optical filters and captured by a cooled, low-noise CCD camera (ST-8, SBIG, Santa
Barbara, CA). The images were not background or flat field corrected. The fluorescence

images had an exposure time of 1 s.

Assays

Clean MFNs with 5-um-deep features were modified with alkanethiols to generate
hydrophobic and hydrophilic regions on the MFNs. Anti-guinea-pig IgG developed in
rabbit (Sigma) was microcontact-printed onto the MFN with a PDMS stamp having
patterned lines. Pressure was applied to the stamp to print in the recessed surfaces of the
MEN. A solution of BSA in PBS at 1% w/w covered the MFN for 30 min at room
temperature. The MFN was rinsed with solutions of PBS, PBS with 0.05% Tween 20,
and deionized water, and dried under a stream of Nj. A 0.05 mg mL" solution of
tetramethylrhodamine isothiocyanate (TRITC, red, O = 570 nm) labeled anti-rabbit IgG
developed in goat was used to cover the entire MFN for 30 min. The MFN was rinsed
with solutions of PBS, PBS with 0.05% Tween 20, and deionized water, dried under a
stream of nitrogen, and imaged with the fluorescence microscope using an exposure time
of 1s.

4.4  Results and Discussion

All of the results and figures presented in this portion of the proposal have been

published. Captions as well images were directly copied from the publication.”

Microcontact printing has successfully patterned proteins on planar sensing surfaces.
However, many microfluidic devices fabricated in silicon or glass are non-planar and

cannot be patterned with conventional pCP. This is the first reported attempt to
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functionalize the recessed regions of microstructures with a protein using uCP. To

pattern recessed regions of microstructures, a force is applied to the back of the
elastomeric PDMS stamp (Figure 51A) enabling the stamp to deform, contact the bottom
of the microstructures and pattern the recessed surfaces. For this work, fluorescently
labeled antibodies were patterned onto a gold microfluidic network (MFN) which was

used for immunoassays. A fluorescence microscope imaged the patterns of proteins.

The aspect ratio of the microstructure for this printing method was found to be
significant. The higher the aspect ratio, the more pressure was required to pattern the
microstructure. A PDMS stamp with 3-um-high lines printed fluorescently-labeled Abs
into two types of 15-um-deep features on a bare gold substrate. A well-defined pattern of
protein was printed in a large microstructure (Figure 51 B and C) with a low aspect ratio
(~1:100) and required only ~0.2 MPa of pressure. Higher aspect ratios (1:2) proved
difficult to pattern (Figure 51D) and required ~ 7 MPa for the stamp to contact the bottom
of the microstructure. The pattern was distorted indicating the high pressures needed
deformed the stamp. At these high pressures, the protein patterns were not uniform. The
regions where the stamp was subject to high pressure often did not have as much protein
present and streaks of proteins leading toward the edge of the stamp (data not shown)
were observed. This data suggest that when subjected to high pressures the protein
behaved as a lubricant. Residue — possibly PDMS - also deposited on the surface, and

was visible to the naked eye.
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Figure 51. (A) Microcontact printing of proteins into 15-um-deep microstructures using a PDMS stamp
having 3-um-high lines. (B)-(D) Fluorescence microscope images of TRITC-labeled antibody
microcontact-printed around the loading pad of an Au-coated MEN (B), inside the loading pad (C), and
across a 30-um-wide microchannel (D) using the method shown in (A). A pressure of ~0.2 MPa was used
to print the loading pad whereas ~7 MPa were needed to produce contact between the stamp and the
recessed regions of the microchannels.

Well-defined protein patterns in the recessed region of a 5 pm-deep microchannel were
produced with a stamp having 3-um-high and 5-um-wide lines (Figure 52 B-D). The
reduction in the aspect ratio (1:6) improved the quality of the pattern and reduced the
amount of pressure required to ~4.7 MPa. The fluorescent images of the PDMS stamp
after printing indicated where protein was transferred from the stamp to the gold surface.
(Figure 52 E and F) These images indicated that the recessed regions of the stamp

collapsed on the mesas, thereby transferring protein to those regions.
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Figure 52. (A) Microcontact printing of proteins into 5-um-deep microstructures using a PDMS stamp
having 3-um-high lines. (B)-(D) Fluorescence microscope images of TRITC-labeled Abs microcontact-
printed into Au-coated microstructures using the method shown in (A). (B) Abs microcontact-printed into
30-um-wide microchannels. (C) and (D) Higher-magnification images of the microcontact-printed
antibody, focused on the bottom of the microchannels (C) and on the mesas (D). (E) and (F) Fluorescence
microscope images of the PDMS stamp after printing reveal the areas from which antibody transferred
from the stamp to the substrate. In (E), the focus is on the raised lines of the PDMS stamp, whereas in (F) it
is on the recessed regions of the PDMS stamp. Under the pressure required to print in the 5-yum-deep
microstructures, the recessed regions of the stamp collapsed and contacted the mesas of the MFN, thereby
transferring proteins to the substrate.

Small discrete features — 2-um-wide posts — were printed into a 5 um-deep microchannel
creating uniform and well-defined patterns (Figure 53). The small posts reached the
bottom of the microchannel generating small discrete features, but the posts collapsed

onto the mesas and patterned the entire surface.
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Figure 53. (A) Microcontact printing of proteins into 5-um-deep structures using a PDMS stamp having 2-
um-diameter and 3-um-high post features. (B) Fluorescence image of TRITC-labeled antibody printed into

30-um-wide, Au-coated microchannels. (C) Fluorescence image of the PDMS stamp before it was used to
print the antibody, illustrating the peculiar wetting characteristics of the stamp.

To determine if the proteins printed inside the microstructures retained some if any of
their structural integrity, an immunoassay was completed in which unlabeled protein
printed into the microchannel was exposed to a fluorescently labeled antibody. The
printed protein was recognized by a fluorescently-labeled antibody (Figure 54)
suggesting some of the structure of the protein remained. Further experiments are
required to verify that the activity of a protein, such as an enzyme, is not reduced when

printed with this method.
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Figure 54. Fluorescence immunoassay in which Abs from solution bind to their specific antigen, which
were microcontact-printed into 5-um-deep microstructures using the method shown in Figure 51. (A) and
(B) Fluorescence microscope images of TRITC-labeled Abs, which bound to the antigens in the 5-um-deep
microchannels and on the mesas separating the microchannels. The microchannels and mesas of this Au-
coated MFN were derivatized with HS-PEG and HDT, respectively.

4.5 Conclusions

A novel method of patterning proteins inside recessed microstructures using microcontact
printing has been demonstrated. Pressure applied to the back of an elastomer PDMS
stamp inked with protein serves to contact the stamp to the surface. Protein transferred to
the recessed surface. An immunoassay was conducted in which protein patterned with
this method was recognized by an antibody. This result indicates that this patterning
method does not significantly alter the structure of the protein as an antibody is still

capable of recognizing its antigen.
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Chapter 5: Computational model and experiments of

streptavidin-biotin microfluidic assays

5.1  Objectives
1) Computationally model a standard microfluidic flow assay of streptavidin binding

to a biotin-functionalized surface.
2) Verify the model results with SPR imaging experiments.

3) Explore the assay parameters that can influence the performance of an assay.

The purpose of this research is to develop computational models to aid in the
understanding of microfluidic surface binding assays and confirm the validity of the
model with SPR imaging experiments. The streptavidin/biotinylated alkyl thiol surface

binding system developed by Nelson et al.®® !%!

and described in the Background
(Chapter 2) was chosen as the model assay format due to the availability of
experimentally determined kinetic and surface parameters. This model system is also
widely used in the Yager group. The basic principles of surface binding microfluidic
assays explored with this model format will serve as a basis of understanding of other
microfluidic surface binding assay formats. Although some discussion of methods of
quantification will be briefly described in this chapter, the next chapter (Chapter 6) will
focus heavily on methods to quantify the amount of analyte for another assay format, the

indirect microfluidic immunoassay.

The focus of this chapter is the surface binding pattern of streptavidin in a straight
microchannel and the distribution of protein within the bulk of the microchannel as well
as the influence of flow rate and the diffusion coefficient of the binding species on the
surface binding profile. From this information, some guiding principles in SPR imaging
assay design will be introduced. The model, confirmed experimentally, in future will
serve as a tool to rapidly optimize and explore other designs (completed in Chapters 6-8).
The results presented in this chapter are also frequently referred to in Chapter 8. The aim

of the grant for which this research was completed was to develop a rapid microfluidic
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assay. Therefore, model results have focused on the first five to ten minutes of the
assay. Furthermore, quantification of nanomolar concentrations of small molecules —
cortisol and phenytoin — in saliva was the focus of this research and hence the range of

concentrations explored with the model.

5.2 Initial Design Considerations

Due to computer memory constraints and solution oscillations, the computational
modeling is limited. These computational constraints limit the ability of the model to

simulate the larger Peclet numbers.

5.3  Materials and Methods

Computational Simulations

All computational simulations were completed with the commercially-available finite
element method software, COMSOL® (Version 3.3, Comsol, Inc., Burlington, MA). For
a detailed description of the governing equations of each model as well as a detailed
explanation of the modeling protocol, see Appendices A and B, respectively. The

modeling protocols are described briefly below.



Figure 55. Straight microchannel geometry. For the simulated microchannel, =90 microns, w=500
microns, and /=1.5 mm. For the experimental microchannel, d=82 microns and w=500 microns. The
biotinylated surface to which streptavidin will bind is indicated.

Streptavidin assay
In the three-dimensional geometry of the assay (Figure 55), a portion of the surface
of the channel is functionalized with biotinylated alkyl thiol to which streptavidin

can bind. This system has been well-characterized by Nelson et al.'”

and gives
experimentally measured kinetic and surface density parameters that can be used in
the COMSOL® model. In the model, fully developed flow is imposed at the inlet of
the device by solving the Poisson equation in two dimensions, yielding a fully
developed parabolic flow profile. This velocity profile is mapped to the inlet of the
three-dimensional model to impose a fully-developed flow profile at the inlet.
COMSOLS® then solves the steady-state Navier-Stokes equation. Next, the transient
convection-diffusion mode and weak boundary mode are solved simultaneously
using the fluid flow profile solved by the Navier-Stokes mode. The modeled flow
rates are listed in Table 2. The dimensions of the experimental microchannel were
slightly different than the dimensions of the modeled microchannel (see Figure 55)
due to the destruction of an SU8 mold during experiments. The important fluid
mechanic and mass transport parameters were calculated for the model, and the

experimental systems are listed in Table 2 and Table 3 respectively. When solving

the Navier-Stokes mode, the mesh consisted of 10,259 elements and 91,461 degrees

90
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of freedomen. When solving the convection-diffusion and surface binding modes, the

mesh consisted of 14,085 elements and 381,197 degrees of freedom. The governing

equations for the surface binding reaction are:

kads

Csa+ B ——c; Equation 7
kdes
dc; Equation 8
E = adsCSA(QO - Cs) - kdesCs q

where cgy4 is the streptavidin concentration in the bulk of the microchannel, c; is the
surface concentration of bound streptavidin, 8y is the initial surface concentration of
antibody binding sites, 0 is the surface concentration of antibody binding sites, and kgqgs
and kg are the adsorption and desorption kinetic parameters.

Table 1. Surface binding parameters for the modeled system.'®!

calculated from the cited reference.

Binding parameters and density were

6 (moles m>) Initial streptavidin binding sites

on the surface, calculated based on

experimental findings for a  similar | 3.9867x 10°®

experimental situation.

¢o (nM) initial concentration of streptavidin 20

p (kg m”) 1000

pkgm's™) 1x10~

Base microchannel depth (m) 90x10®

Microchannel width (m) 500%x10°

Dsa(m” s™) diffusion coeffient of streptavidin | 7.4x10™"

Kags (m° moles™ s™) 4000

Kaes (57) 3x10°

Table 2. Velocities, Reynolds numbers, and Peclet numbers for the modeled straight microchannels.

Average Maximum
velocity (m/s) velocity (m/s) Re Pe

5nL/s | 1.11E-04 1.67E-04 1.00E-02 1.35E+02

25 nL/s | 5.56E-06 8.33E-06 5.00E-02 6.76E+00

50nL/s | 1.11E-03 1.67E-03 1.00E-01 1.35E+03

Experimental methods

Chemicals and reagents
Streptavidin (US Biologics, MA, USA) was diluted in phosphate-buffered saline (PBS,
pH 7.4) (Sigma, St. Louis, MO). Deionized water (generated with a Barnstead
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International still, Dubuque, Iowa) was used throughout the work. Biotinylated alkyl

thiol (BAT) (Iris BioTECH GmbH, Germany — custom synthesis) and ethylene glycol

(Prochimia, Sopot, Poland) were diluted in absolute ethanol.

Microfluidic device fabrication

The straight microchannel was constructed in PDMS (see Figure 55 for channel
dimensions). Once again, molds for PDMS microfluidic channels were fabricated using
established soft photolithography methods.%* ' The upstream portion of a PDMS
chevron device (before the chevron microstructures) served as the straight microchannel
for the experiments. The chevron microchannel required two layers of SU8, which must
be precisely aligned to ensure that device geometry is accurate. A protocol for two-layer
SU8 fabrication was adopted from Dr. Elena Garcia. The design of a photolithography
mask was completed using AutoCAD 98 (Microsoft, Redmond, WA) and Adobe
Ilustrator 10 (Adobe Systems Inc., San Jose, CA). The first mask generated the
rectangular base of the microchannel. The second mask outlined the chevrons that sit on
top of the rectangular duct. When designing the mask, special attention was paid to the
placement and geometry of the alignment marks. After several iterations it was
determined that the optimal alignment marks were crosses located on either side of the
microchannel along the same axis. Upon exposure to UV light, the first mask generated a
small cross. After spinning the second layer of SU§ onto the wafer, the small cross could
be visualized. The second mask had a large cross in which the smaller cross on the wafer

was centered.

To create the photolithography mask, black and white transparencies were printed
(Publication Services, University of Washington, Seattle, WA). At the Washington
Technology Center (WTC), the first layer of SU8 (MicroChem, Newton, MA) was spun
(Solitec Spinner, Milpitas, CA) onto a clean, three-inch silicon test wafer (Silicon Sense,
Nashua, NH). The wafer was pre-baked to densify the SU8 film. A four-inch infrared
contact aligner (AB-M, San Jose, CA) exposed the wafer to ultraviolet light, thereby

polymerizing the exposed regions of the SU8. Given the viscous and adhesive properties
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of the SUS, the WTC required that the wafer be placed onto the back of a clean, four-

inch test wafer to ensure that SU8 did not contaminate the four-inch infrared contact
aligner. After the first exposure, a second layer of SU8 was spun onto the wafer. The
wafer was soft-baked, post-baked, and then incubated in a solution of SU8 developer
(MicroChem, Newton, MA), which removed any unpolymerized SU8. The wafer was
once again baked to harden the SUS8. The depth of the SU8 features were measured with
the P15 surface profilometer (Tencor, San Jose, CA) located in the WTC.

The PDMS microchannels were prepared by dispensing Sylgard 184 prepolymers (Dow
Corning, Midland, MI) at a 10:1 ratio of polymer to curing agent onto the SU8 molds. To
create inlets and outlets to the microchannel, silicone tubing (Cole Parmer, Vernon Hills,
IL) was glued to the inlet and outlet with DuCo Cement (Devcon, Riviera Beach, FL) and
allowed to dry. Then, Sylgard 184 prepolymers (Dow Corning, Midland, MI) at a 10:1
ratio of polymer to curing agent were dispensed onto the SU8 mold to create the PDMS
microchannel. Upon drying the PDMS microchannel was removed with a razor blade. In
initial studies the PDMS was placed onto the slide substrate, but bubbles tended to form.
In order to overcome this difficulty, the PDMS device was activated in oxygen plasma to
create a more hydrophilic surface (oxygen pressure 30 psi for 1 minute at 600 Watts
Plasma Preen II 973, Plasmatic System, Inc., North Brunswick, NJ). The PDMS was

masked such that only the microchannel itself was exposed to the oxygen plasma.

Gold-coated slide preparation

A one nm adhesion layer of chromium and a 45 nm layer of gold were electron beam
(CHA 600, CHA Industries, Fremont, CA) deposited onto clean glass microscope slides
(Fischer Scientific, Pittsburgh, PA) at the Washington Technology Center (WTC). Gold-
coated (45 nM Au, 1 nM Cr for adhesion) glass substrates were cleaned under oxygen
plasma (oxygen pressure 30 psi) for one minute (Plasma Preen II 973, Plasmatic System,
Inc., North Brunswick, NJ) at 600 watts. Due to leaks at the PDMS/gold interface, gold
was deposited on the gold-coated slide only in regions where the microchannel existed.

Stainless steel masks (Precision Image Corporation, Bothell, WA) were placed onto clean
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gold slides in the electron beam evaporator during the gold deposition. The oxygen

plasma-cleaned slide was patterned with thiols using the “wicking method,” a technique
developed and optimized by Dr. Kjell Nelson and Neil Geisler. Briefly, a 10 mil sheet of
mylar (Fralock, Canoga Park, CA, USA) was cut using a carbon dioxide laser (M25,
Universal Laser System, Inc., Scottsdale, AZ) to serve as a wicking mask. In the mask, a
1 mm diameter hole was cut. The mask was placed onto the slide using an alignment jig.
A 0.5 mM solution of BAT/PEG (10% BAT, 90% HS-PEG) was introduced to the hole
cut in the mylar mask. Capillary forces wicked the solution underneath the mask. The
thiol solution evaporated. A 0.5 mM solution of HS-PEG was pipetted onto the exposed
regions of gold outside of the masked region and allowed to evaporate. The mylar mask
was removed. The slide was thoroughly rinsed in ethanol for one minute to remove any
excess thiols and then dried with nitrogen gas. The oxygen plasma-activated PDMS

microchannel was then aligned and placed on top of the gold substrate.

SPR imaging experiments

SPR images were collected over time as a solution of streptavidin (US Biologics,
Swampscott, MA) in PBS (Sigma, St. Louis MO) was introduced to a microfluidic device
(Microflow system, Micronics, Redmond, WA). In the initial images, buffer filled the
microchannel. A six-port injection valve (#V451 Upchurch Scientific, Oak Harbor, WA)
introduced the solution of streptavidin from the 2 mL sample loop to the microchannel.
The 905 nm bandpass filter was tilted 22 degrees from normal as the SPR curve indicated
that wavelength was the most sensitive (data not shown). The integration time was on the

order of 0.5 seconds. Images were collected at a frequency of every 15 or 30 seconds.

Table 3. Velocities, Reynolds numbers, and Peclet numbers for the experimental straight microchannel.

Average Maximum

velocity (m/s) | velocity (m/s) | Re Pe
50 nL/s 1.22E-03 1.83E-03 1.10E-01 1.48E+03
100 nL/s | 2.44E-03 3.66E-03 2.20E-01 2.96E+03
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Data analysis
All SPR data were collected and analyzed using Labview software (National Instruments
Corp., Austin, TX) developed by Dr. Elain Fu. All changes in reflectivity were dark and

TE corrected (See Appendix C for further information).

5.4  Results and Discussion

Computational modeling of a microfluidic flow immunoassay

Numerous articles in the literature model microfluidic flow assays with protein analytes
using the finite element method, the finite difference method, or fractals *® 177-1%
Understanding mass transport and surface reaction within SPR biosensors for the
quantitative measurement of binding and dissociation kinetics of biomolecules has been a
major impetus in this field,!”® 180 184, 185, 187, 189, 193, 195, 197 Many models of microfluidic
flow assays are two-dimensional, do not incorporate Taylor dispersion (i.e., the
concentration of analyte in the solution does not equal zero at time=0), and often assume
that plug flow exists at the inlet,'*% 18 186 VL 197 198 The aoqumptions limit the validity of

these models. Furthermore, most of the models are completed using custom-coded

software that is not accessible or necessarily easy to use.

The models completed in this research are a more accurate representation of the physical
phenomena that occur in a microfluidic assay. The models are three-dimensional, include
Taylor dispersion (i.e., the streptavidin concentration in the microchannel is zero at time
= 0), and impose a fully developed flow profile at the inlet. By using COMSOLS, these
models open up to the research community a precedent for modeling microfluidic assays
with commercially available and relatively easy to use software (Please note that Gervais
et al.’®! have also used COMSOL® to model in two-dimensions an immunoassay.).
Furthermore, since microfluidic surface binding assays are often completed under non-

equilibrium or steady-state conditions, a working computational model will yield



96

important insights into the physical processes occurring in the assay and will serve as a

tool for further optimization and exploration into novel assay designs.

The geometry drawn in COMSOL® to model a microfluidic assay (Figure 55) is a
rectangular duct with a surface functionalized with biotinylated alkyl thiol, to which
streptavidin may bind. The most significant difference between the experiment and model
is the distance that the streptavidin solution must travel before it reaches the binding
surface. In the experiment, there are ~40 microliters of dead volume between the check
valve and the binding surface (on-card valves were not available). In the model, the
binding surface begins immediately. Given the computational constraints, it is not
feasible to model the upstream 40 microliters. As a result, even though the model at
time=0 has no protein solution inside the microchannel (only buffer is present), the
influence of dispersion (see Appendix H for a more thorough qualitative description) will

be markedly different for the model and experimental systems.

Given the computational constraints and numerical artifacts induced at high flow rates
(50 nL/s versus 5 nL/s), most of the model results presented are for a flow rate of 5 nL/s.
The numerical solution did converge with a flow rate of 50 nL/s but the quality of the
numerical solution was low (some of the results are presented). Therefore, the model
results for the 5 nL/s flow rate will be used throughout this dissertation. However, given
the amount of dead volume in the device, to run the experiment with a flow rate of 5 nL/s
would take an extensive period of time (350 minutes/experiment). Therefore, during the

experiment, a flow rate of 50 nL/s was used (35 minutes/experiment).

The model results also used a streptavidin concentration of 20 nM versus the 40 nM
concentration used in experiments. Due to the incorporation of dispersion in the model,
the model that incorporated the 40 nM concentration of streptavidin had difficulty
converging. However, the general principles of protein binding to a surface in a

microchannel can still be achieved with this model.
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Some numerical noise is present in the model results given the complex nature of the
model. In particular, some of the results indicate that slightly negative concentrations of
species (0.2% of the magnitude of the maximum concentration) are present in the
microchannel. This non-physical result occurs in a relatively small portion of the model
(<<2%). The noise and the negative concentrations can be attributed to several factors
including (1) a mesh that is not dense enough and (2) discontinuities in the concentration
profile arising from the initial conditions (i.e. surface concentrations and solution
concentrations that are zero at time = 0). Higher flow rates also increase the noise in the
solution due to the increased stiffness of the problem. Given the nature of the assay and
the computational limitations, it is likely that if these models were conducted with a more

computationally adequate computer the numerical artifacts could be eliminated.

Fluid mechanics

The solution to the Navier-Stokes equation provides the fluid flow field for the device.
The model results yield the expected parabolic velocity profile occurring in the laminar
flow regime in which the velocity ranges from zero at the walls and increases to 1.5%*
average velocity in the center of the channel (Figure 56). Furthermore, by imposing a
fully developed profile at the inlet of the device, there is no need to incorporate a channel

length upstream of the binding patch needed for this fluid flow profile to develop.

Max: 1.668e-4

0
Min. 0

Figure 56. Velocity profile (m/s). Model results. Straight microchannel. The flow rate is 5 nL/s. Reynolds
number = 0.01. Q=5 nL/s.
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Bulk concentration profile of streptavidin in the straight microchannel

Max: 2.009e-5
x1075

Figure 57. Concentration profile of streptavidin (moles/m?) in straight microchannel. Model results.
Streptavidin inlet concentration = 20 nM = 2x10 moles/m.> Time = 350 seconds. Re= 0.01. Pe=135.1.
Q=5 nlJs.

As the streptavidin flows over the binding area (Figure 57), the model results indicate
that the concentration of the protein in the regions immediately above the surface is
significantly reduced. The streptavidin molecules in this region — termed the “depletion
zone” — must diffuse down a concentration gradient toward the surface while being
convected down the length of the channel in order to bind to the immobilized biotinylated
thiol. As a result, the capture efficiency of the analyte in regions of the binding surface
further downstream of the inlet is greatly reduced (Figure 58) with a significant reduction
in the total amount of protein binding downstream. The generation of a depletion zone
gives rise to a surface binding profile that shows a steep reduction in surface
concentration from the start of the binding surface to the end of the binding surface. For
the modeled system, the depletion zone has a profound influence on binding, as the
majority of the surface binding of the analyte occurs in the first ~300 microns of the
surface nearest the inlet in the first ~5.5 minutes of the assay. This binding profile often

indicates the assay system is operating within a mass transport limited regime.
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When the binding of the protein to the surface is not transport-limited, a spatial

variation in the surface binding profile would not exist. This assumes that the number of
binding sites does not exceed the number of binding species in solution and that the entire
channel is depleted of the binding species. In other words, it can be imagined that a
spatial variation in the binding profile may exist if all of the binding species have bound
but there are not enough to fill all of the available binding sites. Under these assay

conditions, there will be a region without any bound species downstream of the inlet.

Max: 4.004e-8
x1078
4

0 seconds 350 seconds

700 seconds

i3l

1000 seconds

Figure 58. Surface concentration profile of bound streptavidin (moles/m?). Model results. Streptavidin inlet
concentration = 20 nM = 2x10” moles/m’. Re= 0.01. Pe=135.1. Q=5 nL/s. The theoretical maximum SA
surface binding concentration is 3.99 x10°® moles/m?.

Whether the assay (A) will operate within a mass-transport limited regime and (B) will
rapidly reach surface saturation of the binding protein primarily depend on the following
factors:

(1) Diffusion coefficient of the binding species. A faster diffusing species is less
transport-limited as the species more rapidly diffuses down the concentration
gradient near the binding surface (Fick’s law). There is more efficient capture of
the binding species from the bulk of the microchannel with a rapidly diffusing
species. As a result, the surface will more quickly reach saturation.

(2) Concentration of the binding species. The higher the concentration of binding

species, the steeper the concentration gradient near the surface (which at time=0
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has a surface concentration of protein of zero). When the concentration of

binding species is high, more of the binding species is introduced to the
microchannel. Given these considerations, at higher concentrations the surface
reaches saturation more quickly.

(3) Surface binding kinetics. The more rapid the binding kinetics relative to the
diffusional transport, the more transport-limited the assay. The Damkohler
number (a ratio between the characteristic time of fluid motion and the
characteristic reaction time) may be used to determine in what regime the assay is
performed, with Da>>1 indicative of a very fast reaction rate and a transport-
limited assay. The Damkohler number ((kags*thetag*h)/Dsas) for this system is
193.15, indicating it falls in the mass transport-limited regime.

(4) Flow rate. The faster the flow rate, the less transport-limited the assay, as more of
the binding species is introduced to the device and convective—rather than
diffusive—transport dominates.

(5) Density of surface binding sites. The higher the density of the surface of binding

sites, the longer it will take to saturate the surface.

The influence of flow rate, the diffusion coefficient, and concentration on the binding
profile will be explored with the model and/or experiment later in the chapter. The
binding kinetics and density of binding sites were not explored as this research focuses on
two assay systems — streptavidin-biotin and antibody-antigen — each of which have fast
binding kinetics and comparable surface densities. Therefore, these variables would not

be explored experimentally and consequently are not a high priority to model.

Over time, the surface binding profile of streptavidin changes as the front of the binding
surface reaches saturation (Figure 58). The profile also indicates that more streptavidin
binds in the center of the channel than near the walls of the device. Comparison of the
velocity profile parallel to the binding surface at x=30 microns (Figure 59B - blue) and
surface binding profile (Figure 59B - pink) indicates that the variation in the surface

binding profile relates to the parabolic nature of the velocity profile. At the walls, the
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velocity is zero. Near the sidewall of the microchannel, the velocity is zero or near

zero over the entire depth of the microchannel (x-dimension). In these regions, the
surface binding is more transport-limited as the streptavidin must reach the surface by
diffusion. Also, the concentration of streptavidin must be replenished via diffusion not
convection. As a result, near the sidewalls the depletion zone is larger (Figure 57) and
less streptavidin binds to the surface (Figure 58). Toward the center of the microchannel
the velocity of the fluid might be zero at the binding surface, but the solution immediately
above it is not zero (x-dimension) and in the middle of the device (x=45 microns) the
velocity is maximal. A steep velocity gradient exists near the surface. In these regions,
the solution is replenished through convection. Therefore, more protein binds to the

surface.

(A) SA surface concentration
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Figure 59. Comparison of the y-velocity profile and the SA binding profile in the straight microchannel.
Model results. (A) Surface concentration profile of bound streptavidin (moles/mz). Velocity profile (m/s) in
the y-dimension at x=30 microns. The maximum surface concentration is 3.99 %10 moles/m?. The
minimum surface concentration is 0 moles/m?. The theoretical maximum surface binding concentration is
3.99 x10°® moles/m?. (B) Line profile comparing surface concentration profile and velocity in the y-
dimension. The location of the line profile is indicated in (A) and occurs at y=750 microns and z[0 to 500
microns]. Streptavidin inlet concentration = 20 nM = 2x10”° moles/m>. Time = 700 seconds. Re= 0.01.
Pe=135.1. Q=5 nL/s. The maximum velocity is 1.526x10™ m/s, and the minimum velocity is -4.089 x10™"
m/s.
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Experiments were completed to compare to the model results (Figure 60). The

binding profile over time shows strong agreement with the modeled binding profile in
which there is a steep decrease in the amount of streptavidin bound to the surface
traveling downstream (y-dimension) and less binding near the sidewalls of the
microchannel. Also as previously noted, the experimental velocity is higher than the
modeled velocity but the concentration of streptavidin is reduced to enter a regime in
which the binding profile is transport-limited. Therefore, the model cannot be directly
compared to the experiment, but the general principles of the SA binding profile in a flow

assay can still be drawn from the experimental and model data.

Straight SA= 10 nM Q=50 nL/s

17.5 minutes

20 minutes
250

microns

22.5 minutes

Figure 60. Surface concentration profile of bound streptavidin over time in a straight microchannel.
Experimental results. SPRM difference images subtracted from initial image. Each image has been
contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin within each image. Streptavidin inlet concentration = 10 nM. Re= 0.11. Pe=1480. Q=50 nL/s.

Line profiles of the experimentally measured change in surface concentration of bound
streptavidin over time (Figure 61) show some qualitative agreement with the model
results (Figure 59), suggesting that the model has captured the relevant parameters. The
line profile down the length of the channel (Figure 61B y-dimension) indicates most of
the binding occurs at the start of the binding patch and is greatly reduced downstream of
the inlet. Downstream of the inlet, the amount of bound streptavidin never reaches the

amount bound at the front of the binding surface. This may be an artifact related to the
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surface patterning method, in which it appears that more BAT/PEG thiol is deposited

at the front of the patterning mask due to the “coffee ring effect,” a capillary flow
induced by the evaporation of liquid at the edge of a drop which serves to deposit more
material at the edge of the drop."* 2*° With a higher BAT/PEG thiol density at the front

of the binding surface, it may be capable of increased binding of the streptavidin.
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Figure 61. Difference in line profiles of the surface concentration profile of bound streptavidin.
Experimental results. (A) SPRM difference image subtracted from the initial image. The image has been
contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin. (B)-(D) Line profiles of the surface concentration of streptavidin over time. The location of
the line profiles are indicated in (A). The line profiles were calculated from raw TM images. The line
profile at time=0 was subtracted from each line profile at the indicated time point. The line profile L1 is
five pixels (~17.5 microns) in width, and L2 and L3 are 10 pixels (~70 microns) in width. The difference in
pixel:distance ratio on the substrate is due to image foreshortening discussed in Appendix C. Streptavidin
inlet concentration = 10 nM. Re= 0.11. Pe=1480. Q=50 nL/s.
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The two line profiles transverse to flow (L2 and L3 Figure 61) exhibit a strong

similarity to the binding profile in Figure 59B. Early on, the binding profiles are
parabolic. Over time, as the surface becomes saturated, the amount of protein increases
but the line profiles lose their parabolic nature and the surface becomes saturated. The
difference in time points for the experimental and model system is the result of the
difference in the upstream distance the fluid must travel in the experimental system

before it reaches the binding area.
Total amount of streptavidin bound to the surface over time.

By integrating the total amount of bound streptavidin on the surface as a function of time,
the binding profile of streptavidin can be calculated (Figure 62). The model results
indicate that the binding profile is sigmoidal. At early time points and/or low flow rates,
there is a linear relationship between the amount of streptavidin bound to the surface and
time. As the surface nears saturation, the curve becomes more sigmoidal in nature. The
binding profiles also indicate that the efficiency of binding does not linearly correlate
with the flow rate. For example, increasing the flow rate from 25 nL/s to 50 nL/s does not
double the total amount of streptavidin bound to the surface at a given time point. When
the binding profile does not change with increased flow rate, it indicates the surface

binding of streptavidin is no longer mass transport-limited.
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Figure 62. Total streptavidin bound to the surface for the straight microchannel as a function of flow rate.
Model results. The streptavidin concentration introduced to the microchannel is 20 nM. The theoretical
maximum for binding on the patch is 3x10™* moles.

Experimental measurements of the binding profile (Figure 63 Q=50 nL/s) confirm the
sigmoidal nature of the binding profile. The areas are three consecutive discrete regions
on the binding surface that are ~1.8 mm in the y-dimension (downstream distance) with
area 1 located at the start of the binding surface. The average change in reflectivity for
that region is plotted over time. For reference, the modeled microchannel was only 1.5
mm in the y-dimension. Therefore, the experimental data explore an area that is ~3.6
times larger than the model system. The experimental results clearly indicate there is a
delay in the binding as a function of distance down the channel. This confirms the spatial
variation in the binding profile, with most binding occurring at the front of the binding

surface.

Once again, the variation in the experimental and model time is due to the influence of
dispersion and the dead volume in the experimental microchannel. The more significant
difference in timing between the binding profiles of area 1 and area 2 may be due to the
fact that area 1 contains the start of the binding surface, in which the thiol patterning

method (wicking method) tends to deposit more material at the start of the binding
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surface. Therefore, area 1 would bind more streptavidin than the other areas, thereby

delaying the binding profile of area 2.
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Figure 63. Change in reflectivity over time in three areas as a function of distance from the inlet for the
straight microchannel. Experimental results — SPR Imaging. Area 1 is the closest to the inlet. Each area is
300 pixels in the y-dimension. Streptavidin inlet concentration = 40 nM. Re=0.11. Pe=1480. Q=50 nL/s.
The missing data points at early time points can be attributed to an air bubble introduced to the device.

To create an assay, a linear relationship between the total amount of streptavidin bound
and time would be ideal. The amount of streptavidin bound or the rate of binding could
then be used to quantify the amount of streptavidin in the solution (assay quantification
methods will be further explored for an example immunoassay in Chapter 6). Therefore,
the assay measurements should be collected when the surface is far from saturation. As a
result, the highest density of binding sites is favorable and measurements should be

collected at early time points.

Concentration slices of unbound streptavidin within the microchannel.

The depth of the depletion zone (x-dimension) varies with the distance downstream of the
front of the binding surface. Figure 64 illustrates slices of the streptavidin concentration
profile parallel to the SPR-imaging surface for several distances from the surface. The
SPR interrogation depth is very close to the surface (~300 nm). At a one micron distance
from the surface (Figure 64), the concentration of streptavidin near the surface is high
near the start of the binding surface, due to the fact that the binding surface has become

saturated at that time point (Figure 58, time=350 seconds). Therefore, some of the SPR
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of streptavidin. Due to the binding of streptavidin to the surface and the transport

limitations of the protein binding to the surface, the concentration of streptavidin
dramatically drops further downstream of the front of the binding surface. In those
regions, the bulk contribution from the streptavidin solution to the SPR signal will be
negligible. At increasing distances from the binding surface, the concentration of
streptavidin increases (x=15, 30, 60 and 80 microns). However, the general binding
profile, in which the solution is most concentrated towards the inlet and is reduced further
downstream, holds. Over time, the front of the binding surface becomes saturated with
streptavidin, and the position of this depletion zone moves further downstream.
Therefore, the location of the bulk contribution of the streptavidin solution to the SPR
signal will vary over time. Given the exponential nature of the SPR signal, the
importance of the bulk concentration on the SPR signal may remain negligible even at the
front of the binding surface. Howeuver, it is a subtle point, necessary to understand the

physical processes occurring in the assay.

Max: 2.02¢-~5
x1073
2

% y x=1 micron x=15 microns

x=60 microns

x=80 microns

Figure 64. Concentration profile of streptavidin in the channel (moles/m®) as a function of distance from the
binding surface (x-dimension). Model results. Streptavidin inlet concentration = 20 nM = 2x10° moles/m”.
Time = 350 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s.
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Influence of increased flow rate on the bulk concentration profile and the surface

binding profile.

The depth of the depletion zone relies heavily upon the flow rate. The faster the flow
rate, the narrower the depletion zone (Figure 65A versus Figure 57) since convection
rather than diffusion dominates the mass transport. At higher flow rates, more
streptavidin is introduced into the device at a given time. The result is that more protein
binds to the surface over a given period of time (Figure 65B versus Figure 58 time=350

seconds).

A) 3] Max -
Surface bound SA

z .
Flow ‘\Y‘/' l () ]
3 y y X Min

Figure 65. Increased flow rate (50 nl./s) on SA binding in straight microchannel. Model Results. (A)
Concentration of streptavidin in the microchannel (moles/m®). The maximum concentration is 2.02 x107
moles/m®. The minimum concentration is 0 moles/m’. (B) Binding profile of streptavidin to biotinylated
surface (moles/m?). The maximum surface concentration is 3.99 x10"® moles/m?. The minimum surface
concentration is O moles/m”. The theoretical maximum surface binding concentration is 3.99 x10°®
moles/m>. The streptavidin concentration introduced to the microchannel is 20 nM = 2x10”° moles/m’.
Time = 350 seconds. Re= 0.1. Pe=1351 Q=50nL/s

Influence of increased concentration on binding profile.

The concentration of the streptavidin also significantly affects the binding profile. At
higher concentrations of streptavidin, a steeper concentration gradient exists at the
binding surface, and the surface reaches saturation much more rapidly as more
streptavidin is introduced to the device for a given time point. Comparison of the
experimental results of the surface binding profile at 40 nM (Figure 66) versus 10 nM
(Figure 60) confirms that, as expected, the binding profile reaches saturation much more

rapidly for the more concentrated streptavidin solution.
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250
microns

Figure 66. Surface concentration profile of surface-bound streptavidin over time in a straight
microchannel. Experimental results. SPRM difference images subtracted from initial image. Each image
has been contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin within each image. Streptavidin inlet concentration = 40 nM. Re= 0.11. Pe=1480. Q=50 nL/s.

The line profiles of the change in the SPR signal due to the binding streptavidin (Figure
61 [SA]=10 nM versus Figure 66 ([SA]=40 nM)) indicate that higher streptavidin
concentrations result in a surface that more rapidly reaches saturation. As previously
mentioned, this is expected as more streptavidin has been introduced to the microchannel.
The line profiles downstream (Figure 66 L1 and L2) indicate that there is some spatial
variation in the binding profile with more binding occurring at the upstream edge of the
binding surface (time=20 minutes). However, unlike the 10 nM profile (L1), at the thirty
minute time point, the binding profile has become saturated and largely uniform
downstream. The transverse line profiles (Figure 66 L3 and L4) are less parabolic at the
higher concentration of streptavidin. The increased binding at the sidewalls is a result of a
steeper velocity gradient at the sidewalls. Therefore, the influence of convective transport
to replenish the streptavidin concentration in those regions increases and results in
increased binding at the sidewalls. The difference in absolute change in SPR counts over

time between Figure 61 and Figure 66 arises from different integration times.
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Figure 67. Different line profiles of the surface concentration profile of bound streptavidin in a straight
microchannel. Experimental results. (A) SPRM difference image subtracted from initial image. The image
has been contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin. (B)-(E) Line profiles of surface concentration of streptavidin over time. The location of the
line profiles are indicated in (A). The line profiles were calculated from raw TM images. The line profile at
time=0 was subtracted from each line profile at the indicated time point. The line profiles L1 and L2 are 5
pixels (~17 microns) in width and 1.3 and L4 are 10 pixels (70 microns) in width. The difference in pixel to
distance ratio on the substrate in each dimension is due to image foreshortening in the y-dimension
discussed in Appendix C. Streptavidin inlet concentration = 40 nM. Re=0.11. Pe=1480. Q=50 nL/s.

Influence of an increased diffusion coefficient on the surface binding profile.

The binding profile also strongly depends on the diffusion coefficient of the binding

species. The more rapidly diffusing the binding species, the less transport-limited the

binding of the species to the surface. A computational model of a theoretical molecule
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with a diffusion coefficient ten times faster than streptavidin was run (Figure 68). The

results indicate that the depletion zone is significantly reduced with the increased
diffusional coefficient (Figure 68A with D=10Djsteptaviain Versus Figure 57 for Dgyeptavidin)-
Under these conditions, the efficiency of the binding reaction is significantly improved
when the binding species diffuses rapidly. The binding profile is also significantly altered
(Figure 68B with D=10Dxeptavicin Versus Figure 58 for Dggeptaviain) With not only increased
total binding but a more parabolic binding profile (if a line profile was taken transverse to
flow — z-dimension). As expected, the binding profile for the fast diffusing analyte

reaches saturation before the streptavidin system (Figure 68C).
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Figure 68. Comparison of the influence of the diffusion coefficient of the binding species on the depletion
layer and the surface binding profile. Model results of a species for which D=10*Dsepavidin. (A)
Concentration profile of streptavidin in the channel (moles/m®) at time= 350 seconds. The maximum
concentration is 2.01x10”° moles/m>. The minimum concentration is 0 moles/m>. (B) Surface concentration
profile of bound streptavidin (moles/m?) at time=350 seconds. The theoretical maximum surface binding
concentration is 3.99x10°® moles/m*. The maximum surface binding concentration is 3.99x10® moles/m?.
The minimum surface binding concentration is 0 moles/m. (C) Comparison of the total surface binding
over time for each species. Binding species inlet concentration = 20 nM = 2x107 moles/m>. Re= 0.01.
Pe=135.1 and 1.3§ respectively. Q=5 nL/s. The theoretical maximum amount of the binding species that
can bind to the surface is 3 x10™* moles.
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Implication of model results on assay design

The model has several important practical implications for the design of microfluidic

SPR imaging assays.

1) Size of surface binding area for a given analyte.

The models indicate that large surface patterns of capture molecules are not required for
rapid (10 minutes or less) SPR-imaging assays to quantify the nanomolar concentrations
protein, since very little binding occurs three hundred microns downstream of the start of
the binding region at early time points (time=350 seconds). This is especially true for
other assay formats conducted under low flow rates or with slowly diffusing analytes
(extremely transport limited conditions). If higher flow rates, quickly diffusing analytes,
or very high concentrations of analytes must be quantified, a larger binding region may

be required so that the surface is not rapidly saturated.

The small region over which the majority of the binding occurs also has implications for
the signal processing procedures employed. The model results indicate that the signal
from the first ~ 100 microns should be analyzed to achieve the highest signal. Depending
on the quality of the pattern and the resolution of the instrument, this may be the best or

most sensitive method for processing images.

2) Location of control surface binding surfaces

A subtle yet significant point that the model aids in understanding is where the patterns of
control molecules required to assess the specificity of the binding of the analyte to the
experimental pattern (the pattern which recognizes the analyte of interest) should be
positioned. As the model indicates, a large depletion zone of analyte exists immediately
above the binding region. This depletion zone continues down the length of the channel
until the analyte diffuses down the concentration gradient and replenishes the
concentration of analyte at the surface. The distance over which this occurs will depend

on the diffusion coefficient of the analyte as well as the flow rate. If the control pattern of
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molecules closely followed the pattern of capture molecules specific for the analyte of
interest, the depletion zone above the surface would reduce, if not eliminate, the potential
for binding, even if the molecule could bind to the control pattern. This assumes that the
molecule that is binding is recognized by both the experimental and control patterns, as in
the case of non-specific binding or a promiscuous molecule capable of binding to both
molecules. In this scenario, the control would never show a signal due to transport

considerations rather than the actual interaction between the molecules.

3) Location of surface binding patterns.

The parabolic velocity profile has been shown to significantly reduce the total binding of
streptavidin at the sidewalls of the microchannel, particularly at low flow rates and
streptavidin concentrations. If multiple surface binding patterns for a single analyte are
averaged to determine the amount of the analyte in solution, it would be important to
ensure that some patterns are not near the sidewalls, as there is the possibility that
transport limitations give rise to a reduction in the surface binding in those locations. This
would only serve to reduce the average signal and increase the standard deviation of the
measurement. Ideally, the patterns should be positioned toward the center of the

microchannel or in regions that are similarly affected by mass-transport considerations.

4) Dimensions of the microchannel.

As shown in Figure 59, the parabolic velocity profile — particularly at low analyte
concentrations and low flow rates — can give rise to a reduction in the amount of protein
bound to the surface near the sidewalls when compared to the centerline of the channel.
To avoid this reduction, narrow microchannels (z-dimension) should be avoided to

reduce the percentage of the surface affected by the reduced velocity at the sidewalls.

5) Dynamic range of a microfluidic flow assay.
Two potential quantification methods, the measurement of the total amount of analyte
bound at a single time point or the measurement of the rate of surface binding, are often

used in flow assays. Ideally, to use one of these quantification methods the surface
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binding profile should be far from saturation and under the linear regime. Once a

concentration of analyte is high enough to saturate the surface, it is impossible to quantify

higher concentrations as the surface is also saturated at the higher concentration.

If there is an analyte species at an extremely high concentration and it quickly saturates
the surface, the operating dynamic range could be expanded by reducing the flow rate to
increase the time to saturation or through the dilution of the sample solution.
Alternatively, the binding surface could be increased in size to again increase the amount
of time to saturation. Given the importance of operating the assay far from saturation of
the surface, it is also important for the binding surface to have a high density of binding

sites to achieve the widest possible dynamic range.

6) Multiple analyte detection.

If a SPR-imaging assay is designed to quantify multiple analytes simultaneously (i.e.
multiple capture molecules are patterned on the gold surface), the analysis methods and
time points of measurements should be tailored to each analyte. As this chapter has
illustrated, depending on the concentration of analyte, the diffusion coefficient of the
analyte, and the flow rate, the point of surface saturation and in turn the optimal time to
collect the measurements varies for each analyte. In this model assay format —
streptavidin-biotin — the kinetics dissociation rates are extremely low (<3x10° 1/s). On
the other hand for immunoassays, the dissociation rates of the antibody and antigen may
be much larger and could influence the performance of an assay. The computational
model described in this chapter would serve as an excellent tool to optimize the

quantification method for a given analyte.

It is possible that for an assay conducted within a single microchannel, the optimal flow
rate varies widely for each analyte. As the flow rate cannot be adjusted within a given
microchannel, not only the time point of the measurements but also the size of the
binding surface can be tailored to each analyte to ensure the measurement is taken far

from saturation. If these alterations are not sufficient to quantify the analytes within the
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dynamic range of interest, dilution of the sample may be required for the

quantification of some analytes.

5.5 Conclusions

A computational model of a standard microfluidic flow assay (streptavidin-biotin model
system) was developed and shows qualitative agreement with SPR-imaging experiments.
The model and experimental results indicate that under the assay conditions explored, the
surface binding reaction was mass transport-limited. As the solution of streptavidin flows
across the binding surface and binds to the surface, a depletion zone above the binding
surface is established in which little to no protein is present. The depletion zone is
reflected in a non-uniform surface binding profile. Models and/or experiments explored
the influence of higher concentrations of protein, faster diffusing analytes, and flow rate
on the binding profile. The model and experimental results give insight into important
assay design parameters, such as the location and size of the binding surface, the position
of control binding surfaces in relation to the analyte binding surface, the time point of
measurements, and method of quantification for single and multiple analytes. This model
has and will serve as a method to efficiently optimize and explore other assay formats.

Chapters 6-8 will build upon the results presented in this model.
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Chapter 6: Development of computational models of
indirect microfluidic flow immunoassays.

6.1  Objectives

1) Develop computational models of the indirect immunoassay.

2) Explore the influence of dispersion, flow rate, antibody concentration, and the
incorporation of monovalent versus bivalent approximation of the antibody on the
performance of the assay.

3) Use model data to explore methods to quantify the concentration of antigen in a

sample.

6.2  Background

One method to quantify the amount of a small molecule analyte using SPR-imaging as a
detection method — the indirect microfluidic flow immunoassay — was proposed by Dr.
Kjell Nelson (Figure 69). In this assay design, the sample containing an unknown
concentration of the small molecule of interest, phenytoin, — a drug to treat epilepsy*®’ —
is mixed off the microfluidic card with a solution of a known concentration of antibody
(Figure 69B). The antibody and antigen (phenytoin) bind to each other (Figure 69A). An
antibody molecule has two binding sites. However, some computational models
approximated that the antibody was monovalent and could only bind one antigen. After
~15 minutes, the solution of antibody and the sample are introduced to a microfluidic
device. The SPR detection surface is functionalized with BSA-phenytoin molecules.
Antibody molecules with available binding sites bind to the surface yielding an SPR
signal (Figure 69C). The amount of antibody with available binding sites is inversely
related to the amount of antigen, phenytoin, in solution. Therefore, there will be an

inverse relationship between the SPR signal and the antigen concentration.

The purpose of this research is to develop computational models of this immunoassay to

better understand the influence of several variables — dispersion, a monovalent
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approximation of the antibody versus a more realistic bivalent approximation of the

antibody, flow rate, and antibody concentration. Some of the principles explored in
Chapter 5 will be revisited, as the previous model analyzed streptavidin binding, and this
model analyzes the binding of antibody to a surface in the presence of an antigen. Two
methods (rate of antibody binding versus total antibody binding) to quantify the amount

of antigen present in the sample will be explored with the model.

(A) kon1 o kon2 oo
— o — @ Phenytoin (Ag)
+ © 4 + <4
koff1 koff2 Antibody (Ab)
(B) Sample 15 minutes SPR imaging microfluidic card

[?]= phenytoin + [ADb] ——>

© SPR sensor surface SPR sensor surface + Sample

Gold surface functionalized
with BSA-phenytoin

Figure 69. Indirect microfluidic flow SPR imaging immunoassay. (A) Antibody-phenytoin binding
interaction. There are two binding sites in an antibody and two sets of kinetic parameters (kon and koff).
(B) Schematic for the indirect immunoassay. A sample with an unknown concentration of the analyte,
phenytoin (antigen (Ag)), is mixed with a known concentration of antibody (Ab) for fifteen minutes. The
solution is introduced to a SPR biosensor. (C) The gold surface is functionalized with BSA-phenytoin to
which antibody with free binding sites may bind. Antibody without available binding sites is washed out of
the microchannel. The amount of antibody with free binding sites inversely correlates with the total amount
of antigen in the sample. The amount of antibody bound to the surface and/or the rate of antibody binding
is monitored with SPR imaging and may be used to quantify the amount of analyte in the sample.

Because the purpose of this research is to develop rapid diagnostics, the computational
models explored up to 10 minutes after the start of flow. Nanomolar concentrations of

antigen (analyte) were the focus of the model given the fact this concentration range is
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292 and/or is near the clinically relevant concentration range for the

clinically relevant
small molecules of interest (cortisol and phentyoin). The model also serves as a tool to
further optimize the indirect immunoassay and explore other assay formats in a rapid and
efficient manner. Furthermore, the experimental detection method, SPR imaging, only
detects changes in the refractive index near the gold surface. The model gives insight

into the concentration profile within the entire microchannel.

6.3  Materials and Methods

Computational Simulations

All computational simulations were completed with the commercially available finite
element method software, coMsoL® (Versions 3.2-3.3, Comsol, Inc., Burlington, MA).
For a detailed description of the governing equations of each model as well as a detailed
explanation of the modeling protocol, see Appendices A and B, respectively. The

modeling protocols are described briefly below.

Indirect immunoassay

Due to computational constraints and the high experimental flow rates, the
immunoassay was modeled in two dimensions (Figure 70). A parabolic velocity
profile was incorporated in the model. A range of flow rates as well as
antigen/antibody concentrations were explored (Table 4 and Table 5). Antibodies
were modeled as monovalent as well as bivalent (the more accurate description,

which requires more computational memory).
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Figure 70. Model geometry for the indirect immunoassay. A pre-mixed solution of sample containing
antigen, antibody, antigen-antibody is introduced under flow to the device. The channel depth, D, is 90
microns. The upstream channel length, L1, is modeled as 22.1 mm or 0.1 mm. The modeled antibody
binding surface, L2, is 2 mm. To correlate with experimental analysis, the binding region analyzed with the
model, L3, is a 1 mm patch that is 1 mm downstream of the front of the binding surface.

Table 4. Velocities, Reynolds numbers, and Peclet numbers for the indirect immunoassay models.

Average Maximum

velocity (m/s) | velocity (m/s) | Re Pe
25 nl/s 3.47E-04 5.21E-04 1.74E-02 | 484.4
100 nL/s 1.39E-03 2.08E-03 6.94E-02 | 1937
250 nL/s 3.47E-03 5.21E-03 1.74E-01 | 4844

Models in the computational matrix were simulated twice (Table 5). In the first
series of models, the binding region was located 0.1 mm from the model inlet (L1
Figure 70). In the second series of models, the binding region was located 22.1 mm
from the model inlet to help assess the influence of dispersion on the results. The
second series of models is a better approximation of the experimental data set.
However, the dispersion distance is much longer in the experimental set-up and the
geometry is more complex. To simplify the model and the assumptions, the 22.1 mm
distance was chosen to approximate the distance from the inlet of the device to the

imaging region.
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Table 5. Matrix of indirect immunoassays simulated. The dash indicates that those models were not
completed.

Antigen M) |0 25 50 75 100
Antibody(nM)
5 25 nl/s
100nL/s | __ _ _ _
250 nL/s
100 25nl/s
100nL/s | __ _ _ _
250 nL/s
125 25 nL/s 25 nL/s 25nL/s 25nL/s 25 nL/s
100 nL/s 100 nL/s 100 nL/s 100 nL/s 100 nL/s
250nl/s | 250nL/s | 250nl/s | 250nL/s | 250nL/s
250 25 nL/s 25 nL/s 25 nL/s 25 nl/s 25 nl/s
100 nL/s 100 nL/s 100 nL/s 100 nL/s 100 nL/s
250nL/s [250nL/s |250nL/s |250nL/s | 250nL/s

In the model, a surface is covered with binding sites for the antibody. In solution,
antibody, sample antigen, and antibody-antigen complexes flow past the sensor surface.
The antibody is assumed to be monovalent or bivalent. No bivalency in terms of
attachment of an antibody to the surface was introduced to this model system (i.e., there
is no antibody bound to the surface-immobilized antigen via two antigen binding
interactions). The inlet is located either 0.1 mm or 22.1 mm upstream of the binding
surface (L1 Figure 70). The modeled antigen (Ag) molecule is a small molecule — similar
to cortisol or phenytoin. The binding area quantified in the experiment is 1 mm
downstream of the beginning of the binding patch to reflect the experimental analysis

protocol. The total binding area assessed is 1 mm in length.

The diffusion coefficients, kinetics parameters, and surface densities of binding sites
were typical of those found experimentally and used in similar computational studies of

immunoassays (Table 6). 182,183, 186, 191, 197. 198 Gimilar values are also used in the model

presented in Chapter 7.



Table 6. Values of the constants used in the indirect immunoassay models.

Variable

Input value in COMSOL®

2 -1\54, 203
Dantibody (m S )

4.3x10"

2 -1\204
Damigen (m S )

5%x10°1°

kaas; (m° moles™'s™) (rate for antibody binding
to the surface immobilized antigen when
bound to no free antigen)

10°

kas1(s™) (rate for dissociation of the antibody
from the surface immobilized antigen when
bound to no free antigen)*”

10°

kon; (m® moles™s™) (rate for antibody-antigen
binding in solution when the antibody is
bound to no antigen)

10°

ko(s™) (rate for antibody-antigen binding
dissociation in solution when the antibody is
bound to no antigen)

107

6 (moles of binding sites/m?) = 1 binding site
every 5 nm X Snm

6.64x10°

Theoretical maximum amount of antibody
bound to a 1 mm strip (moles/m)

6.64x10™"

To determine the concentrations of the antibody, antigen, and antibody-antigen upon
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introduction to the device, transient models of the binding under static conditions were

completed. It took <180 seconds for the modeled system to reach equilibrium (the actual

experimental off-chip incubation time was longer (~15 minutes). The computed
concentrations were then inputted into the model (Table 7 and Table 8). When solving

the convection-diffusion and surface binding modes in which L1=0.1 mm and only

antibody was present in the microchannel, the mesh consisted of 115,188 elements and

had 251,536 degrees of freedom. When L.1=22.1 mm and four species were present

(antibody, antigen, antibody-antigen, and antibody-antigen-antigen), the mesh consisted
of 34,315 elements and had 294,882 degrees of freedom.

Table 7. Equilibrium concentrations for all assay conditions for the monovalent model.

Antigen (nM) | 25 50 75 100

Antibody (nM)

125 Ab 100.2 Ab 75.65 Ab51.43 Ab28.4
Ag0.25 Ag0.65 Ag1.43 Ag3.4
Ab-Ag24.75 | Ab-Ag49.35 | Ab-Ag73.57 | Ab-Ag96.6

250 Ab225.1 Ab 200.2 Ab 175.4 Ab 150.7
Ant 0.11 Ag0.25 Ag 0.4251 Ag0.66
Ab-Ag24.89 | Ab-Ag49.75 | Ab-Ag74.57 | Ab-Ag99.34
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Table 8. Equilibrium concentrations for all assay conditions for the bivalent model. Assumes the
kinetic parameters for binding to antigen in solution and to the surface are the same for antibody bound to
one antigen and antibody bound to no antigen.

Antigen (nM)

Antibody(nM) | 25 50 75 100

125 Ab 1034 Ab 85.47 Ab 69.56 Ab55.2
Ag 0.18 Ag0.34 Ag0.52 Ag0.73

Ab-Ag 183 | Ab-Ag29.41 | Ab-Ag36.39 | Ab-Ag40.33
Ab-2Ag3.25 | Ab-2Ag10.12 | Ab-2Ag19.04 | Ab-2Ag 29.47
250 Ab 227 Ab 206.7 Ab 188.1 Ab 170.7
Ag0.09 Ag0.18 Ag0.26 Ag0.35
Ab-Ag21.02 | Ab-Ag36.75 | Ab-Ag49.1 Ab-Ag 58.95
Ab-2Ag 1.94 | Ab-2Ag6.53 | Ab-2Ag 12.82 | Ab-2Ag 20.35

6.4  Results and Discussion

Please note that the terms antigen and analyte are used interchangeably in this

Chapter.

Units of adsorption

The 2D Comsol model assumes that the binding line extends into and out of the paper —
essentially the width of the microchannel. In the model, the binding surface (or rather
line) to which antibody binds is a slice within a total channel to which antibody binds.
The surface concentration of bound antibody and available binding sites is moles/m®. The

bulk concentration of antibody and antigen are moles/m’.

When determining the amount of antibody bound to the modeled geometry, the value of
cs (moles/m?) along the binding line is integrated along then entire length of the line.
Therefore, this integrated value, i.e. the total amount of antibody bound, has units of
moles/m where the distance “m” represents the channel width. In order to calculate the
total moles, this value must simply be multiplied by the channel width. Since this study
compares channels of the exact same width, the values remain in the units of moles/m.
An important limitation in the assumption that the binding is uniform across the entire

width of the channel is that this model does not capture the reduction in binding due to
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the reduction in velocity near the sidewalls. Therefore, physically this model will

overestimate the amount of antibody bound to the surface.

Influence of Kd and avidity

In this study, we assessed the binding of one antibody to the binding surface. The value
of Kd was not varied for this research, and therefore, this value will not be explored in
detail in this dissertation as other variables — antigen and antibody concentrations, flow
rate, and channel geometry were explored extensively. However, the Kd can
significantly impact the binding of the antibody to the surface. When the dissociation
constant is high for a given antibody, desorption may be observed even during the course
of rapid diagnostic (5-10 minutes). This could have a significant impact on the maximum
amount of antibody bound to the surface and in turn the performance of an assay. The
values of Kd will vary from antibody to antibody. The kinetic and equilibrium constants
for a given antibody and immobilized antigen system may also substantially vary from
the values observed in solution phase for a variety of reasons including steric hinderance,
repulsive or attractive electrostatics due to the charge of the gold, and the local

topography of the immobilized antigen.

Avidity is the strength of a bond when multiple bonds are involved. This contrasts with
affinity in which a single bond is involved. Therefore, for a protein such as an IgG is
bivalent, the effective strength of the bond to the immobilized antigen could be altered if
the IgG binds to the surface with both antigen binding pockets versus a single antigen
binding pocket. Therefore, the desorption rate and Kd could be altered. In another
protein-immobilized ligand system for which avidity could be significant, the
streptavidin-biotin system analyzed by Jung et al® and modeled in Chapter 5, the authors
attempted to quantify the value of the desorption constant when streptavidin was bound
to a single immobilized biotin versus streptavidin bound to two immobilized biotins. The
ability of a protein to bind to two immobilized ligand molecules will strongly depend on

the topography, distance between ligand binding pockets on the protein receptor, and
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distance between the immobilized ligands. When an antibody is bound to two

immobilized antigens, the effective dissociation constant will be significantly reduced as
when the antibody dissociates from one immobilized ligand, it remains bound to the
surface. In order for the antibody to completely dissociate from the surface, both antigen-

antibody reactions must be

Impact of continuum assumptions

The COMSOL models do not incorporate any molecular dynamics which would account
for any orientational constraints on the binding of the antibody to the surface (i.e. the
rotational diffusion of the antibody molecule is not incorporated in the model). The
incorporation of molecular dynamics into the COMSOL model is outside the scope of
this dissertation. However, several researchers have explored the role of orientational
constraints in macromolecular associations when the binding reaction is diffusion

limited,2%6-2%8

Influence of flow rate on the size of the depletion zone and the binding profile

To explore the distribution of antibody within the microchannel as a function of flow rate
and relate this to the surface binding profile of antibody, computational models were
completed in which no antigen (phenytoin) was present and only the flow rate was

varied.

Figure 71A indicates a strong dependence of the depletion zone depth of the antibody
near the binding surface (described in Chapter 5) on flow rate. Lower flow rates
(Pe=484.4) generate a more significant depleted zone of antibody than higher flow rates
(Pe=4844) for two reasons. At lower flow rates, less total antibody is introduced to the
device for a given time point. Therefore, it will take more time to saturate the surface and
in turn the depletion zone will exist for a longer period of time. Secondly, the velocity

gradient is much steeper at higher flow rates. The “unstirred layer” near the binding
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surface, in which diffusion dominates over convection, is smaller at high flow rates.

In turn, the relative influence of mass transport by diffusion is low compared to mass
transport by convection. By reducing the depth at which diffusion dominates transport,
the concentration gradient is much higher at higher flow rates, enabling more efficient

transport to the surface.

Figure 71A also demonstrates that over time, as the surface becomes saturated with
bound antibody molecules, the position of the depleted region will move downstream.
This is best illustrated by comparing the location of the beginning of the depletion of the
antibody in solution for Pe=484 at time=1 minute and time=5 minutes. Therefore, there is

temporal dependence on the location of the depleted region.

As described in Chapter 5, the existence of the depletion zone of antibody affects the
surface binding profile of the antibody (Figure 71B): The more significant the depletion
zone, the more transport-limited the binding of the antibody to the surface. At lower flow
rates (Pe=484), this is observed in the binding profile as a steep drop-off in the amount of
antibody bound from the beginning of the binding region to the end of the binding region
(i.e., a steeper slope in the graph in Figure 71B). At higher flow rates with a reduction in
the depletion zone, the binding profile is much more uniform across the length of the
binding surface (reduced sloped in the graph in Figure 71B). This has also been observed
experimentally (data not shown) by Dr. Kjell Nelson.
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Figure 71. Influence of flow rate on the depletion zone profile over time. Model results. (A) Antibody
concentration profile (moles/m®) within the microchannel at two flow rates: 25 nL/s and 250 nL/s. (B)
Surface concentration profile (moles/m?) of bound antibody along binding surface over time. The inlet
concentration of antibody = 100 nM = 1x10™ moles/m>. Max = 1x10™* moles/m® and Min=1.789x10*
moles/m®. The theoretical maximum antibody surface binding concentration is 6.64x10° moles/m®. The
antibody is assumed to be monovalent.
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Influence of flow rate and antibody concentration on antibody binding profile

To gain an understanding of the influence of antibody concentration and flow rate on the

assay, several simulations were completed with no antigen present (Figure 72).

Figure 72B illustrates that at lower flow rates (25 nL/s) the binding profile tends to be
linear over the time period investigated with the models. At higher flow rates, the surface
tends toward saturation much earlier and the profile is more sigmoidal. This can be
attributed to two factors: 1) more material is introduced to the device at high flow rates
and 2) the “unstirred layer” is much smaller at higher flow rates, reducing the region in

which diffusion dominates the transport to the surface.

The data also indicate that the total of antibody bound does not increase substantially at
high flow rates. This is an important fact when considering that in Figure 72B, increasing
the flow rate by a factor of 2.5 (250 nL/s — green data versus 100 nL/s — pink data) does
not result in a significant change in a binding profile. When designing a diagnostic, the
total volume introduced to the device is an important design parameter. The ability to
reduce the sample required from the patient is important, and if a signal gain is not

accomplished by increasing the flow rate it only serves to waste reagents and the sample.

An important consideration in the design of an immunoassay is the amount of dead
volume (volume the fluid must travel before it reaches the detection area) in the system.
Ideally, the sample would be introduced, without dilution, directly to the detection region.
However, upstream tubing, valves, and the dead volume within the microchannel itself
often make this a difficult task to accomplish. As a result of this dead volume the sample
undergoes dispersion, which serves to dilute the sample and alter its concentration profile

(for further details on dispersion please see Appendix H).
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Figure 72. Influence of the concentration of antibody and flow rate on the total amount of antibody binding
to the surface. Model results for the indirect immunoassay. No antigen is present. L1 =0.1 mm. The
antibody binding was analyzed along L3 (see Figure 70 for diagram of model geometry). The theoretical
maximum binding concentration for the 1mm surface is 6.64x10™"! moles/m.

Influence of dispersion on the antibody binding profile

To explore the influence of dispersion on the total binding of the antibody to the surface,
two upstream distances before the binding surface were modeled —L.1 =0.1 mmor L1 =
22.1 mm (see Figure 70). No antigen was introduced to the solution. At time= 0 seconds,
only buffer solution is present in the microchannel. The antibody concentration and flow
rate were also altered to determine if there was a regime in which the influence of

dispersion was most significant (Figure 73).

Figure 73 demonstrates in A and C that an increase in the upstream distance from the

inlet and the binding surface alters the binding profile of the antibody to the surface. As
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expected, by delaying the entrance of the antibody to the surface binding areas, the

time at which to collect the data to quantify the amount of antigen in solution is delayed.
An important note is that although the antibody may begin to bind to the surface later, the
rate of the binding (slope of the curve) is similar for L1=0.1 mm and L1=22.1 mm. The
most significant difference between the antibody binding profiles for different upstream
distances to the binding surface occurs at low flow rates and low antibody concentration
(Figure 73C). In this scenario, the antibody is most transport-limited. At high flow rates
(250 nL/s Figure 73B), the difference between the binding curves is negligible. As
shown previously (Figure 72B), at very high flow rates, the transport to the surface is not
as diffusion limited and it quickly saturates. Furthermore as discussed in Appendix H, the
higher the concentration of the antibody the more quickly the protein will diffuse down
the steep concentration gradient at the center of the microchannel toward the walls.
Therefore, dispersion at high flow rates can be expected to have a negligible affect on the

binding profile of the antibody to the surface.
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Figure 73. Influence of dispersion on the total amount of antibody bound to a surface. Two flow rates and
two concentrations of Ab were examined. Model results for the indirect immunoassay. No antigen was
present. L1 (see Figure 70 for the diagram of the model geometry) refers to the distance of the
microchannel upstream of the binding surface. The theoretical maximum for total antibody binding to the 1
mm line is 6.64x10™"" moles/m. Note that the maximum in (C) is not the true maximum due to the low
concentration of antibody and the low flow rate. The surface binding of the antibody is analyzed along L3
(see Figure 70 for the diagram of the model geometry).
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Surface binding of antibody with antigen present in solution

The change in the binding profile of antibody to the surface as a function of antigen
concentration is presented in Figure 74. In this model, the antibody is assumed to be
monovalent (i.e. each antibody can bind only one antigen). Since the amount of antibody
with available binding sites is inversely related to the amount of antigen present in the
sample solution, it is expected that there will be a reduction in the amount of antibody
binding to the surface with increased antigen concentration. The model results (Figure

74) clearly support this hypothesis.

An ideal assay would be operated under conditions such that either the total amount of
antibody bound to the surface or the rate of antibody binding to the surface would relate
linearly to the amount of antigen present in solution. The more sensitive the assay (the
steeper the slope of the calibration curve), the better it is able to distinguish antigen
concentrations. For the assay to be practically implemented, the assay also must be
operated far from the saturation of the surface but with enough antibody molecules
binding to the surface so that the SPR signal is above the detection limit of the

instrument.

The influence of the flow rate on the binding profile (Figure 74A and B) indicates that at
low flow rates (25 nL/s) the surface binding profile is far from saturation. There is a
relatively inverse linear relationship between the total antibody bound to the surface and
antigen present in the sample (see Figure 75 for further detail) for more than the first 8
minutes of the assay (not all data shown) assuming the assay’s optimal dynamic range is
between 25-100 nM. At higher flow rates (250 nL/s), more material is introduced to the
device and the antibody surface binding profile is much more sigmoidal as the antibody
quickly saturates the surface. Furthermore, the relationship between the amount of bound
antibody to the surface at a given time point and the antigen concentration in solution is
no longer linear (see Figure 75 for further detail). For example, the difference in the

amount of antibody bound to the surface when the antigen concentration is doubled from
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25 nM to 50 nM is not the same as when the antigen concentration changes from 75

nM to 100 nM, even though the absolute difference in concentration (25 nM) is the same.
Therefore, to operate the assay under linear conditions, the data must be collected earlier
for faster flow rates. The antibody concentration has a similar influence on the assay as
the flow rate (Figure 74A and C) for a given dynamic range of antigen. Higher antibody
concentrations result in more antibody available to bind to the surface so the surface will

reach saturation in less time.
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Figure 74. Total amount of antibody bound over time for a range of antigen concentrations. Model results.
The influence of the flow rate and the antibody concentration are presented. L1 =22.1 mm (see Figure 70
for the diagram of the model geometry). The theoretical maximum for the total amount of antibody bound
to the Imm line is 6.64x10™"" moles/m. The antibody was assumed to be monovalent. The binding of the
antibody was analyzed along L3 (see Figure 70 for the diagram of the model geometry).
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Quantification of the antigen concentration by measuring the total amount of

antibody bound to the detection surface

As previously mentioned, one method to quantify the amount of antigen (also termed
analyte in the following figures) is to measure the amount of antibody bound at a given
time point as a function of analyte concentration (Figure 75A-C). This potential method
of quantification was qualitatively explored in the previous section. Figure 75 presents
calibration curves generated with the model data. Three time points are presented. Linear
fits for the data were plotted in Excel and the R? values are indicated for the 1 minute and
7 minutes time points. When the surface is far from saturation (time=1 minute), there is a
strongly linear relationship for all assay conditions present (R* ~1 Figure 75A-C). As the
surface tends toward saturation (time=7 minutes), the linear relationship between analyte

concentration and total antibody bound is reduced (R? <1).

As previously mentioned, higher flow rates (Figure 75A at 25 nL/s versus Figure 75B at
250 nL/s) result in a binding surface that becomes saturated in a shorter amount of time,
thereby reducing the linear relationship between the antigen concentration and total
amount of bound antibody. There is only a small difference in sensitivity of the assay (the
slope of a linear fit to the calibration curve at time= 7 minutes as computed by Excel)
between 250 nL/s and 25 nL/s, which are -4x10™" moles/(m nM) and -3x10"" moles/(m
nM) respectively, but the 250 nL/s data set is not as linear as the 25 nL/s data set.
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Figure 75. Quantification of the analyte (antigen) concentration using the total amount of antibody bound to
the surface. Model results for the indirect immunoassay. The influence of the concentration of antibody and
the flow rate are presented in (A)-(C). For the 1 minute and 7 minutes data sets, linear fits were plotted in
Excel and the R* values are listed. The antibody is assumed to be monovalent. L1 =22.1 mm (see Figure 70
for the diagram of the model geometry). The theoretical maximum for the total the amount of antibody
bound to the 1mm line is 6.64x10™"! moles/m. The surface binding of the antibody is analyzed along L3
(see Figure 70 for the diagram of the model geometry).
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The higher the antibody concentration (Figure 75A at 125 nM versus Figure 75C at 250
nM), the more quickly the surface reaches saturation (i.e., R? value at time=7 minutes is
~0.89 for 250 nM Ab concentration versus ~0.9997 for 125 nM Ab concentration). The
sensitivity of the assay is also markedly different. At time=7 minutes the slopes of the
calibration curves are -9x10™* moles/(m nM) for an antibody concentration of 250 nM
and -3x10""? moles/(m nM) for an antibody concentration of 125 nM. The change in
sensitivity can be attributed to the amount of total free antibody available to bind the
surface. When the antibody concentration is doubled from 125 nM to 250 nM and the
range of analyte concentrations being measured remains 25 nM to 100 nM, there is a
much larger percentage of the total antibody bound to analyte. Therefore, the ability of
the analyte concentration to modulate the SPR signal is reduced. Ideally, the

concentration of analyte and antibody would be comparable.
Quantification of the antigen concentration by measuring the rate of antibody binding

Another method to quantify the amount of analyte present in a sample is to measure the
rate of antibody binding, not the total amount of antibody bound to the surface. In Figure
76, calibration curves were generated with model data that explore the influence of the
flow rate and the antibody concentration on this quantification method. Once again, linear
fits of the calibration curves as well as slopes (Table 9) were calculated in Excel. The rate
of binding is the local rate of binding over a 30 second period calculated by subtracting
the total amount of antibody bound at t; from the total amount bound at tx + 30 seconds

and dividing by 30 seconds.
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Figure 76. Quantification of the analyte concentration using the rate of binding of the antibody to the
surface. Model results for the indirect immunoassay. The influence of the concentration of antibody and the
flow rate are presented in (A)-(C). For the 75 second and 375 seconds data sets, linear fits were plotted in
Excel and the R? values are listed. The antibody was assumed to be monovalent. L1 =22.1 mm (see Figure
70 for the diagram of the model geometry). The binding surface was located at L3 (see Figure 70 for the
diagram of the model geometry).
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Once again, approaching saturation of the surface with antibody complicates this method
of analysis. When the surface approaches saturation, the rate of antibody binding is
greatly reduced (see the slopes of the binding profile in Figure 74). For a given analyte
concentration and a given time point, the amount of antibody bound to the surface is
different, and in turn, the rate of binding varies. Ideally, the relationship between the rate

of binding and analyte concentration would be linear.

At early time points and far from saturation, the low analyte concentrations (in turn high
concentrations of antibody available to bind the surface) have the fastest rate of binding
due to the steeper concentration gradient of antibody near the surface (Figure 74 A-C at
time = 75 and 225 seconds). The higher analyte concentrations have a lower rate of
binding due to the reduced concentration of antibody available to bind to the surface.
However, at later time points (time=375 seconds), at low analyte concentrations the
surface has nearly reached saturation of bound antibody and the rate of binding of the
antibody to the surface approaches zero, whereas for the higher analyte concentrations
the rate of antibody is substantially higher. Therefore, there can be an inversion of the
calibration plot (Figure 74B time=375 seconds) with the faster rate of binding of antibody
to the surface occurring at higher analyte concentrations. On the other hand, at lower
antibody concentrations and lower flow rates (Figure 74A time= 225 and 375 seconds),

the binding rate remains relatively constant.

Dispersion also can have a strong influence on the rate of binding, particularly at low
flow rates (25 nL/s) and low antibody concentrations (125 nM) (Figure 74A time=75
seconds). Because the antibody has yet to reach the binding surface due to the upstream
dead volume, the initial binding rates (time=75 seconds) are lower when compared to
later time points (time=225 seconds). At higher flow rates (Figure 74C time=75 seconds),
the earliest time point presented has the highest rate of binding as the antibody reaches

the binding surface quickly.
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The sensitivity of the assay (Table 9) shows a strong dependence on the antibody

concentration and the flow rate. The larger the magnitude of the slope, the more sensitive
the assay. As previously mentioned, at higher antibody concentrations and later time
points (Ab=250 nM and time= 375 seconds and Q= 250 nL/s) the linear relationship is
inverted (the higher analyte concentrations have faster binding rates) and the slope
transitions from a negative to a positive value. The analysis time point that yields the
most sensitive calibration curve varies for each assay design explored and changes
dramatically over the course of a few minutes. The model results suggest that lower
antibody concentrations (125 nM) and higher flow rates (250 nL/s) yield the most

sensitive assay at early time points.

Table 9. Sensitivity of the indirect immunoassay when using rate of antibody binding to quantify the
analyte (antigen) concentration. Model results.

Slope of calibration curve

(moles/(m second nM))
Assay parameters/ 75 seconds | 225 seconds | 375 seconds
time (seconds)
monovalent [Ab]=125 nM; Q=250 nL/s | -2E-15 -1E-15 3E-17
monovalent [Ab]=125 nM; Q=25nL/s | -5E-16 -1E-15 -9E-16
monovalent [Ab]=250 nM; Q=25 nL/s -4E-16 -9E-16 8E-16
bivalent [Ab]=125 nM; Q=25 nL/s -2E-16 -4E-16 -2E-16

Comparison of model results when the antibody is assumed to be monovalent versus

bivalent.

An important assumption in the previous models is that the antibody can only bind to a
single antigen. Therefore, for a given antibody concentration, the modeled number of
analyte binding sites is actually half of the actual number of analyte binding sites. To
better understand the implication of this assumption on the binding profiles and methods
of quantification, computational models in which bivalency was incorporated (assuming
the binding kinetics to antigen in solution and to the surface is the same for antibody
bound to a single free antigen from solution as antibody bound to no antigen from

solution) were compared to previous monovalent models (Figure 77).
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Unlike the surface binding profile of antibody over time for the monovalent model

(Figure 77A), in which there is a significant difference in the total amount of antibody
bound for a given analyte concentration, the binding profiles for the bivalent model
(Figure 77C) do not vary significantly between different analyte concentrations. In effect,
the incorporation of bivalency in the model increases the amount of antibody available to
bind to the surface. Because antibody bound to one antigen is still capable of binding to
the surface, a given analyte concentration does not modulate the binding of the antibody
to the surface as much as a monovalent molecule, which when bound to a single analyte

is incapable of binding to the surface.

The use of the rate of binding as a quantification method is also very different for the
bivalent model versus the monovalent model (Figure 77B and D). In the bivalent model,
more antibody is capable of binding to the surface at a given time point. Therefore, the
bivalent model tends toward saturation before the monovalent model. At later time points
(time=375 seconds), the antibody binding rates are reduced. The sensitivity of the assay
is also significantly reduced (a factor of ~5-10 as shown in Table 9) in the bivalent model
due to the ability of antibody bound to one analyte to bind to the surface. These results
suggest that Fab fragments or a reduction in the antibody concentration will be required

in order to develop a more sensitive immunoassay.
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Figure 77. Incorporation of a bivalent antibody in the computational model. Comparison of the total
amount of antibody bound to the surface over time ((A) and (B)) and the calibration curve when the rate of
antibody binding to the surface was used to quantify the amount of analyte ((C) and (D)) for a monovalent
antibody versus a bivalent antibody. Model results. The bivalent model assumes Koni=Kon2, Koff1=Kofr2,
Kgesi=Kges2, and kqqq1=ka4s2. For the 75 second and 375 seconds data, linear fits were plotted in Excel and the
R? values are listed. L1 =22.1 mm (see Figure 70 for the diagram of the model geometry). The antibody
concentration was 125 nM and the flow rate was 25 nL/s. The theoretical maximum for the total amount of
antibody bound to the Imm line was 6.64x10™! moles/m. The surface binding of the antibody was
analyzed along L3 (see Figure 70 for the diagram of the model geometry).
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Comparison of model results when the kinetic binding rates for a bivalent antibody

were altered when it was bound to one versus two antigen molecules
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Figure 78. Influence of varied kinetic parameters on the total amount of antibody bound to the surface over
time for the indirect immunoassay for two concentrations of antigen (analyte). Model results. The models
assume the antibody is bivalent (see Figure 69A). The model with the same kinetic parameters assumed
Kon1=Kon2s Kofr1=Kor2s Kaesi=Kaes2, and Kags1=Kaas2. The model with varied kinetic parameters assumed
Koni=Kon> Kotr1=0.5Kost3s Kaes1=0.5Kaes2, and Kogs1=2kag5p. L1 =22.1 mm (see Figure 70 for the diagram of the
model geometry). The theoretical maximum for the total amount of antibody bound to the 1mm line was
6.64x10™"! moles/m. The surface binding of the antibody was analyzed along L3 (see Figure 70 for the
diagram of the model geometry). The antibody concentration was 125 nM, and the flow rate was 25 nL/s.

In the previous bivalent model (Figure 77), the binding kinetics of antibody bound to a
single antigen were assumed to be the same as an antibody bound to no antigen. This
assumption may not be accurate. Depending on the rotational diffusion of the antibody

molecule and the size of the antigen, the kinetic parameters may not be the same for free
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antibody and antibody bound to a single antigen molecule. A thorough literature

search found no completed experimental measurements of the kinetic rates for antibody
bound to no antigen and bound to one antigen. To determine if this assumption
significantly changes the expected binding profile, models with varied kinetic parameters
were completed. Without experimental measurements to guide the model parameters,
several assumptions were made. The adsorption rate of antibody bound to a single
antigen was assumed to be half of the binding rate of antibody bound to no antigen as the
number of available binding sites is halved. The desorption and off rates for antibody
bound to no antigen are half that of antibody bound to a single antigen, as there is another
binding site in close proximity that can rebind the analyte molecule released, thereby

effectively reducing the off rate and desorption rates.

The model results (Figure 78) for two antigen concentrations suggest that there is very
little difference in the binding of the antibody to the surface for a given flow rate (125
nL/s) and antibody concentrations (125 nM). There is only a very slight reduction in the
amount of binding with the varied kinetic parameters. These results suggest that the
potential for varied kinetic parameters does not completely alter the expected binding
profiles. However, at higher antigen concentrations and/or lower antibody concentrations,
a larger population of antibody molecules will be bound to one and two antigen
molecules. Under those conditions it would be expected that the varied kinetic parameters

will alter the binding profile to a greater extent.

6.5 Conclusions

Computational models of the indirect immunoassay have been developed. The model
results confirm experimental results (data not shown and collected by Dr. Kjell Nelson)
that indicate that at low flow rates there is substantial binding of the antibody to the
upstream edge of the binding surface, with a steep reduction in binding downstream. At
higher flow rates, when the antibody is less transport-limited, the binding profile is more

uniform down the length of the channel.
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The model results indicate that the binding profile of the antibody to the surface as a
function of time is sigmoidal. At early time points, the total binding of antibody to the
surface is linear. As the surface becomes saturated with the antibody, the relationship
becomes highly non-linear. When higher flow rates and higher antibody concentrations

are used, the surface will quickly reach saturation.

Two methods of quantification of the analyte concentration (rate and total binding of
antibody) were analyzed. Due to the reduction in the amount of binding when the surface
approaches saturation, the point at which the binding rate or total amount of bound
antibody is measured is critical to achieve a sensitive and rapid immunoassay result.
Ideally, the SPR instrument should have a low limit of detection and be extremely
sensitive to enable the measurements to be taken at early time points when the binding

curve of the antibody to the surface is linear as a function of a time.

Given the complex relationship between flow rate, antibody concentration, and the
quantification method (rate analysis or total binding of antibody analysis), a
computational model that efficiently explores the influence of these parameters on assay

performance will be extremely useful.
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Chapter 7: Computational model of the concentration gradient
immunoassay

7.1  Objectives
1) Develop a computational model of the CGIA.

2) Use model results to explore a method to quantify the amount of analyte in a sample.

7.2  Related Publications

All figures (except the last figure in the chapter) and captions in this chapter were copied

from the following articles. The majority of the text is also reproduced.

1) Foley, J., Nelson, K., Mashadi-Hossein, A., Finlayson, B., and P. Yager.
“Concentration Gradient Immunoassay (CGIA) II. Computational Modeling for Analysis

and Optimization.” Analytical Chemistry. (in press).

2) Nelson, K., Foley, J. and P. Yager. “The Competition Gradient Immunoassay (CGIA):
A Rapid Competitive Immunoassay Based on Interdiffusion and Surface Binding in a

Microchannel.” Analytical Chemistry. (in press).

7.3  Background

As described in Chapter 2 of this dissertation, the Yager group has proposed a novel
surface-based microfluidic flow immunoassay — the concentration gradient immunoassay
(CGIA)" - to quantify small molecules using surface sensitive techniques such as SPR
imaging. This assay extends the principles of the diffusion immunoassay (DIA)! 34209 _
an assay that utilizes the unique transport characteristics of microfluidic devices like the
T-sensor.*”* Like the DIA, this assay relies upon the interdiffusion and binding of an

antibody and analyte to quantify the concentration of the analyte. In contrast to the DIA,
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which uses fluorescence to observe the assay outcome, the CGIA uses SPR imaging

to measure changes in mass at a surface to quantify the analyte.lz'14

In the CGIA (Figure 79), solutions of antibody and antigen (the analyte) are introduced to
a T-sensor under laminar flow conditions. The solutions mix by diffusion across the
interface, allowing the antibody and analyte to bind to form an antibody-analyte complex.
This diffusion-based mixing establishes a spatially-dependent concentration gradient of
antibody-analyte complex that can be directly related to the concentration of analyte for a
given antibody concentration. The example presented herein illustrates how, twenty-two
millimeters downstream of the inlet, antibody with open binding sites binds to a surface
functionalized with immobilized analyte. The amount of antibody available to bind
inversely relates to the concentration of analyte in solution. SPR imaging detects the

spatial distribution of surface bound antibody.

Interface
boundary

Immobilized
Fast-diffusing Modeled analyte
analyte

e Diffusion front
o g/ of analyte
\\ >
Antibody

Figure 79. Schematic of the concentration gradient immunoassay (not drawn to scale). Antibody and a fast-
diffusing analyte (e.g., phenytoin) are introduced to a T-sensor. Antibody and analyte interdiffuse and bind
at the fluidic interface. The diffusion front of the fast-diffusing analyte traverses into the antibody stream
(y-dimension) as the fluids travel down the length of the channel where it binds to the relatively slow-
diffusing antibody to form antibody-analyte complex. The surface downstream is functionalized with
immobilized analyte. Free antibody binds to the surface and is detected with a surface-sensitive technique —
SPR imaging. Due to computational limitations, only the central 1.6 mm of the 3 mm wide (y-dimension)
device located 22 mm downstream of the inlet could be modeled in three dimensions. A two-dimensional
model that was connected to the three-dimensional model simulated the upstream portion of the assay.

A finite element model was developed to give insight into the important physical
parameters of the assay. Given computational constraints, only the central 1.6 mm of the
3 mm wide (y-dimension) microchannel positioned twenty-two millimeters downstream

of the inlet could be modeled in three-dimensions (Figure 79). Because of its reduced
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complexity in the absence of surface binding, a two-dimensional model simulated the

convective and diffusive mass transport and antibody antigen binding from the inlet to
the binding surface. The solution to this two-dimensional model was coupled to a full
three-dimensional model that includes binding of antibody (assumed to be monovalent)
to the SPR sensing surface. The governing equations within the microchannel are the
Navier-Stokes equation,52 which describes the behavior of the fluids, and the convection-
diffusion equation,52 which describes the transport and reaction of the antibody, analyte,
and antibody-analyte complex. The surface reaction of the antibody binding to a surface-
immobilized analyte (Equation 9 and Equation 10) was coupled to the convection-
diffusion equation for the antibody within the microchannel. See Appendix for further
information.

kads
Cab+ 9 & Cs

kdes
des _ _ _
dt — kadsCAb(H 0 C s) kdesc )

where cap is the antibody concentration in the bulk of the microchannel, cs is the surface

Equation 9

Equation 10

concentration of bound antibody, 6y is the surface concentration of antibody binding sites,

and kags and kg are the adsorption and desorption kinetic parameters.

This model compared to other computational models of assays is novel in that it 1)
assesses the binding profile in three-dimensions and 2) incorporates dispersion (i.e.. the
three-dimensional geometry at t=0 is filled with buffer). Although the model accounts for
dispersion, the upstream distance between the binding surface and the sample fluid is
significantly larger for the experimental system (at least 10 cm versus <0.1 mm).
However, even given this discrepancy, the model should still be able to predict the

qualitative behavior of the immunoassay.
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7.4  Materials and Methods

Computational Simulations

All computational simulations were completed with the commercially-available finite
element method software, COMSOL® (Version 3.3, Comsol, Inc., Burlington, MA) on a
G5 PowerMAC with 8 GB of RAM and a dual 2.5 GHz processor. The models build

upon a two-dimensional example in COMSOL®’s model library.210

A two-dimensional cross-section (y- and z-dimensions) of the microfluidic device
simulated the concentration profiles of the antibody, analyte, and antibody-analyte
complex as a function of the x-dimension for the 22 mm portion of the device upstream
of the binding region. In these simulations, the entire width of the microchannel (3 mm in
the y-dimension) was modeled. The Poisson equation solved the laminar flow parabolic
velocity profile. A pseudo-3d convection-diffusion mode used this velocity profile to
determine the concentration profiles of the analyte, antibody, and antibody-analyte
complex as the streams flow down the length of the device. The concentration and
velocity profiles were mapped to the inlet of the three-dimensional geometry to connect

the two- and three-dimensional models.

The three-dimensional geometry (Figure 79) contained the binding surface and was 1 mm
(x-dimension) X 1.6 mm (y-dimension) X 0.1 mm (z-dimension) for analyte
concentrations ranging from 1 nM to 500 nM. Additional simulations (data not shown)
demonstrated that the model results are representative of the assay for this range of
analyte concentrations. For higher analyte concentrations, the modeled three-dimensional
geometry was 0.3 mm (x-dimension) X 3 mm (y-dimension) X 0.1 mm (z-dimension) to
accurately capture the steep concentration gradient of the analyte. When solving the
Navier-Stokes mode, the mesh consisted of 7,870 elements and 166,487 degrees of
freedomen. When solving the convection-diffusion and surface binding modes, the mesh

consisted of 10,948 elements and 200,891 degrees of freedom.
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The steady-state Navier-Stokes equation was solved using a mapped two-dimensional

velocity profile at the inlet thereby ensuring fully-developed flow throughout the device.
COMSOL®’s weak-boundary mode solved the surface reaction and coupled it to the flux
of antibody through the binding surface in boundary conditions of the COMSOL®’s
convection-diffusion mode solved in the bulk of microchannel. Using the mapped two-
dimensional concentration profiles at the inlet and the solved three-dimensional velocity
profile, the transient convection-diffusion mode and weak boundary mode were solved
simultaneously. The initial conditions specified that the concentration of all species was
zero within the microchannel and no antibody was bound to the surface. For the portion
of the microchannel modeled using the pseudo-3d mode, it was assumed that the
diffusion was minimal in the axial direction (x-dimension) compared to convection; this
is an acceptable description for this model. In the experimental design,'” bovine serum
albumin (BSA) molecules functionalized with multiple analytes are adsorbed to a surface

and bind antibody from solution. Given the dimensions of an antibody (14.2 nm X 8.5 nm

211 212

x 3.8 nm)”" and bovine serum albumin (BSA) (~71 nm? when adsorbed to a surface)
and taking into account steric constraints and that multiple analyte binding sites are
available on a single BSA molecule, the surface density was estimated to be 1 binding
site every 5 nm X 5 nm (6.64 X 10 moles/m?). The diffusion coefficient for the model
analyte, phenytoin (MW 243), used in experimental tests of this system was estimated as
5x10°® cm®s™. This is comparable to the diffusion coefficient of other small molecules
such as sucrose (MW 342 Da) with a reported diffusion coefficient of 4.6x10°® cm?s **
The modeled diffusion coefficient of the antibody was 4.3x10° cm’s™ based on
molecular weight (150 kDa).>**!!' The diffusion coefficient of the antibody-analyte
complex was assumed to be the same as the antibody given the large size of the antibody
relative to the phenytoin molecule. The k4, (10° 1/(Ms)) was estimated to be an order of
magnitude smaller than the ko, (10° 1/(Ms)) due to the reduction of binding efficiency of
an immobilized analyte versus an analyte free in solution.?® The kg and kges were
estimated to be 102 1/s. These kinetic parameters are within the range for typical

antibodies.”'*2"° The flow rate is 53 nL/s. The average velocity in the channel was
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0.000177 m/s corresponding to a Reynolds number of 0.01767 and Peclet numbers of

Peantibody=375.9, Peanaiyte=35.33, and Peantibody-anatyre cOMplex=375.9.

7.5 Results and Discussion

As the solutions flow down the length of the channel, the antibody and analyte solutions
mix by diffusion across the fluid interface; antibody and antigen molecules bind to form
antibody-analyte complex (Figure 80A-C). The analyte diffuses an order of magnitude
faster than the antibody and the antibody-analyte complex. This relative difference in
diffusion coefficients results in a bias in the location of the antibody-analyte complex to
the side (y-dimension) of the microchannel on which the antibody was introduced (Figure
80B), as the analyte diffuses a greater distance into the antibody stream than vice versa.
The immobilized analyte depletes the concentration of antibody near the surface at the
beginning of the binding region (Figure 80C). The highest surface concentration of bound
antibody (Figure 80D) is located at the leading edge of the binding surface where the
antibody present near the microchannel wall binds. Downstream of the beginning of the
immobilized analyte surface, the depletion of solution antibody molecules reduces the
rate of binding to the surface, resulting in a reduced surface concentration of bound
antibody. These results suggest that under the simulated assay conditions the surface
reaction is mass-transport limited. Experimental results presented by Nelson et al. reveal

a similar binding profile in support of this model result.
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Interface boundary

Figure 80. Concentration profiles of species in a typical CGIA. (A)-(C) The concentration profiles for the
analyte, antibody-analyte complex, and antibody respectively at time=4.25 minutes where the maximum
concentration is 100 nM and minimum concentration is -2.2 X 10° nM. (D) Surface concentration of bound
antibody at time=4.25 minutes where the maximum concentration is 1.342 x 10 moles of bound antibody/
m? and the minimum concentration is -7.334 x 10'* moles of bound antibody/ m?. The arrow and dashed
line indicate the direction of flow and the interface boundary of the microchannel for each image. The
initial analyte and antibody concentrations were 100 nM. The modeled geometry is 1 mm (x-dimension) X
1.6 mm (y-dimension) x 0.1 mm (z-dimension).

The surface concentration of bound antibody (Figure 81) increases beyond the front of
the binding surface (x-dimension) over time. However, the highest surface concentration
of antibody remains at the upstream edge of the binding patch. As the solutions flow
across the immobilized analyte, the antibody and analyte in solution continue to mix by
diffusion and bind to each other to generate antibody-analyte complex. The difference in
diffusivities of the antigen and the antibody gives rise to an increasing concentration of
complex on the side of the channel to which the antibody was introduced, as previously
shown in Figure 80B. The position of the complex within the microchannel along the
length of the channel (x-dimension) moves towards the side of the channel (y-dimension)
to which the antibody was introduced due to diffusive mixing and reaction. The amount
of antibody available to bind to the surface is reduced and is reflected in the binding
profile as a slight slope in the surface concentration of bound antibody (indicated by the

red arrow in Figure 81).
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Figure 81. Surface concentration of bound antibody over time. The solution analyte and antibody
concentrations were set to 100 nM. The red arrow indicates the direction of the slope in the binding profile
of antibody to the surface due to the continued formation and diffusion of complex above the immobilized
analyte. The results present a 1 mm (x-dimension) X 1.6 mm (y-dimension) region of the binding surface
located in the center of the 3 mm wide (y-dimension) microchannel.

A critical element in the development of this assay is the establishment of a quantitative
analysis method. Simulations explored the influence of analyte concentration on the
binding of the antibody to immobilized analyte (Figure 82). As shown in Figure 82, for a
given antibody concentration, the analyte concentration modulates spatial distribution of
the concentration gradient of antibody-analyte complex within the microchannel. At
higher analyte concentrations, more antibody-analyte complex is formed, thereby
reducing the concentration of antibody with binding sites available to react with the

immobilized analyte.

The analyte concentration also modulates the location of the antibody-analyte complex
within the microchannel. Relatively higher analyte concentrations increase diffusional
transport of the analyte into the antibody stream where it reacts to form antibody-analyte
complex. This shifts the location on the surface to which antibody with available binding

sites can react with the immobilized analyte.

Figure 82A illustrates this shift in the position on the surface where antibody is available
to bind to immobilized analyte. When the analyte concentration is 1 nM and the antibody
concentration is 100 nM, very little antibody-analyte complex is formed at the fluidic

interface. The majority of antibody in solution is available to bind to the surface.
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Therefore, antibody is available to bind to the surface near the interface boundary.

When the analyte concentration is 100 nM, a significant amount of complex is formed at
the fluidic interface and the location on the surface where free antibody can bind shifts

away from the interface boundary (y-dimension).
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Figure 82. Influence of the concentration of analyte on the surface concentration of antibody. (A)
Comparison of the surface binding profiles of antibody when the analyte concentration is 1 nM and 100
nM. The black bar at the left indicates the actual y-dimension distance within the microchannel. (B) The
surface concentration of antibody as a function of position in the y-dimension at the leading edge of the
binding surface. The analyte concentrations plotted are 0 (+), 100 (+), 250(+), 500 (+), and 1000 (+) nM.
The concentration of antibody was 100 nM and t=4.67 minutes.

A range of analyte concentrations (1 nM to 1000 nM) was simulated to further explore
the influence of analyte on the surface binding profile. The graph in Figure 82B plots the
surface concentration of bound antibody at the leading edge of the immobilized analyte
patch as a function of the width (y-dimension) of the microchannel. The results indicated
that there was a significant shift away from the interface boundary in the binding profile

of the antibody with increasing analyte concentration.
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This assay shift, defined as the distance from the interface “boundary” at which 50%

of maximal surface concentration of bound antibody occurs, may be used to quantify the
total concentration of analyte in solution. In Figure 83, the assay shift is plotted as a
function of the analyte concentration. The simulation results indicated that there was a
linear relationship between the assay shift and analyte concentration at low analyte
concentrations (1 nM - 100 nM). The influence of analyte concentration on assay shift
was also measured experimentally by Nelson et al. The experimental and model results
correlate extremely well indicating that the model accurately captures the relevant

experimental parameters.
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Figure 83. Assay shift dependence on analyte concentration. The assay shift was for an antibody surface
concentration that was half the maximal surface concentration at that time point (0.9 x 10® moles/m?). The
concentration of antibody was 100 nM and t=4.67 minutes.

Given the similarity between the model and experimental results, measuring the assay
shift may represent a viable method for quantifying the analyte concentration. A plot
similar to Figure 83 would be used to calibrate an instrument’s response. The position at
which a given surface concentration of antibody occurs would then be used to determine
the analyte’s concentration in a sample. A major benefit of this type of analysis is that it

is rapid and does not require extensive calculations or transformation of the data.

It should be noted that the model presented in this work assumed that the antibody was
monovalent, rather than bivalent, due to computational constraints. An IgG molecule with
one bound analyte (defined as the complex in the model) can in theory bind to the

surface. Therefore, the model underestimates the amount of antibody available to bind to
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the surface and gives only a semi-quantitative understanding of the experimental

results. However, with the current assumptions, the experimental and model results show
strong agreement, suggesting that this simplifying assumption does not eliminate the
validity of the model. With increased computational resources, bivalency may be

incorporated in the 3D model in future work.

The results for the finite element models presented above exhibit some numerical noise
given the complex nature of the model. In particular, some of the results indicate that
slightly negative concentrations of species (0.002% of the magnitude of the maximum
concentration of 100 nM) are present in the microchannel. This non-physical result
occurs in a relatively small portion of the model (<<5%) and arises in regions where the
species is unlikely to occur — for example the antibody concentration on the side of the
channel to which analyte — not antibody — was introduced. Therefore, these negative

concentrations do not detract from the validity of the model results.

The noise and the negative concentrations can be attributed to several factors including
(1) a mesh which is not dense enough to generate a smooth data set and (2)
discontinuities at the initial conditions that would include surface concentrations and
solution concentrations that are zero at time = 0. Given the nature of the assay and the
computational limitations, the noise in the data and the negative concentrations could not

be completely eliminated.

The previous model results assumed that the antibody was monovalent. In effect, this
assumption increased the response of the assay for a given analyte concentration thereby
overestimating the “assay shift.” To overcome the computational limitations resulting
from the incorporation of two new species in the model (1) antibody molecules bound to
two analytes in solution and (2) antibody molecules bound to one analyte from solution
and a surface immobilized analytes) a much smaller geometry was modeled (in the x-
dimension it was 0.3 mm as opposed to 1 mm for previous model results — see Figure

79).
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Figure 84. Influence of incorporating a bivalent antibody into the model on the surface binding profile of
the antibody. Model Results. Surface binding profile of antibody at the leading edge of the binding surface
transverse to flow (y-dimension). The results for the central 1.6 mm of the microchannel are presented.
Antibody concentration = 100 nM. Time = 400 seconds.

Like Figure 82B, the binding profile of the antibody across the leading edge of the
binding surface transverse to flow (y-dimension) was plotted as a function of the distance
across the channel for the bivalent and monovalent models (Figure 84). As expected, the
bivalent model results indicated that more antibody binds to the surface, and the assay
shift was reduced for a given analyte concentration. The implication is that the sensitivity
of the assay was reduced. Two potential methods to circumvent this reduction in
sensitivity are to: (1) reduce the antibody concentration so that there is an increase in the
population of antibody molecules bound to two analyte molecules or (2) incorporate Fab
fragments instead of antibodies thereby eliminating the use of a bivalent recognition

species.



157

7.6  Conclusions

A computational model has been presented that describes a novel surface-based
immunoassay — the CGIA — that relies on the inter-diffusion and reaction of antibody and
analyte and the binding of an antibody to surface immobilized antigen to quantify the
concentration of analyte in a sample. The model data give insight into the underlying
transport and reaction mechanisms in the assay and support a quantitative analysis
method directly related to the key feature of this method, namely a diffusion-generated
spatial concentration gradient. Strong qualitative agreement between the model and
experimental results enable us to use this model to explore methods to optimize the
dynamic range and sensitivity of the assay as well as tailor assay parameters for specific
analytes at medically relevant concentrations. Future work could explore those topics by
altering the device geometry, the antibody concentration, the Ky of the antibody, the
analyte species (i.e. explore the potential to quantify large slowly diffusing species using
the CGIA), and flow rates.
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Chapter 8: Surface binding of proteins in a chevron
microfluidic mixer.

8.1  Objectives
1) Simulate a microfluidic flow assay (streptavidin-biotin system detailed in

Chapter 5) that incorporates a chevron mixer with fluid introduced in a
forward and reverse configuration.

2) Relate the model results for the velocity profile within the chevron
microchannel to the surface binding profile of streptavidin.

3) Microfabricate chevron microchannels.

4) Complete SPR imaging streptavidin-biotin flow assay experiments using the
chevron microchannel.

5) Compare the pattern of binding and the total amount of binding of streptavidin

to a straight microchannel with experimental and computational results.

8.2  Background

The purpose of this work is to determine if a passive microfluidic mixer shown to mix
solutions in the bulk of the device will be able to improve the performance of a model
system of a microfluidic flow assay — streptavidin binding to immobilized biotin from
solution. A passive microfluidic mixer is defined as a mixer which does not require
external actuators to cause the solutions to stir.”'® Given the constraints of a point-of-care
diagnostic, external actuators add complexity, cost, moving parts, and increased power
consumption. Therefore, for a point-of-care diagnostic, a passive mixer would be more

suitable and cost-effective.

In Chapter 5, the computational model of the streptavidin assay in a rectangular duct
indicated that a depletion zone above the binding region exists in which the concentration
of analyte is extremely low. To bind to the surface, streptavidin must diffuse toward the

surface while being convected down the length of the channel. As a result, a significant
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amount of the binding of streptavidin occurs at the edge of the binding region,

particularly at low flow rates or low streptavidin concentrations.

The chevron microchannel, a passive microfluidic mixer, should stir the solution and in
theory should replenish the concentration of streptavidin near the binding surface. The
purpose of this research is to determine if the stirring caused by the chevron
microchannel 1) alters the binding profile and 2) increases the rate of binding of

streptavidin to the surface.

This work does not represent the first attempt to use a passive microfluidic mixer to
improve the performance of a microfluidic assay to detect a protein analyte. Vijayendran

et al.?’

introduced a serpentine mixer to a conventional SPR assay in which protein from
solution binds to a functionalized surface (for this system, IgG from solution bound to
immobilized protein A). The results indicated that there was only a marginal
improvement in the initial binding rate (~2x faster for the serpentine microchannel versus
the straight microchannel) (Figure 85). The authors suggest that the “unstirred” region at
the wall of the device where the velocity of the solution is zero prevents the mixing of the
solution at the surface, thereby resulting in little to no difference in the rate of binding
and total amount of antibody bound. However, only a limited range of flow rates was
explored, and the detection method averaged the signal over the entire channel, thereby

ignoring any localized concentrations of surface binding.
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Figure 85. Influence of a serpentine mixer on flow immunoassay.”’” (A) Geometries for the serpentine

mixer device and the rectangular device that served as the control. (B) SPR signal generated by the binding
of a protein to the surface over time for the two channel geometries shown in (A). Images are modified
from the cited reference.

Liu et al.*'® have explored the use of staggered herringbone mixers to improve the DNA
hybridization in fluorescence microarrays. Their assays typically were conducted
overnight under pseudo-equilibrium conditions. The solutions, containing attomolar
concentrations of cDNA, were recirculated over a DNA microarray surface. To reduce
mass transport limitations, a staggered herringbone mixer was incorporated in the bridge
channel (Figure 86) that connected the hybridization chambers. The time required to
achieve the same sensitivity as under static conditions was reduced by a factor of three.

The authors reported up to an eight-fold increase in the signal at the same time point.
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(A)

Figure 86. Incorporation of a staggered herringbone mixer in a fluorescence DNA microarray.”*® (A) and
(B) Optical micrographs of the PDMS device. (A) Distribution of two solutions at time=0. The chambers
were loaded half with the red and half with the blue solution. (B) Peristaltic pumps (1-3 and 4-6) circulated
the solutions clockwise in the device. The bridge channel contained herringbone channels for mixing the
solution between the hybridization chambers. The images are reproduced from the cited reference.

1% also incorporated a staggered herringbone mixer to improve a surface

Yoon et a
electrochemical reaction (conversion of ferrocyanide to ferricyanide) (Figure 87). The
reaction occurred at the sidewalls of the device. The herringbone mixer (with ridges)
increased the ¢onversion of ferrocyanide to ferricyanide over the entire range of flow

rates explored (Figure 87C).
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Figure 87. Redox reaction of ferrocganide to ferricyanide in a microfluidic device under laminar flow and
mass transport limited conditions.?”” (A) Schematic of the device — a T-sensor with electrodes embedded at
the side walls. To one inlet, ferrocyanide was introduced (near the cathode side). To the other inlet, buffer
was introduced. The second stream was focused the ferrocyanide solution toward the cathode. The relative
flow rates of the fluid streams were altered. At the cathode, the ferrocyanide is converted to ferricyanide.
(B) COMSOL results of the concentration of ferrocyanide. Dark red indicates the maximum concentration,
and dark blue indicates the minimum concentration. (C) Conversion percentage of ferrocyanide to
ferricyanide as a function of flow rate measured by UV-vis spectroscopy. Ridges or a staggered
herringbone mixer was introduced to a T-sensor device. The noted ratios are the ratio of the velocity for the

ferrocyanide stream and the buffer stream respectively. The images were reproduced from the cited
reference.

Computational work by Roper’”® suggested that the introduction of microspheres or
fibers with micron-sized diameters into a microchannel will produce eddies which will
serve to improve the binding of a protein (cytochrome c) in a SPR sensor. However, this

method has yet to be explored experimentally.
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Other methods to improve the performance of a microfluidic assay for a biomolecule

(DNA and protein) analyte using active mixing methods (mixing methods which rely on
outside actuators rather than the geometry of the microchannel) have also been studied.
They showed comparable increases (~2% to ~10x) in the binding of the analyte to the
surface when they were compared to passive microfluidic mixers. Pulsed peristaltic
pumping has been examined experimentally and computationally for the binding of a
protein (insulin) to antibodies immobilized in a hydrogel.221 The results suggested that
there can be up to a 5x increase in the binding of insulin to the surface. A computational
model indicated that electrothermal forces (induced by AC electrokinetics) could yield a
3% increase in the rate of the binding of an antigen or antibody to the surface in a
heterogeneous immunoassay for Damkohler and Peclet numbers comparable to those

examined in the research presented in this Chapter.222

(Related experimental results have
yet to be published.) Pulsed chaotic flow has been shown to increase signal intensities 3
to 4x higher than static conditions for a DNA microarray.”* Computational models of the
influence of pulsed flow on the binding of DNA to microarrays have also been completed
by other research groups.”***® Experimental results have yet to be published. Magnetic
beads have been incorporated in a microfluidic ELISA. The magnetic beads mixed the
solution. Biomolecules were immobilized to the surface of the bead where the enzymatic
reaction occurred.”*’ The authors did not compare the performance of the assay when the
solution was mixed versus when the solution was stagnant. However, the authors reported
a 10x increase in sensitivity compared to other reported microfluidic ELISAs. The
influence of a planetary centrifugal mixer on the binding of DNA to a microarray was

228 At extremely high g forces (100g of

described by Bynum et al. (Agilent Laboratories)
acceleration) and an incubation time of 17 hours, the authors reported a 10x increase in
the sensitivity and dynamic range of the assay. A 2x to 3x increase in sensitivity was

reported for a DNA microarray in which mixing was accomplished by two air-driven

bladders.**’

Given the advantages of incorporating a passive versus an active microfluidic mixer in a

point-of-care microfluidic assay, this work has focused on the incorporation of a passive
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mixer — a chevron mixer — in a model microfluidic assay. In this work, SPR imaging

assesses the influence of the mixer on the performance of the streptavidin-biotin assay®®
1% as described in detail in Chapter 5. This method, unlike conventional SPR, can
monitor localized increases in surface binding and give insight into the binding pattern of
streptavidin at the surface. Furthermore, unlike the previous work by Liu et al.>'® and

1.,%'? this work assesses in real-time the binding of a protein to the entire surface

1
l',Z 8

Yoon et a
underneath the chevron microchannel. In the work by Liu et a the chevron
microchannel was not incorporated above the hybridization chamber but in a
microchannel bridging the two hybridization chambers. In the research presented by

1,223 the redox reaction in which ferrocyanide was converted to ferricyanide

Yooneta
occurred at an electrode located at the sidewall (cathode side) of the microchannel, and
the concentration was measured off-chip using UV-vis spectroscopy. The concentration
range (attomolar for Liu et al.>"® and 5 mM for Yoon et al.?'®), the flow rate (~5 nL/s for
Liu et al.2'® and ~100 nL/s to ~1000 nL/s for Yoon et al.>'®) and surface reacting species
(DNA for Liu et al.*'® and redox reaction of ferrocyanide for Yoon et al.?"), and in turn
surface reaction kinetics are different for this system (Q = [5, 25 and 50 nL/s] and
[streptavidin] =20 nM and 40 nM). Furthermore, unlike the streptavidin-biotin reaction at
the surface, the DNA hybridization reaction®'® occurred under pseudo-equilibrium

conditions.

Surface

Figure 88. Chevron microchannel. For the modeled microchannel =90 microns, A= 90 microns, w=500
microns, and /=1.5 mm. For the experimental device, d=82 microns, A= 56 microns, w=500. The biotin-
functionalized gold surface to which streptavidin bound is indicated.



165

Most of the research and modeling of chevron mixers assessed the performance of
mixing the solutions in the bulk and generally did not study the mixing of the solutions at
or near the surface.'® 2% 231222 For this research, it is critical to understand what occurs
at the surface of the device. To aid in this understanding, computational models of the
streptavidin assay using a chevron mixer microchannel were completed. The models
explored the velocity profile and the binding of streptavidin from solution to a surface,
and they can relate the velocity profiles to the surface binding profile. Since the
experimental methods only yield information about local refractive index changes near
the surface over time, the models are extremely important for gaining an understanding of
the transport of streptavidin in the bulk solution. Furthermore, the following models yield
more quantitative information regarding the velocity profile within the chevron

microchannel.

In sum, this research represents the first attempt (1) to model a surface binding reaction in
a chevron microchannel, (2) to assess the influence of the chevron microchannel on the
surface binding of a protein, and (3) to monitor in real-time the binding of a protein with

an SPR-imaging system.

Due to computational constraints, only a 1.5 mm downstream distance (y-dimension) of
the device (Figure 88) was modeled. Experimentally, a much larger area was interrogated

1.219

(~7 mm). For reference, the work by Yoon et a (Figure 87) assessed the redox

reaction over a distance of 25 mm.

8.3  Initial Design Considerations

An important experimental design concern was the exact geometry of the control
microchannel. The control microchannel was a rectangular geometry that served as a
control for evaluating the performance of the surface binding assay with a microfluidic
mixer. The depth of microfluidic device had a significant impact on the efficiency of the

binding of analytes from solution to the surface and was an important parameter to
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control. However, the depth of the chevron mixer varied throughout the channel and

consequently determining the appropriate depth of the control microchannel became non-
trivial. One potential solution was to fabricate rectangular microchannels with the same
average depth or fluidic diameter as the chevron mixer. However, given the complicated
fabrication process of the mixer and the fact that it would be ideal to run the control and
the experiment on the same device, the control straight microchannel has a depth (d in

Figure 55) equal to the base microchannel (d in Figure 88) of the chevron microchannel.

Choosing the appropriate flow conditions was another important design parameter when
comparing the mixer geometry to the straight microchannel. Either the flow rate or the
average velocity could be constant. Since this overall grant funded by the NIDCR was to
develop a rapid point-of-care salivary diagnostics in which total sample volume is also of
importance, the flow rate were kept constant in these experiments, ensuring that the

assays were completed in the same period of time and used the same volume of sample.

The chevron microchannel had not been optimized for the greatest amount of transverse
flow. This optimization problem was difficult given the large number of parameters to be
explored (chevron frequency, chevron depth, distance between chevrons, width of the
microchannel, relative depth of the chevron to the base microchannel, and flow rate) and
was therefore beyond the scope of this dissertation. The dimensions of the chevron were
chosen based on previous work by the Whitesides group as well as in consideration of the
magnification of the SPR imaging instrument. A 500 micron wide (z-dimension)
microchannel was fabricated as opposed to the 200 micron wide (z-dimension)
microchannel used by the Whitesides group, as the SPR instrument had very low
magnification. For the experimental system, there was a relatively small region (~500
microns) of the SPR image that was in focus as a function of the y-dimension due to the
fact that the instrument has not fulfilled the Scheimpflug condition. Furthermore, as
described in Appendix C, the image was foreshortened in the y-dimension by a factor of
~0.42. The SPR propagation length in the y-dimension for this instrument (~30 microns)

also reduced the resolution in that dimension.’® Given the instrument’s limitations, it was
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likely that features that appeared in the model data would not be captured in the

experimental data.

8.4  Materials and Methods

Computational Simulation

Simulations were completed exactly described in Chapter 5. The type of geometry drawn
was the only difference in the protocol. Please note that the exact geometry (Figure 88) of
the modeled system and the experimental system were not the same (an SU8 mold broke
over the course of the experiments). Therefore, the flow rates, Reynolds number, and
Peclet numbers of the model (Table 11) and experimental system (Table 12) differed.

The governing equations for the surface binding reaction are:

csa+6 % Cs Equation 11

es

dc Equation 12
d - = adsCSA(HO - Cs) — KaesCs 1
t

where cgy is the streptavidin concentration in the bulk of the microchannel, ¢ is the

surface concentration of bound streptavidin, 6y is the initial surface concentration of
antibody binding sites, 0 is the surface concentration of antibody binding sites, and k,gs
and kg are the adsorption and desorption kinetic parameters. When solving the Navier-
Stokes mode, the mesh consisted of 10,323 elements and had 98,530 degrees of freedom.
When solving the convection-diffusion and surface binding modes, the mesh consisted of
54,245 elements and had 446,448 degrees of freedom.



Table 10. Surface binding parameters for the modeled system.'®! The binding kinetics and surface

coverage parameters were measured and calculated from the cited reference.

6 (moles m™) Initial streptavidin binding sites on the | 3.9867x10”
surface calculated based on experimental findings for

a similar experimental situation.

¢p (nM) Initial concentration of streptavidin 20

p (kg m™) 1000

u (kg m’s’) 1x10~
Base microchannel depth (m) 90x10°
Microchannel width (m) 500%x10°
Chevron depth (m) 90x10°
Chevron width (m) 100x10°®
Distance between chevrons (m) 100x10°
Dsa(m” s) diffusion coeffient of streptavidin 7.4x10"
Kags (m° moles™ s™) 4000

Kaes (5T 3x10°
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Table 11. Velocities, Peclet numbers and Reynolds numbers for the modeled chevron microchannel as a

function of flow rate.

Flow rate Average velocity | Peclet number Reynolds number
(nL/s) (m/s) *

5 1.111x10* 135.1 0.01

25 5.556x10™ 270.3 0.05

50 1.111x10° 1351.3 0.1

100 2.222x10” 2702.7 0.2

200 4.444x10” 5405.4 0.4

250 5.556x10” 6756.8 0.5

500 1.111x10* 13513.5 1

* Calculated for channel depth without chevrons

Table 12. Velocities, Reynolds numbers, and Peclet numbers for the experimental chevron microchannel.

Average Maximum Reynolds

velocity (m/s) | velocity (m/s) | number Peclet number
50 nL/s 1.22E-03 1.83E-03 1.10E-01 1.48E+03
100 nL/s 2.44E-03 3.66E-03 2.20E-01 2.96E+03

* Calculated for channel depth without chevrons

Experimental methods

Chemicals and reagents

Streptavidin (US Biologics, MA, USA) was diluted in phosphate-buffered saline (PBS,

pH 7.4) (Sigma, St. Louis, MO). Deionized water (Barnstead International, Dubuque,
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Iowa) was used throughout the work. Biotinylated alkyl thiol (BAT) (Iris BioTECH

GmbH, Germany — custom synthesis) and ethylene glycol (Prochimia, Sopot, Poland)

were diluted in absolute ethanol.

Microfluidic device fabrication

Molds for PDMS microfluidic channels were fabricated using established soft
photolithography methods.** !”° The chevron microchannel required two layers of SUS.
The two layers of SU8 must be precisely aligned to ensure that device geometry is
accurate. A protocol for two-layer SU8 fabrication was adopted from Dr. Elena Garcia.
The design of a photolithography mask was completed using AutoCAD 98 (Microsoft,
Redmond, WA) and Adobe Illustrator 10 (Adobe Systems Inc., San Jose, CA). The first
mask generated the rectangular base of the microchannel. The second mask outlined the
chevrons that sit on top of the rectangular duct. When designing the mask, special
attention was paid to the placement and geometry of the alignment marks. After several
iterations, it was determined that the optimal alignment marks were crosses located on
either side of the microchannel along the same axis. Upon exposure to UV light, the first
mask generated a small cross. After spinning the second layer of SU8 onto the wafer, the
small cross could be visualized. The second mask had a large cross in which the smaller

cross on the wafer was centered.

To create the photolithography mask, black and white transparencies were printed
(Publication Services, University of Washington, Seattle, WA). At the Washington
Technology Center (WTC), the first layer of SU8 (MicroChem, Newton, MA) was spun
(Solitec Spinner, Milpitas, CA) onto a clean, three-inch silicon test wafer (Silicon Sense,
Nashua, NH). The wafer was pre-baked to densify the SU8 film. A four-inch infrared
contact aligner (AB-M, San Jose, CA) exposed the wafer to ultraviolet light, thereby
polymerizing the exposed regions of the SU8. Given the viscous and adhesive properties
of the SUS, the WTC required that the wafer be placed onto the back of a clean, four-inch
test wafer to ensure that SU8 did not contaminate the four-inch infrared contact aligner.

After the first exposure, a second layer of SU8 was spun onto the wafer. The wafer was
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soft-baked. The wafer was post-baked and then incubated in a solution of SU8

developer (MicroChem, Newton, MA), which removed any unpolymerized SU8. The
wafer was once again baked to harden the SU8. The depth of the SU8 features were
measured with the P15 surface profilometer (Tencor, San Jose, CA) located in the WTC.

The PDMS microchannels were prepared by dispensing Sylgard 184 prepolymers (Dow
Corning, Midland, MI) at a 10:1 ratio of polymer to curing agent onto the SU8 molds. To
create inlets and outlets to the microchannel, silicone tubing (Cole Parmer, Vernon Hills,
IL) was glued to the inlet and outlet with DuCo Cement (Devcon, Riviera Beach, FL) and
allowed to dry. Then, Sylgard 184 prepolymers (Dow Corning, Midland, MI), at a 10:1
ratio of polymer to curing agent, were dispensed onto the SU8 mold to create the PDMS
microchannel. Upon drying, the PDMS microchannel was removed with a razor blade.
For the initial studies, the PDMS was placed onto the slide substrate. However, bubbles
tended to form. In order to overcome this difficulty, the PDMS device was activated in
oxygen plasma to create a more hydrophilic surface (oxygen pressure 30 psi for one
minute at 600 Watts, Plasma Preen II 973, Plasmatic System, Inc., North Brunswick, NJ).
The PDMS was masked such that only the microchannel itself was exposed to the oxygen

plasma.

Gold-coated slide preparation

A 1 nm adhesion layer of chromium and a 45 nm of layer gold were electron beam (CHA
600, CHA Industries, Fremont, CA) deposited onto clean glass microscope slides
(Fischer Scientific, Pittsburgh, PA) at the Washington Technology Center (WTC). The
gold-coated (45 nM Au, 1 nM Cr for adhesion) glass substrates were cleaned under
oxygen plasma (oxygen pressure 30 psi) for 1 minute (Plasma Preen II 973, Plasmatic
System, Inc., North Brunswick, NJ) at 600 watts. Due to leaks at the PDMS/gold
interface, gold was deposited on the gold coated slide only in regions where the
microchannels were situated. Stainless steel masks (Precision Image Corporation,
Bothell, WA) were placed onto clean gold slides in the electron beam evaporator during

the gold deposition. The oxygen plasma-cleaned slide was patterned with thiols using the
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“wicking method,” a technique developed and optimized by Dr. Kjell Nelson and

Neil Geisler. Briefly, a 10 mil sheet of mylar (Fralock, Canoga Park, CA, USA) was cut
using a carbon dioxide laser (M25, Universal Laser System, Inc., Scottsdale, AZ) to serve
as a wicking mask. In the mask, a 1 mm diameter hole was cut. The mask was placed
onto the slide using an alignment jig. A 0.5 mM solution of BAT/PEG (10% BAT, 90%
HS-PEG) was introduced to the hole cut in the mylar mask. Capillary forces wicked the
solution underneath the mask. The thiol solution evaporated. A 0.5 mM solution of HS-
PEG was pipetted onto the exposed regions of gold outside of the masked region and
allowed to evaporate. The mylar mask was removed. The slide was thoroughly rinsed in
ethanol for one minute to remove any excess thiols and then dried with nitrogen gas. The
oxygen plasma-activated PDMS microchannel was then aligned and placed on top of the

gold substrate.

SPR imaging experiments

SPR images were collected over time as a solution of streptavidin (US Biologics,
Swampscott, MA) in PBS (Sigma, St. Louis, MO) was introduced to the microfluidic
device (Microflow system, Micronics, Redmond, WA). In the initial images, buffer filled
the microchannel. A six-port injection valve (#V451 Upchurch Scientific, Oak Harbor,
WA) introduced the solution of streptavidin from the 2 mL sample loop to the
microchannel. The 905 nm bandpass filter was tilted 22 degrees from normal as the SPR
curve indicated that wavelength was the most sensitive to small changes in refractive
index near the surface (data not shown). The integration time was on the order of 0.5

second. Images were collected at a frequency of every 15 or 30 seconds.

Data Analysis

All SPR data were collected and analyzed using Labview software (National Instruments
Corp., Austin, TX) developed by Dr. Elain Fu. All changes in reflectivity were dark and
TE corrected (See Appendix C for further information).
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8.5  Results and Discussion

As noted previously, the chevron depth of the experimental system and the model system
was different (A= 90 microns versus £=56 microns where 4 is detailed in Figure 88) due
to the destruction of a wafer during the course of experiments. In this section, the original
model results are presented (A= 90 microns). In Appendix G, the influence of altering the
chevron depth was explored with the model. The model results indicated that general
features of the velocity profile, as well as the surface binding and concentration profiles
of streptavidin in the microchannel, will exist in a chevron with a narrower chevron
depth. Furthermore, the chevrons on the SU8 mold used for the PDMS microchannel
were not perfectly aligned with the base microchannel, yielding a device with chevrons

that were off-center (Figure 89).

SUs8 PDMS

Chevron {
W Y oy
— 500 microns
Reverse
Chevron

Figure 89. Stereoscopic micrographs of the SU8 mold and PDMS device for the chevron microchannel.
The microfluidic channel was imaged in two locations — at the start of the forward chevron configuration
and the start of the reverse chevron microchannel. Please note that the SU8 mold and the PDMS images
were at different magnifications and hence have different scale bars. The direction of flow is indicated at
the left.

As will be shown in the following section, in spite of the slight misalignment, the
experimental results still closely resemble the model results for a perfectly aligned
system. Therefore, the model system—although not exactly the same as the experimental
system— provided valid information on the behavior of the velocity fields and bulk

concentration of streptavidin in the chevron microchannel.
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Also please note that in some figures, the chevron microchannel is referred to as

the herringbone microchannel. This is a vestige of the reference to the off-sided
chevron geometry as the staggered herringbone mixer by other groups.

Velocity profiles in the chevron microchannel

The model results for the velocity field for the chevron microchannel (Figure 90)
indicated that the velocity of the fluid within the chevron was significantly lower than the
velocity in the base microchannel. The velocity profile in the base microchannel (Figure
90A) closely resembled the parabolic velocity profile in the straight microchannel (Figure
56). Due to the increase and decrease in depth of the microchannel, the velocity slightly
increased and decreased in the narrower and deeper regions (Figure 90B). A more
extreme version of influence of the increase and decrease in the microchannel depth is

explored in Appendix H.

Min

Figure 90. Velocity profile (m/s) for a chevron microchannel. Model results. The flow rate was 5 nL/s.
Reynolds number = 0.01. Q=5 nL/s. The maximum velocity and minimum velocity in (A) and (B) were
1.77x10"* m/s and O m/s.

Unlike the uni-directional parabolic velocity profile in a straight microchannel, the
velocity profile in a chevron microchannel will have components in three dimensions (x-,
y-, and z- dimensions instead of only the y-dimension). To best understand the
contribution of each component to the velocity field, the velocity fields in the x-, y-, and

z-dimensions were assessed and plotted within the microchannel. Particularly important
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to the surface binding profile of streptavidin was the velocity profile very near to the

binding surface as it was closest to the area of interest and convectively transported the
streptavidin molecule to the binding region. Therefore, in the figures, the velocity profile
30 microns from the surface is illustrated (x=30 microns), since at x=0 microns the
velocity due to the no-slip condition was zero. Please note that since the purpose of the
cross-sections was to indicate that variation in the velocity in that particular slice of the

microchannel, the range of velocities plotted within the figures are not identical.

(B)

Min 2 x=30 microns
(o
Y X

x=130 microns

zI—y'@

Figure 91. X-velocity profile (m/s) for a chevron microchannel. Model results. (A) 3d image of x-velocity
profile at x=30 microns. (B) and (C) 2d images of x-velocity profile at x= 30 microns and x=130 microns
respectively. The maximum velocity and minimum velocity in (A) and (B) were 1.32x10° m/s and
-9.68x10°° m/s. The maximum velocity and minimum velocity in (C) were 1.69x10™ m/s and -1.54x10°
m/s. The flow rate was 5 nL/s. Reynolds number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion
of the channel where the chevron structure was present.



175
In the chevron microchannel, the fluid must travel in the upward (x-dimension) to fill

the chevron and then must be pushed downward toward the binding surface at the
termination of a chevron. This gave rise to an up and down motion in the velocity field
(x-velocity profile Figure 91). When the fluid first encountered the chevron at the midline
of the channel (z=250 microns), it moved rapidly into the chevron (indicated by the red
velocity) and away from the binding surface. At the terminus of the chevron, the fluid
was pushed out of the chevron and toward the surface (indicated by the blue velocity).
This occurred at the sidewalls of the microchannel. In the rest of the microchannel, the x-
velocity was minimal (indicated by the turquoise velocity). The x-velocity behavior was
similar near the surface (Figure 91B x=30 microns) and within the chevron (Figure 91C
x=130 microns). The upward velocity (red) at the center of the microchannel and at the
start of the chevron was higher than the velocity toward the binding surface (blue). At
x=30 microns, the maximal upward velocity was ~37% greater than the maximal
downward velocity (~1.3e-5 m/s versus ~-0.96 e-6 m/s). At x=130 microns, the maximal
upward velocity was ~13% greater than the maximal downward velocity (~1.7e-5 m/s
versus ~-1.5 e-5 m/s. The fluid first encountered the chevron microchannel at one
location and the fluid must fill the microstructure (z=250 microns — the center point of
the microchannel). However, it had two locations to be pushed out of the chevron (at the
sidewalls of the device). Therefore, assuming the same volume of fluid entered and left

the chevron, the downward velocity should be lower than the upward velocity.

The model results also indicated that the x-velocity was smaller in magnitude near the
streptavidin binding surface of the device (x=30 microns) compared to within the chevron
microstructure (x=130 microns). This was expected as it was the chevron microstructure
that induced the x-velocity component; in turn the fluid in that region was most

significantly influenced by the x-velocity.
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x=130 microns

x=30 microns
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Figure 92. Y-velocity profile (m/s) for a chevron microchannel. Model results. (A)-(B) 2d slices of y-
velocity profile at x= 30 microns and x= 130 microns respectively. The maximum velocity and minimum
velocity were 1.60 x10™* m/s and -6.07 x10""? m/s at x=30 microns. The maximum velocity and minimum
velocity were 3.02 X107 m/s and -2.28 x10""® m/s at x= 130 microns. The flow rate was 5 nL/s. Reynolds
number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron
structure was present.

The y-velocity profile for the chevron (Figure 92), the velocity down the length of the
microchannel, differed from the straight microchannel velocity (Figure 56) in which the
y-velocity was the only velocity component. The occurrence of the chevrons served to
widen and narrow the microchannel and therefore reduce the velocity in the areas with
chevrons near the binding surface (Figure 92A x= 30 microns at locations demarked by
the black arrows on the side of the microchannel). This behavior was repeated down the
length of the channel. Within the chevrons (x=130 microns Figure 92B), the magnitude
of the maximum y-velocity was ~5 times smaller than the velocity at x=30 microns
(~1.6e-4 m/s versus ~3e-5 m/s) as expected from the general velocity field (Figure 90). In
the chevron, the y-velocity was near zero at the midline of the channel (z=250 microns;
x-velocity to the fill the chevron was more dominant — see Figure 91C). For similar
reasons, the y-velocity at the sidewalls was near zero due to the no slip condition. In the
other regions in the chevron, there was some forward (red velocity) motion with a
maximum occurring in the center of the chevron and, due to the no-slip conditions, a
velocity of zero at the chevron walls. The maximum magnitude of the y-velocity was
significantly reduced within the chevron as compared to the base microchannel (1.6e-4

m/s at x=30 mi@rons versus 3e-5 m/s at x=130 microns), which corroborated the findings
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for the general velocity field (Figure 90) indicating that most of the convective

transport occurred in the base portion of the microchannel.

(A) Max  (B)

x=30 microns

x=130 microns

Figure 93. Z-velocity profile (m/s) for a chevron microchannel. Model results. (A) Slices of z-velocity
profile in 3d. (B)-(C) 2d slices of the z-velocity profile at x=30 microns and x=130 microns. The maximum
velocity and minimum velocity in (A) were 2.94x10° m/s and -2.91x10” m/s. The maximum velocity and
minimum velocity in (B) were 2.01x10° m/s and -2.04x10° m/s. The maximum velocity and minimum
velocity in (C) were 3.30x10° m/s and -3.14x10 m/s. The flow rate was 5 nL/s. Reynolds number = 0.01.
Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure was present.

The chevron microstructure induced a z-velocity component in the velocity field (Figure
93). The magnitude of the velocity profile is symmetric about the midline of the channel
(z=250 microns). The z-velocity at the midline of the channel (z=250 microns) was zero
for both depths (x=30 microns and x=130 microns). Within the chevron (x=130 microns
Figure 93C), the fluid from the midline of the channel traveled along the chevron
microstructure and was convected to the sidewalls. Near the surface (x= 30 microns

Figure 93B), the transverse velocity was highest in the narrow regions of the channel
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(where the chevron microstructure was not present). The velocity profile indicated

that the fluid traveled from the sidewalls of the channel toward the center of the

microchannel (i.e., in the opposite direction as in the chevrons).

A more subtle result was that there was transverse flow before the fluid encountered the
chevrons. This arises as fluid was pulled upwards (x-dimension) into the point of the
chevron microstructure. As a result, the fluid near the surface was pulled transversely
across the surface and towards the midline of the microchannel (z=250 microns) where it

filled the point of the chevron microstructure (Figure 93B).

Combining the results for Figure 91, Figure 92, and Figure 93 gives insight into the
overall influence the chevron microchannel had on the velocity profile and serves to
corroborate the qualitative description of the velocity field presented by Whitesides et al.

(Figure 9).

Upon encountering a chevron, the fluid moved upward at the point of the chevron in the
midline of the microchannel (z=250 microns) to fill the volume (x-velocity component —
red). The fluid traveled across the chevron microstructure (z-velocity component and as
the overall motion was forward, a y-velocity component as well) to the sidewalls of the
microchannel. Upon reaching the sidewalls, the fluid was transported out of the chevron
toward the surface (x-velocity component — blue). The fluid once out of the chevron (the
narrower portion of the device as indicated by the black arrows in the figure) was swept
towards the midline of the channel where it once again encountered a chevron. This cycle

repeated itself as the fluid traveled down the length of the channel.

These results indicated that there was a circular nature to the convection within the
chevron microstructure. On each half of the chevron microchannel a rotation of the fluid
occurred. On the upper half of this image (z=250-500 microns), there was a counter-
clockwise circulation as the fluid traveled upward to fill the chevron microstructure at the

midline (z=250 microns) and across the top of the chevron towards the sidewalls and then
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was pushed from the sidewalls toward the midline once the chevron microstructure

was terminated. Similarly on the bottom half of this image (z=0-250 microns) a
clockwise circulation of the fluid occurred. In other words, at the midline of the channel
(z=250 microns), the chevron microstructure pulled the solution upwards toward to the
top of the chevron, across the top of the chevron, down the sidewalls, and back across the

binding surface.

How significant this rotation depended on the relative magnitude of the y-velocity
component to the z-velocity component. The closer in magnitude these velocities are, the
tighter the circulation. However, if the y-velocity was significantly larger than the z-
velocity, the recirculation would have been more elliptical in nature so that in the overall
velocity profile the fluid will travel down the length of the channel, undergoing a slight
twisting motion induced by the x- and z-velocities as qualitatively illustrated by

Whitesides et al. (Figure 9).

In Table 13, the maximum and minimum velocities are listed at two depths of the channel
and indicate that near the surface the maximum y-velocity was nearly ten times larger
than the z-velocity, suggesting that in that region the velocity profile was much more

elliptical rather than circular in nature.

Table 13. Maximum and minimum velocities (m/s) in the chevron microstructure (x=130 microns) and near
the surface (x=30 microns). Chevron microchannel. Model results.

x=30 microns x=130 microns
(m/s) maximum minimum maximum minimum
x-velocity | 1.3e-5 -9.6e-6 1.7e-5 -1.5e-5
y-velocity | 1.6e-4 0 3e-5 0
z-velocity | 2.0e-5 2.0e-5 3.3e-5 -3.2e-5

In the chevron microstructure (x=130 microns), the magnitude of the maximum and
minimum z-velocity was comparable to the maximum of the y-velocity (~3e-5 m/s),
indicating that in that location, the transverse velocity was more significant. These results
depend on the distance from the binding surface, but they yield a qualitative
understanding of the relative behavior near the surface and within the chevron

microstructure.
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Quantification of the velocity components in the chevron microchannel.

To gain a more quantifiable understanding of the relative importance of each velocity
component, the following calculations were completed using model results over a range
of flow rates.

_velocity . ... herringbone

D, *100 Equation 13

velocity straight

average

(n —velocity)® Equation 14

F - ., 2 .2 .2
x —velocity” +y —velocity” + z — velocity

n—velocity

To normalize the maximum and minimum velocities in each dimension(x-, y- and z-
dimensions), they were divided by the average velocity in a straight microchannel and
multiplied by 100 yielding a value termed “D” (Equation 13 and Table 14). The values of
D remained constant over a large range of flow rates which could be expected under
laminar flow conditions. The data suggest that the maximum magnitude of the D y.velocity
was significant — ~50% of the average velocity of a straight microchannel. As noted
earlier in the discussion of the x-velocity profile, Dy velocity for the maximum and
minimum were not equivalent (minimum D y_velocity — ~30%). The D y.yelocity fOr the
maximum velocity was 160%, which was higher than expected as the maximum velocity
in a straight microchannel is 150% of the average velocity. Therefore, the maximum
value in the chevron was consistently higher than this. Analysis of the y-velocity profiles
indicated that the maximal velocity consistently occurred at the point of the very first
chevron, very near the midline of the channel (z ~250 micron; x ~90 micron). This
maximal value could potentially have arisen from the initialization of flow in directions
besides the downstream direction (y-dimension). The negative value (-1 %) for the D y.
velocity Minimum was due to numerical errors, and the minimum value occurred in a small
fraction of the microchannel, particularly near the walls and the outlet. The maximal and
minimal D ,.velocity ~30% indicated that the transverse flow could be significant in the

device. Furthermore, the maximum and minimum values were equal in magnitude



181
(within the +/-1% numerical error of the model), further indicative of symmetric flow

profiles in the z-dimension.

Table 14. D values. Normalized value of the maximum and minimum velocities in each dimension for the
chevron microchannel. Model Results.

chevron Snl/s 25 nL/s 50 nL/s

Max Min Max Min Max Min
D s velocity 46 -32 52 -35 48 -31
D y.velocity 160 0 160 -1 160 0
D . velocity 31 -32 30 -31 31 =32
D velocity field 160 0 161 0 160 0
chevron 250 nL/s 500 nL/s

Max Min Max Min
D x-velocity 49 -32 48 32
D y-velocity 160 - 1 1 60 - 1
D z-velocity 33 -34 33 -34
D velocity field 160 0 160 0

F (Equation 14 and Table 15) was the fraction of total kinetic energy contributed by the
velocity in the x-, y-, or z-dimensions. The value of D gave an understanding of the
relative influence of the maximum or minimum value of a velocity component. However,
it did not give any insight into how significant to the overall velocity field that velocity
component was, as the maximum or minimum velocities could have occurred in a large
or small fraction of the microchannel volume. Calculating the fraction of overall kinetic
energy each velocity component contributed will give a sense of the relative significance

over the entire channel volume of each velocity component.

The results (Table 15) indicated that the most significant velocity component was in the
y-dimension, with 98% of the kinetic energy being directed in that dimension (please
note that values were rounded to two significant digits). The x-dimension’s energy
contribution was less than 1%. The value of F,.gimension indicates that ~1.3% of the entire
kinetic energy went into the velocity in the z-dimension. These results corroborated the
qualitative results presented in the image of the velocity profile (Figure 90), in which the
majority of the velocity field occurred in the downstream (y-dimension) and showed
marked similarity to the velocity profile for a straight microchannel (Figure 56). As

mentioned in the Initial Design Considerations for this chapter, the modeled and
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experimental chevron geometries have not been optimized to achieve maximal

transverse flow nor have they been optimized for a surface binding reaction. Instead the
design was based on similar chevron geometries presented by Whitesides et al. Therefore,

it was not surprising that the significance of the z-velocity was not extremely high.

Table 15. F values. Fraction of energy due to the velocity in each dimension. Model results. Chevron
microchannel.

chevron 5nl/s 25nL/s 50 nL/s 100 nL/s | 250 nL/s | 500 nL/s

Fi.dimension 8.3E-03 8.5E-03 8.2E-03 8.6E-03 8.6E-03 8.7E-03
Fy.dimension 9.8E-01 9.8E-01 | 9.8 E-01 9.8E-01 9.8E-01 9.8E-01
F, dimension 1.3E-02 1.3E-02 1.3E-02 1.4E-02 1.4E-02 1.4E-02

Surface binding profile of streptavidin over time in the chevron microchannel

Max: 3.99e-8
x1078

350 seconds
> > > > > >

500 seconds
A ey ey A P L

1000 seconds

Figure 94. Surface concentration profile of bound streptavidin (moles/m?) in the chevron microchannel.
Model results. Streptavidin inlet concentration = 20 nM = 2x10°> moles/m>. Time = 350 seconds. Re= 0.01.
Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure
was present. The theoretical maximum SA surface binding concentration was 3.99 x10°® moles/m?.

The model results for the surface binding profile of streptavidin for the chevron
microchannel (Figure 94) indicate that like the straight microchannel (Figure 58), there
was a surface gradient of bound streptavidin from right to left, reflecting that the
streptavidin was introduced at the inlet (left to right). However, the chevron geometry
introduces twdt’unique features to the surface binding profile: (1) there was a dramatic

reduction in the amount of streptavidin binding in the middle of the microchannel (z=250
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microns) and (2) there was a slight decrease in the amount of binding in the chevron

regions of the microchannel where the channel was deeper (demarked by the black

arrows along the length of the microchannel).

Experimental results (Figure 95) showed strong similarity to the model results (Figure
94). There was a steep reduction in the amount of bound streptavidin in the midline of the
microchannel. There was a subtle increase and decrease in the binding down the length of
the microchannel (y-dimension). However, as mentioned in the Initial Design
Consideration for this chapter, this was the dimension that was foreshortened and the
dimension of the SPR propagation length. Furthermore, further downstream (y-
dimension) the image became out of focus. When the microchannel was rotated 90
degrees and placed in the line of focus, the midline feature was not visible due to the
foreshortening and the SPR propagation length. The irregular features at the front of the
binding area were particularly noticeable at time = 10 minutes. These features were a
result of irregular patterning of thiols at the front of the binding surface. Due to the
misalignment of the chevrons on the base microchannel, they were visible at the bottom

(z-dimension) of the image.
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Herringbone SA= 40 nM Q=50 nL/s
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Figure 95. Surface concentration profile of bound streptavidin over time in a chevron microchannel.
Experimental results. SPRM difference images subtracted from the initial image. Each image had been
contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin within each image. Streptavidin inlet concentration = 40 nM. Re= 0.11. Pe=1480. Q=50 nL/s.

In some experiments, the reduction in the streptavidin binding profile was not found at
the midline of the channel (Figure 96). The experiments were completed at the same flow
rate using the same PDMS microchannel. The misalignment of the chevrons and/or the
elastomer properties of the PDMS may be the source of the alteration in the binding
pattern. In the model, the chevron structure was immobile — unlike a PDMS elastomer,
which for this chevron device was on the order of 100 microns in width. For example, the
chevron structures may deteriorate over time, or under flow the chevron structure may be
deformed, thereby altering the location of the point of the chevron. Evidence suggesting
that the elastomeric properties of the PDMS may be the cause of this behavior is that
during the introduction of fluid to the device, the fluid had trouble entering the chevrons
(data not shown). Flow-induced deformation of PDMS has been reported in the

literature.***
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Herringbone SA= 40 nM Q=50 nL/s 20 minutes

FLOW
-
Iz 250
y microns

Figure 96. Surface concentration profile of bound streptavidin in a chevron microchannel when the
reduction in binding was not centered. Experimental results. SPRM difference image subtracted from
initial image. The image has been contrast enhanced for viewing purposes to demonstrate the variation of
surface concentration of streptavidin within each image. Streptavidin inlet concentration = 40 nM. Re=
0.11. Pe=1480. Q=50 nL/s.

Relation between the velocity profiles and the SA surface binding profile in the chevron

microchannel

To better understand the relationship between the fluid mechanics in the chevron
microchannel and the surface binding profile of streptavidin, line profiles of the velocity
components (X-, y-, and z-) near the binding surface (x=30 microns) were compared to
line profiles of surface-bound streptavidin (Figure 97, Figure 98, and Figure 99). When
analyzing these data, it is important to remember the relative magnitude of each velocity

component (Table 13).

The x-velocity profile (Figure 97 B-D blue data) — representing the velocity toward
(Figure 97A blue) and away from the surface (Figure 97A red) — correlated with the
surface binding profile (Figure 97 B-D pink data). In the downstream line profiles, L1
and L2, when the x-velocity was directed towards the binding surface (negative velocity
profile in the graphs) there was a slight increase in the amount of surface binding in those
regions. For the line profile transverse to flow, L3, the downward velocity (blue) near the
sidewalls of the channel correlated with an increase in the total amount of streptavidin
bound to the surface in the region. In the regions where the solution was directed away
from the surface (x-velocity greater than zero), there was a reduction in the amount of

bound streptavidin.
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Figure 97. Comparison of the x-velocity profile and the binding profile in the chevron microchannel. Model
results. (A) Surface concentration profile of bound streptavidin (moles/m?). The maximum SA surface
binding concentration was 3.99 x10°® moles/m®. The minimum SA surface binding concentration was 0
moles/m?. Velocity profile (m/s) in the x-dimension at x=30 microns. The maximum velocity and minimum
velocity were 1.32 x10 m/s and -9.68 x10°® m/s. (B)-(D) Line profiles comparing the SA surface
concentration profile and the velocity in the x-dimension. The location of the line profiles are indicated in
(A) and are labeled respectively in (B)-(D). The specific coordinates of the lines are L1 (z=250 microns;
y[O to 1.5mm]), L2(z=90 microns; y[0 to 1.5 mm]) and L3 (y=1.15 mm; z[0 to 500 microns]).

Streptavidin inlet concentration = 20 nM = 2x10°> moles/m’. Time = 700 seconds. Re= 0.01. Pe=135.1.
Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure was present.
The theoretical maximum SA surface binding concentration was 3.99 %10® moles/m?.
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Figure 98. Comparison of the y-velocity profile and the binding profile in the chevron microchannel. Model
results. (A) Surface concentration profile of bound streptavidin (moles/m?). The maximum SA surface
binding concentration was 3.99 x10® moles/m?. The minimum SA surface binding concentration was 0
moles/m®. Velocity profile (m/s) in the y-dimension at x=30 microns. The maximum velocity and minimum
velocity were 1.60 x10™ m/s and 6.10 x10™"® m/s. (B)-(D) Line profiles comparing the SA surface
concentration profile and the velocity in the y-dimension. The location of the line profiles are indicated in
(A) and are labeled respectively in (B)-(D). The specific coordinates of the lines are L1 (z=250 microns;
y[0 to 1.5mm]), L2(z=90 microns; y[0 to 1.5 mm]) and L3 (y=1.15 mm; z[0 to 500 microns]).

Streptavidin inlet concentration = 20 nM = 2x10° moles/m>. Time = 700 seconds. Re= 0.01. Pe=135.1.
Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure was present.
The theoretical maximum SA surface binding concentration was 3.99 x10® moles/m?.
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The y-velocity profile represents the velocity down the length of the channel (Figure

98) and strongly correlates, with the surface binding profile (Figure 98 B-D pink data). At
the higher y-velocities, more streptavidin bound to the surface as convection dominated
more strongly over diffusion in those regions. As previously mentioned, the y-velocity
was higher in the narrow regions of the channel (where the chevrons were not located)
and the binding of streptavidin to surface was increased. The repetitive nature of the

chevron microchannel gave rise to a repetitive binding pattern.
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Figure 99. Comparison of the z-velocity profile and the binding profile in the chevron microchannel. Model
results. (A) Surface concentration profile of bound streptavidin (moles/m?). The maximum SA surface
binding concentration was 3.99 x10°® moles/m?. The minimum SA surface binding concentration was 0
moles/m*. Velocity profile (m/s) in the z-dimension at x=30 microns. The maximum velocity and minimum
velocity were 2.02 x10”° m/s and -2.04x10”° m/s. (B)-(C) Line profiles comparing the SA surface
concentration profile and the velocity in the z-dimension. The location of the line profiles are indicated in
(A) and are labeled respectively in (B) and (C). The specific coordinates of the lines are L2(z=90 microns;
y[0 to 1.5 mm]) and L3 (y=1.15 mm; z[0 to 500 microns]). Streptavidin inlet concentration =20 nM =
2x10” moles/m’. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest
portion of the channel where the chevron structure was present. The theoretical maximum SA surface
binding concentration was 3.99 x10® moles/m”.

The z-velocity profile represents the velocity transverse to flow (Figure 99 B-C blue), and
it also correlated with the surface binding profile of streptavidin (Figure 99 B-C pink).

Whether the z-velocity was positive or negative (toward one sidewall of the channel or
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the other), there was an increase in the binding of streptavidin to the surface in those

locations and a minimum in surface binding when the velocity is zero (Figure 99C). The
maximum z-velocity in Figure 99C did not correlate with the maximum concentration of
streptavidin at the surface. This may have been the result of the depletion in the
concentration of streptavidin as it traveled across the surface and towards the midline of

the microchannel.

The experimentally measured SPR difference ﬁne profiles indicating the surface binding
of streptavidin (Figure 100) strongly resembled the model results of the line profile of the
surface-bound streptavidin (Figure 97, Figure 98, and Figure 99). Given the SPR
propagation length, foreshortening, and lack of focus downstream, it was not expected
that the increase and decrease in the binding of streptavidin would be resolved
experimentally given the noise of the measurement (Figure 100C L2). These features
were slightly observable in the SPR difference image at time=20 minutes (Figure 95), but
when the line profiles were collected the noise within the image overwhelmed the pattern.
The midline downstream profile, Figure 100B L1, showed a gradient in the binding
profile over time (time=20 minutes) and eventually became saturated (time=30 minutes).
The downstream line profile closer to the sidewalls (Figure 100C L2), unlike the
midchannel line profile (z=250 microns), did not exhibit a spatial gradient in binding at
any time point, which showed some correlation with the model results. The line profile
transverse to flow (Figure 100D L3), like the model results, also showed a strong
reduction in binding at the center. The experimental, like the model, line profile also
showed there was a slight reduction in the binding at the sidewalls. Due to the
misalignment of the chevrons on the base microchannel, the large reduction in the
streptavidin was not located at the centerline (z=250 microns) but instead occurred where

the point of the chevron was located.
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Figure 100. SPRM difference line profiles of the SA surface concentration profile of bound streptavidin.
Experimental results. (A) SPRM difference image subtracted from initial image. The image has been
contrast enhanced for viewing purposes to demonstrate the variation of surface concentration of
streptavidin. (B)-(D) Line profiles of surface concentration of streptavidin over time. The location of the
line profiles are indicated in (A). The line profiles were calculated from raw TM images. The line profile at
time = 0 was subtracted from each line profile at the indicated time point. The line profiles L1 and L2 are 5
pixels (~17 microns) in width and L3 was 10 pixels (~70 microns) in width. The difference in pixel to
distance ratio on the substrate in each dimension was due to image foreshortening in the y-dimension
discussed in Appendix C. Streptavidin inlet concentration = 40 nM. Re= 0.11. Pe=1480. Q=50 nL/s.

Bulk concentration profiles of streptavidin in the chevron microchannel.

Unlike SPR-imaging experiments, the model yielded information about the concentration
profile of streptavidin within the chevron microchannel (Figure 101). The results indicate

that like the straight microchannel (Figure 57), a depletion zone occurred near the binding
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surface. However, down the midline of the chevron microchannel (z=250 microns),

the depletion zone was much deeper. Furthermore, the concentration of streptavidin at the
top of the microchannel was reduced, and near the end of the model geometry, the

highest concentration of streptavidin occurred in two cores located in each half of the

microchannel, near the middle of the microchannel (x-dimension).

Max -

Min

Figure 101. Concentration profile of streptavidin in the chevron microchannel (moles/m®). Model results.
The maximum concentration and minimum concentration were 2.01 x10°> moles/m’ and 0 moles/m’.
Streptavidin inlet concentration = 20 nM = 2x10” moles/m>. Time = 350 seconds. Re= 0.01. Pe=135.1.
Q=5 nLJs.

As noted earlier, the chevron microchannel introduced two slowly spiraling flows
(clockwise and counterclockwise) on each half of the microchannel. The model results of
the concentration profiles within the chevron microchannel suggested that the transverse
flow (z-dimension) swept the solution near the surface towards the midline of the
channel. As the solution swept across binding surface, streptavidin bound to the surface.
The solution near the surface, once it reached the center of the channel (z=250 microns),
was depleted of streptavidin. Next, the solution swept upward to the top of the chevron,
thereby introducing to the top of the chevron microchannel a solution depleted of
streptavidin. The solution was then swept across the chevron and once again brought to
the sidewalls of the microchannel. This cycle continued down the length of the chevron
microchannel and gave rise to two cores of solution in the middle with the highest

concentration of streptavidin.
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An important parameter to consider is the relative magnitude of the transverse

velocity (z-velocity) to the downstream velocity (y-velocity). As described in previous
sections, for this chevron microchannel, most of the kinetic energy (98% Table 15) was
involved in the downstream velocity. Therefore, even when the solution experienced
some transverse flow significant enough to affect the binding profile as experimental and
model results indicated, the solution was swept downstream at a much greater velocity.
Given this consideration, when the solution was swept across the surface transverse to the
flow (z-dimension) and then upward at the midline (z-dimension) of the microchannel, it
was pushed rapidly downstream (y-dimension) at the center of the microchannel. Thereby
this created a “depletion column,” which was rapidly pushed through the chevron
microchannel. This depletion column was much more significant at the midline of the
chevron microchannel (z=250 microns) than the depth of the depletion zone for the

straight microchannel at the midline of the microchannel (z=250 microns).
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Figure 102. Concentration profile of streptavidin in the channel (moles/m>) as a function of distance from
the binding surface (x-dimension). Model results. Streptavidin inlet concentration = 20 nM = 2x107
moles/m®. Time = 350 seconds. Re= 0.01. Pe=135.1. Q=5 nlL/s. The arrows indicate the deepest portion of
the channel where the chevron structure was present.

The concentration of streptavidin in the chevron microchannel, plotted as a function of
depth (x-dimension) (Figure 102), further corroborated and illustrated the interplay of the

fluid mechanics and the binding of streptavidin to the surface. The bulk concentration
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profile — particularly at x=30 microns — mirrored the binding profile on the surface at

time=350 seconds. Very close to the binding surface (x=1 micron), the concentration of
streptavidin was nearly zero, indicating that very little of the SPR signal was contributed
by the bulk protein. Further from the surface (x=15, 30, 60 and 80 microns), the
concentration increased. The streptavidin near the sidewalls and a stripe down the
centerline (z=250 microns) was reduced due to the rotation of the fluid, bringing solution
depleted of streptavidin near the sidewalls and the centerline (z-dimension) and resulting

in two cores of concentration solution.

Influence of increased flow rate on the binding profile of streptavidin in the chevron

microchannel

Increased flow rate (Figure 103), as for the straight microchannel (Figure 71), reduced
the size of the depletion zone near the surface and increased the amount of streptavidin

bound to the surface at a given time point (Figure 103B).

A) Max.  ®

Surface bound SA

Min

Figure 103. Influence of increased flow rate on SA surface binding in chevron microchannel. Model
results. (A) Concentration of streptavidin in the microchannel (moles/m®). The maximum and minimum
concentrations were 2.04 x10” moles/m* and 0 moles/m®. (B) Binding profile of streptavidin to biotinylated
surface (moles/mz). The maximum SA surface binding concentration was 3.99 %10 moles/m?. The
minimum SA surface binding concentration was 0 moles/m”. The streptavidin concentration introduced to
the microchannel was 20 nM= 2x10" moles/m’. Time = 350 seconds. Re= 0.1. Pe=1351 Q=50nL/s. The
arrows indicate the deepest portion of the channel where the chevron structure was present. The theoretical
maximum SA surface binding concentration was 3.99 x10”® moles/m?.
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Comparison of binding profiles of streptavidin to the surface in the straight and the

chevron microchannels
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Figure 104. Comparison of the SA surface binding profile for a chevron microchannel and a straight
microchannel in the y-dimension. Model results. (A) Surface concentration profiles of bound streptavidin
(moles/m?). The maximum SA surface binding concentration was 3.99 x10°® moles/m>. The minimum SA
surface binding concentration was 0 moles/m”. (B) Line profiles comparing the SA surface concentration
profile. The locations of the line profiles are indicated in (A). The specific coordinates of the line profiles
are L1(z=250 microns; y[0 to 1.5mm]), L2(z=125 microns; y[0 to 1.5mm]), and L3(z=90 microns; y[0 to
1.5mm]). Streptavidin inlet concentration = 20 nM = 2x10> moles/m>. Time = 700 seconds. Re= 0.01.
Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure
was present. The theoretical maximum SA surface binding concentration was 3.99 x10°® moles/m?,

Comparison of the streptavidin surface binding profile for the straight and chevron
microchannel directly highlighted the differences introduced by the chevron

microstructure, Near the sidewalls (Figure 104 L1 and L2), the amount bound along those
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lines was greater for chevron microchannel. Even for the profile, L2, at upstream

positions (y-dimension) the straight channel may bind more streptavidin to the surface,
but further downstream more protein bound to the surface. At the centerline of the
microchannel (Figure 104 L3 z=250 microns), there was a reduction in the binding

profile for the chevron microchannel.

Line profiles transverse to flow (Figure 105) illustrate that the amount of protein binding
at midchannel in the chevron (z=250 microns) was significantly reduced down the length
of the channel when compared to the straight microchannel with a slight increase in the
amount of binding along the sidewalls. The line profiles suggested that initially, the
chevron microchannel did not bind as much streptavidin as the straight microchannel
(L1). However, down the length of the channel (I4), the data indicate that the amount of
streptavidin binding to the surface for the chevron microchannel was greater than the
streptavidin binding in the straight microchannel. This suggests that given a larger
microchannel (y-dimension), more protein will bind to the surface in the chevron
microchannel than in a straight microchannel. However, the transverse line profiles do
not capture the fact that in the narrow portion of the chevron microchannel (where the
chevron structure is not present) more streptavidin bound and in the wider regions (where
the chevrons are present) less streptavidin bound. Depending on where the line profile
was located, it may have overestimated or underestimated the average amount of

streptavidin bound in that region.
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Figure 105. Comparison of the SA surface binding profile for a chevron microchannel and a straight
microchannel in the z-dimension. Model results. (A) Surface concentration profiles of bound streptavidin
(moles/m?). The maximum SA surface binding concentration was 3.99 x10° moles/m?. The minimum SA
surface binding concentration was 0 moles/m?. (B) Line profiles comparing the SA surface concentration
profiles. The locations of the line profiles are indicated in (A). The specific coordinates of the line profiles
are L1(y=0.375 mm; z[0 to 500 microns]), L2(y=0.75 mm; z[0 to 500 microns]), L3(y=1.125 mm; z[0 to
500 microns]), and L4(y=1.5 mm; z[0 to 500 microns]). Streptavidin inlet concentration = 20 nM = 2x107
moles/m®. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of
the channel where the chevron structure was present. The theoretical maximum surface binding
concentration was 3.99 x10°® moles/m*.
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Comparison of total binding of streptavidin for a straight microchannel versus a

chevron microchannel

To compare the total amount of binding for the chevron microchannel versus a straight
microchannel, the amount of streptavidin over the entire binding surface was plotted as a
function of time (Figure 106) at two flow rates. The results indicated that the introduction
of transverse flow to recirculate the streptavidin solution over the binding surface in the
chevron microchannel did not increase the amount of streptavidin bound to the surface
(in Figure 106 the data points for the straight and herringbone microchannel).
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Figure 106. Total streptavidin bound to the surface for the chevron microchannel versus the straight
microchannel for two flow rates. Model results. (A) S nl/s. (B) 50 nL/s. The streptavidin concentration
introduced to the microchannel was 20 nM. The theoretical maximum for total amount of antibody bound
to the surface was 3x10™* moles.
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At first, this result may be surprising. However, there are several potential reasons

why the chevron microchannel may not increase the total amount of streptavidin bound

compared to the straight microchannel.

(1) Microchannel volume. For the chevron microchannel, the base microchannel had the
same dimensions as the straight microchannel. It was chosen as the control as this
microchannel was the easiest for which to complete the experimental controls, due to
fabrication issues (described in the Initial Design Considerations). Therefore, the volume
of the chevron microchannel was larger than the straight microchannel, thereby
increasing the microchannel volume-to-binding surface area ratio and reducing the
average velocity. Furthermore, the velocity within the chevron was shown to be
dramatically lower than in the base microchannel, and the dispersion profile (Appendix
H) varied significantly for the straight versus the chevron microchannel. These
considerations would in theory reduce the amount of streptavidin bound to the surface for

the chevron microchannel versus the straight microchannel.

(2) Y-velocity dominant in the chevron microchannel. When the transverse flow was
introduced to the center of the chevron microchannel solution depleted of streptavidin, a
depletion column was rapidly swept downstream. Therefore, in the area of the
microchannel in which there was the most significant convective transport (at the midline
and far from the sidewalls), the solution was significantly depleted of protein. On the
other hand, in the straight microchannel, the depth of the depletion zone in the region of

the most significant convective transport was much smaller.

(3) Size of the model microchannel. Due to computational constraints, only 1.5 mm (y-
dimension) of the microchannel could be modeled. A larger distance may be required for
an increase in the total amount of streptavidin bound to the surface in the chevron
microchannel versus the straight microchannel. As previously mentioned, the line profiles
(Figure 105, particularly I.4) suggest that more protein bound downstream in the chevron

microchannel.
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(4) Protein molecules are not mass transport-limited enough to observe an increase in

streptavidin binding over such a small distance (y-dimension) of a chevron microchannel.
Protein molecules may not be transport limited enough to observe an increase in binding
compared to perhaps microspheres (0.8 micron streptavidin-covered beads were used in
experiments (data not shown), but the beads sedimented out of solution over the course of
the experiment). Although there may be an increase in binding of a more slowly diffusing
particle to the surface, the focus of this research has been to quantify protein and small

molecules in solution. Therefore, this analysis is outside the scope of this research.

(5) Literature precedence. The work by Yoon et al. 219, Vijayendran et al.,”"” and Liu et
al.,*'® described in the Background, also used microfluidic mixers to improve the
performance of a surface binding reaction. Although they did not analyze the same
experimental system, their work indicated that there was not a substantial improvement in
the performance of the assays due to the incorporation of the mixer geometry (from
~1.5x to ~8x improvement in binding rates or the amount of material bound to the
surface at a given time point). Furthermore, the length of the mixer microchannel
(detailed above in #3) for each of these systems was ~6x to ~16.7x larger than the 1.5
mm distance in the y-dimension in this model geometry. For reasons described in #3,
these systems may have seen an improvement in the surface reaction which is not

observed with this modeled system.

The influence of the location of the binding area, when comparing the straight and
chevron microchannel, has been explored with the model. The amount of streptavidin
bound down the centerline of the microchannel (Figure 107 A2) compared to the amount
bound near the sidewall (Figure 107 A1) indicated that down the midline there was a
significant reduction in the amount of streptavidin bound to the chevron (herringbone)
microchannel. However, along the sidewalls there was a slight increase in the total
amount of streptavidin bound in the straight microchannel versus the chevron

microchannel. The increase in streptavidin binding near the sidewalls was less than the
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reduction in streptavidin binding along the centerline, due to the fact that there was

also a slight increase in binding near the other sidewall of the microchannel.
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Figure 107. Total SA bound to the surface for several areas of interest in a chevron microchannel versus a
straight microchannel. Model results. (A) Surface concentration profiles of bound streptavidin (moles/m?).
(B)-(C) Total SA binding over time in areas 1-2 respectively for the chevron mlcrochannel and straight
microchannel. The maximum SA surface b1nd1ng concentration was 3.99 x10°® moles/m”. The minimum
SA surface binding concentration was 0 moles/m*. The locations of the areas analyzed are indicated in (A).
The specific coordinates of the areas are Al (y{ 0 to 1.5 mm]; z[0 to 167 rmcrons]) and A2 (y[0to 1.5 mm;
z[167 to 333 microns]). Streptavidin inlet concentration = 20 nM = 2x10” moles/m®. Time = 700 seconds.
Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron
structure was present. The theoretical maximum amount of SA that can bind to the surfaces was 9.97 x10°
13 moles. The theoretical maximum SA surface binding concentration was 3.99 x10"® moles/m?.
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Figure 108. Total SA bound to the surface for several areas of interest for a chevron microchannel versus a
straight microchannel. Model results. (A) Surface concentration profiles of bound streptavidin (moles/m?).
(B)-(E) Total SA binding over time in areas 1-4 respectively for the reverse chevron microchannel and
straight microchannel. The maximum SA surface binding concentration was 3.99 x10°* moles/m? The
minimum SA surface binding concentration was 0 moles/m” The locations of the areas analyzed are

indicated in (A). The specific coordinates of the areas are Al (y[ 0 to 0.375 mm]; z[0 to 500 microns]), A2
(y[0 to 0.75 mm]; z[0 to 500 microns]), A3 (y[0 to 1.125 mm]; z[0 to 500 microns]), and A4 (y[0 to 1.5
mm]; z[0 to 500 microns]). Streptavidin inlet concentration = 20 nM = 2%10”° moles/m>. Time = 700
seconds. Re= 0.01. Pe=135.1. Q=5 nlL/s. The arrows indicate the deepest portion of the channel where the
chevron structure was present. The theoretical maximum amount of SA that binds to the surfaces was 7.48
x10°"° moles. The theoretical maximum SA surface binding concentration was 3.99 x10® moles/m”.

The total amount of streptavidin bound to the surface was also analyzed as a function of
distance downstream (y-dimension Figure 108) and indicated that there was very little
difference in the amount of streptavidin bound in each area of the straight and chevron
(herringbone) microchannel. However, in the last area — Area 4 — there was a slight

increase in the total amount of streptavidin bound to the surface of the chevron
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(herringbone) microchannel, suggesting that further downstream (y-dimension) there

could be an increase in the total amount of streptavidin bound for the chevron

(herringbone) microchannel versus the straight microchannel.

To explore distances further downstream of the inlet (y-dimension) in the binding profile
for the herringbone microchannel versus the straight microchannel as compared to that
explored by the modeled microchannel, experiments were completed that analyzed three
discrete areas downstream of the start of the streptavidin binding surface (Figure 109 and
Figure 110). The areas were ~1.8 mm in the y-dimension (downstream distance) with
area 1 located at the start of the binding surface. The average change in reflectivity for
that region was plotted over time. For reference, the model system was only 1.5 mm in
the y-dimension. Therefore, the experimental data explored an area that was ~3.6 times
larger than the model system. The experimental results clearly indicated there was a more
significant delay in the binding as a function of distance down the channel for the straight
microchannel (Figure 109) versus chevron microchannel (Figure 110). These results
suggested that further downstream in the chevron microchannel, more streptavidin bound

to the surface versus the straight microchannel.
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Figure 109. Change in reflectivity over time in three areas as a function of distance from the inlet for the
chevron (herringbone) microchannel. Experimental results — SPR imaging. Area 1 was closest to the inlet.
Each area was 300 pixels in the y-dimension and the width of the entire channel in the other dimension.
Streptavidin inlet concentration = 40 nM. Re=0.11. Pe=1480. Q=50 nL/s. The missing data points were
the result of a bubble entering the microchannel.
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An important experimental detail needed to accurately compare the data results is that

the upstream distance in the device before the binding surface (distance from the inlet to
the biotinylated alky thiol — hence the dead volume) was slightly different for straight
microchannel and the chevron microchannel. The upstream distance in the straight
microchannel was 8.43 mm, corresponding to 356 nL of dead volume before the binding
area. In the chevron microchannel, the distance was 20 mm, which corresponded to 820
nL of dead volume. Therefore, there was some discrepancy between the time the solution
reached the binding surface as well as the influence of dispersion for the chevron and the
straight microchannels. The streptavidin solution reached the straight channel binding
area before the chevron microchannel. However, the comparison of the time to half
saturation for the streptavidin surface binding profile within a single microchannel
(chevron or straight) would not be affected by the discrepancy. Furthermore, given the
fact that the upstream dead volume is ~35 microliters, the difference between the

geometries was not that significant as a percent of the total dead volume.
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Figure 110. Change in reflectivity over time in three areas as a function of distance from the inlet for the
straight microchannel. Experimental results. Area 1 was closest to the inlet. Each area was 300 pixels in
the y-dimension and the entire width of the channel in the other dimension. Streptavidin inlet concentration
=40 nM. Re=0.11. Pe=1480. Q=50 nL/s. The missing data points were the result of a bubble entering the
microchannel.

To obtain a more quantitative understanding of the difference in the binding profile
between the chevron and straight microchannel, the time point at which the change in
reflectivity was half of the maximum change in reflectivity was calculated for the straight

microchannel and the chevron microchannel (Table 16). The standard deviation for both
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microchannels was the largest for Area 1, which may be a result of the variation in

the amount of thiols at the front of the binding surface (an artifact of the thiol patterning
method). However, binding of streptavidin to the surface was faster in the straight

microchannel] at the other locations (Area 2 and Area 3).

Table 16. Time (minutes) at which the surface concentration reached half maximum. Experimental results.
(n=3)

Straight microchannel Chevron microchannel

average standard average standard

deviation deviation
Areal |21.8 1.0 20.4 1.7
Area2 |23.5 0.5 21.8 0.4
Area3 [24.2 0.3 22.0 0.9

To understand the relationship between the binding profiles within each microchannel,
the difference in the time between each area’s point of half saturation is listed in Table
17. The results indicated that the time between half saturation for Areas 1 and 2 is much
greater for the straight microchannel, even with consideration of the relatively large
standard deviation. For the time difference between Areas 2 and 3, the large standard
deviation made it impossible to determine if there was a difference between the straight

and chevron microchannels.

Table 17. Difference in time for reaching half maximum surface concentration (minutes). Experimental
results. (n=3)

Straight microchannel Chevron microchannel
average standard average standard
deviation deviation
Area land Area2 | 1.6 0.5 0.42 0.1
Area2 and Area3 | 0.70 0.2 1.2 0.8

These results suggest that for a longer chevron microchannel there would be an

improvement in the binding of streptavidin to the surface.
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Reverse chevron microchannel

Flow z'\xI/y

Figure 111. Reverse chevron microchannel. In the model microchannel d=90 microns, A= 90 microns,
w=500 microns, and /=1.5 mm. In the experimental microchannel d=82 microns, A= 56 microns, and
=500 microns. The binding surface is indicated.

Typically in chevron microchannels, the solution is introduced into the device so that the
fluid first encounters the front point of the chevron. This typical format was explored in
the previous section. Alternatively, the fluid could be introduced in the reverse format
(Figure 111).

Since the assay operates under laminar flow conditions, the velocity profile should be the
same whether the fluid enters in the front (described in the previous sections of the
chapter) or back (detailed in this section). However, the direction of the velocity to and
from the surface (x-velocity) as well as the transverse velocity (z-velocity) will be in the

opposite direction when the fluid enters the device from the rear.
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Velocity profiles in the reverse chevron microchannel
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Figure 112. X-velocity profile (m/s) in the reverse chevron microchannel. Model results. (A) The maximum
velocity and minimum velocity were 1.05 x10”° m/s and -1.49x10™ m/s at=30 microns. (B) The maximum
velocity and minimum velocity were 1.50 x10”° m/s and -2.16 x10” m/s at x=130 microns. The flow rate
was 5 nL/s. Reynolds number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion of the channel
where the chevron structure was present.

When the fluid entered the reverse chevron, it entered the chevron microstructure from
the back so that the fluid moved away from the surface (Figure 112 x-velocity in red) at
the tails of the chevron and was pushed toward the binding surface (Figure 112 x-velocity
in blue) at the terminus of the chevron at the chevron point at the midline of the channel
(z= 250 microns). As expected, the results were comparable near the surface (x=30
microns) and within the chevron (x=130 microns) and mirrored the results for the

forward chevron with the direction of the x-velocity.

The y-velocity profile (Figure 113) mirrored the previous velocity profile (Figure 92
chevron microchannel) near the surface (x=30 microns) with a decrease in velocity in the
location of the chevron (black arrows), with the maximal velocity located near the
terminus of the chevron microstructure at the point of the last chevron encountered.
Within the chevron (x=130 microns), the velocity profile was also remarkably similar to
the previous results and indicated that maximal velocity occurred in the middle of the
chevron structure and was zero at the structure walls (as dictated by the no slip boundary

condition).
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Figure 113. Y-velocity profile (m/s) in the reverse chevron microchannel. Model results. (A) The
maximum velocity and minimum velocity were 1.60 %10 m/s and -6.07x10™*° m/s at=30 microns. (B) The
maximum velocity and minimum velocity were 3.48 x10™ m/s and -5.59 x10™*® m/s at x=130 microns. The
flow rate was 5 nL/s. Reynolds number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion of the
channel where the chevron structure was present.
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Figure 114. Z-velocity profile (m/s) in the reverse chevron microchannel. Model results. (A) The
maximum velocity and minimum velocity were 2.15 x10” m/s and -2.15x107° m/s at=30 microns. (B) The
maximum velocity and minimum velocity were 3.20 x10”° m/s and -3.12 x10”° m/s at x=130 microns. Q=5
nL/s. Reynolds number = 0.01. Q=5 nL/s. The arrow indicates the deepest portion of the channel where the
chevron structure was present.

In the reverse chevron, the transverse velocity (Figure 114 z-velocity) swept the fluid
near the surface (Figure 114A x=30 microns) from the midline (z= 250 microns) towards
the channel sidewalls. Within the chevron (Figure 114B x=130 microns), the fluid was

swept from the sidewalls toward the midline (z= 250 microns).
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Once again, these results indicate that the chevron microchannel generated two

spiraling flows on each half of the microchannel but their direction was reversed in the
opposite direction as compared to the forward chevron microchannel — clockwise for
z=250-500 microns and counterclockwise for z=0-250 microns. Therefore, at the
sidewalls, the solution was pulled from the binding surface towards the chevron in the top
of the microchannel. The fluid moved along the chevron to the centerline (z= 250
microns) of the channel, where it was pushed down the binding surface. Near the surface,

the fluid was swept from the midline toward the sidewalls.

Quantification of the velocity components in the reverse chevron microchannel

The values of D and F (Equation 13 and Equation 14) were calculated for the reverse
chevron microchannel to give quantifiable measures to the velocity field. As expected for
laminar flow conditions, the magnitudes of these values for the forward and reverse
chevron microchannels were comparable within the error of the model (Table 18 and

Table 19). The maximum and minimum values for the x-velocity were reversed.

Table 18. D values. Normalized value of the maximum and minimum velocities in each dimension.

reverse chevron | 5 nL/s 50 nL/s

max min Max min
Dx-velocity 35 ‘49 35 -50
Dy-velocity 165 -1 1 65 -1
Dz-velocity 32 -34 32 -34
D velocity field 1 65 0 1 65 0
reverse chevron | 5 nL/s 50 nL/s

max min Max min
D x-velocity 35 -49 35 ~50
Dy velocity 165 -1 165 -1
Dz-velocity 32 -34 32 -34
D velocity field 165 0 165 0
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Table 19. F values. Fraction of energy due to the velocity in each dimension. Model results. Reverse

chevron microchannel.

reverse chevron SnL/s 25 nL/s 50 nL/s
Fraction of Energy in x-dimension 9.1E-03 | 9.2E-03 9.2E-03
Fraction of Energy in y-dimension 9.8E-1 9.8E-1 9.8E-1
Fraction of Energy in z-dimension 1.3E-2 14E-2 14E-2

Surface binding profile of streptavidin over time in the reverse chevron microchannel

The binding profile of the streptavidin in the reverse chevron (Figure 115) was the
inverse of the forward chevron binding profile (Figure 94) with significant binding at the
midline (z=250 microns) and a reduction in the binding near the sidewalls. In the deeper
portions of the microchannel (indicated by the black arrows and where the chevrons were
located) the streptavidin binding was reduced compared to the narrow portions of the

channel.
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Figure 115. Surface concentration profile of bound streptavidin (moles/m?) in the reverse chevron
microchannel. Model results. Streptavidin inlet concentration = 20 nM = 2x10° moles/m>. Time = 350
seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the
chevron 2structure was present. The theoretical maximum SA surface binding concentration was 3.99 x10®
moles/m”.
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Figure 116. Surface concentration profile of bound streptavidin over time in a reverse chevron
microchannel. Experimental results. SPRM difference images subtracted from the initial image. Each
image has been contrast enhanced for viewing purposes to demonstrate the variation of surface
concentration of streptavidin within each image. Streptavidin inlet concentration = 40 nM. Re=0.11.
Pe=1480. Q=50 nL/s.

SPR difference images (Figure 116) that monitored the binding of streptavidin to the
surface corroborated the model results. There was much more binding in the center of the
channel than at the sidewalls (particularly at time=20 minutes). Once again, given the
focus, image foreshortening, and SPR propagation length, the subtle increase and
decrease in the binding profile in the y-dimension could not be resolved with this

instrument.

Relationship between the streptavidin surface binding profile and the velocity profiles.

Figure 117 correlates the x-velocity profile with the surface binding profile — particularly
L1. When the x-velocity was directed to the binding surface (Figure 117B and C), the
negative value indicates that the fluid was being pushed towards the binding surface and
the positive value indicates the fluid was pulled away from the binding surface. In the
line profile transverse to flow, L2, there was a significant increase in the binding profile
at the midline (z=250 microns). The amount of protein bound to the surface was reduced

when the fluid was pulled away from the binding surface.
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Figure 117. Comparison of the x-velocity profile and the SA surface binding profile in the reverse chevron
microchannel. Model results. (A) Surface concentration profile of bound streptavidin (moles/mz). The
maximum SA surface bindin% concentration was 3.99 x10® moles/m”. The minimum SA surface binding
concentration was 0 moles/m”. Velocity profile (m/s) in the x-dimension at x=30 microns. The maximum
velocity and minimum velocity were 1.05 %10 m/s and -1.49 x10”° m/s. (B)~(C) Line profiles comparing
surface concentration profile and velocity in the x-dimension. The locations of the line profiles are
indicated in (A) and are labeled respectively in (B) and (C). The specific coordinates of the lines are
L1(z=250 microns; y[0 to 1.5 mm]) and L2 (y=0.8 mm; z[0 to 500 microns]). Streptavidin inlet
concentration = 20 nM = 2x10°® moles/m’. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The
arrows indicate the deepest portion of the channel where the chevron structure was present. The theoretical
maximum SA surface binding concentration was 3.99 %10 moles/m?.

Similarly, increases in the y-velocity (Figure 118) correlated with increases in the total
binding of streptavidin to the surface down the length of the channel (y-dimension) and

transverse to flow (z-dimension).
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Figure 118. Comparison of the y-velocity profile and the SA surface binding profile in the reverse chevron
microchannel. Model results. (A) Surface concentration profile of bound streptavidin (moles/m?). The
maximum SA surface binding concentration was 3.99 x10°® moles/m®. The minimum SA surface binding
concentration was 0 moles/m>. Velocity profile (m/s) in the y-dimension at x=30 microns. The maximum
velocity and minimum velocity were 1.60 x10™ m/s and -6.0 x10™™ m/s. (B)-(C) Line profiles comparing
surface concentration profile and velocity in the y-dimension. The locations of the line profiles are
indicated in (A) and are labeled respectively in (B) and (C). The specific coordinates of the lines are L.1
(z=250 microns; 3/[0 to 1.5 mm]) and L2 (y=0.8 mm; z[0 to 500 microns]). Streptavidin inlet concentration
=20 nM = 2x10” moles/m>. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the
deepest portion of the channel where the chevron structure was present. The theoretical maximum SA
surface binding concentration was 3.99 x10"® moles/m”?.
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Figure 119. Comparison of the z-velocity profile and the SA surface binding profile in the reverse chevron
microchannel. Model results. (A) Surface concentration profile of bound streptavidin (moles/m?). The
maximum SA surface bindin% concentration was 3.99 x10°® moles/m?. The minimum SA surface binding
concentration was 0 moles/m”. Velocity profile (m/s) in the z-dimension at x=30 microns. The maximum
velocity and minimum velocity were 2.15 x10° m/s and -2.15 x10”° m/s. (B) Line profile comparing
surface concentration profile and velocity in the z-dimension. The location of the line profiles is indicated
in (A). The specific coordinates of L2 is ;1=0.8 mm and z[0 to 500 microns]. Streptavidin inlet
concentration = 20 nM = 2x10”° moles/m°. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The
arrows indicate the deepest portion of the channel where the chevron structure was present. The theoretical
maximum SA surface binding concentration was 3.99 x10°® moles/m?.

The sharpness in the z-velocity profile (Figure 119) also strongly correlated with the
binding profile. At the channel midline (z= 250 microns), the transverse velocity rapidly
fell to zero but the most streptavidin binding occurred. This increase in the amount of
bound streptavidin could be attributed to an increase in the velocity of another velocity

component (x- and y- dimensions).
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Comparison of the streptavidin surface binding profiles in reverse chevron and

straight microchannels
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Figure 120. Comparison of the SA surface binding profile for a reverse chevron microchannel and a
straight microchannel. Model results. (A) Surface concentration profiles of bound streptavidin (moles/m?).
The maximum SA surface binding concentration was 3.99 %108 moles/m®. The minimum SA surface
binding concentration was O moles/m>. (B) Line profiles comparing the SA surface concentration profiles.
The locations of the line profiles are indicated in (A). The specific coordinates of the line profiles are
L1(z=250 microns; y[0 to 1.5mm]), L2(z=125 microns; y[0 to 1.5mm]), L3(z=90 microns; y[0 to 1.5mm]).
Streptavidin inlet concentration = 20 nM = 2x107 moles/m>. Time = 700 seconds. Re= 0.01. Pe=135.1.
Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron structure was present.
The theoretical maximum SA surface binding concentration was 3.99 x10® moles/m*.

Comparing the surface binding profile of streptavidin downstream of the microchannel
(Figure 120 y-dimension) for the straight and chevron microchannels indicates that along

the midline of the channel (z=250 microns), there was a significant increase in the
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binding for the reverse chevron (L3) whereas near the sidewalls (L1) less streptavidin

bound in the chevron microchannel. Along L2, at upstream positions, the reverse chevron

microchannel bound less streptavidin, but at the outlet of the device the chevron began to

bind more streptavidin.
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Figure 121. Comparison of the SA surface binding profile for a reverse chevron microchannel and a
straight microchannel in the z-dimension. Model results. (A) Surface concentration profiles of bound
streptavidin (moles/m?). The maximum SA surface binding concentration was 3.99 x10"® moles/m?. The
minimum SA surface binding concentration was O moles/m. (B)-(E) Line profiles comparing the SA
surface concentration profile. The locations of the line profiles are indicated in (A). The specific
coordinates of the line profiles are L1(y=0.375 mm; z[0 to 500 microns]), L2(y=0.75 mm; z[0 to 500
microns]), L3(y=1.125 mm; z[0 to 500 microns]), and L4(y=1.5 mm; z[0 to 500 microns]). Streptavidin
inlet concentration = 20 nM = 2x107 moles/m°>. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The
arrows indicate the deepest portion of the channel where the chevron structure was present. The theoretical
maximum SA surface binding concentration was 3.99 x10°® moles/m?.
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The line profiles transverse to flow of the streptavidin surface concentration (Figure

121) indicate that at the centerline of the channel (z=250 microns), more streptavidin was
bound in the reverse chevron microchannel. Along L1, the straight microchannel bound
more streptavidin whereas along L4, the reverse chevron microchannel bound more
streptavidin. The line profiles suggest that as the solution travels downstream (y-
dimension), more streptavidin bound to the reverse chevron surface. However, as
mentioned in the discussion of the forward chevron microchannel, there were locations of
increased and reduced binding arising from the chevron microstructure; depending where
the line profile was located, it could over- or underestimate the average amount of protein

binding in that area.

Line profiles of the SPR difference images (Figure 122) corroborate the model findings.
Transverse to flow (L1 and L2), there was an increase in streptavidin binding at the
midline of the channel (z=250 microns). Eventually, the surface became saturated with
the protein (time=30 minutes), and no binding features were visible. The experimental
streptavidin binding profile, like the model results, was parabolic in nature. The peak in
the binding profile in the SPR images did not occur exactly at midline of the channel (z=
250 microns) due to the misalignment of the chevron features. The downstream binding
profile (L1) does not corroborate the increase and decrease in the binding profile
illustrated in the model results. This was expected given the SPR instrument’s focus,
image foreshortening, and SPR propagation length issues. The fact that at the 10 minute
‘time point very little streptavidin bound to the surface was due to the large dead volume
upstream of the binding surface. Therefore, the solution which had passed the surface by

the 10 minute time point was predominantly buffer without streptavidin.
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Figure 122. Difference line profiles of the surface concentration profile of bound streptavidin in a reverse
chevron microchannel. Experimental results. (A) SPRM difference image subtracted from the initial image.
The image has been contrast enhanced for viewing purposes to illustrate the variation of surface
concentration of streptavidin. (B) - (D) Line profiles of surface concentration of streptavidin over time. The
location of the line profiles are indicated in (A). The line profiles were calculated from raw TM images.
The line profile at time = 0 was subtracted from each line profile at the indicated time point. The line
profile L3 is 5 pixels (~17 microns) in width, and L1 and L2 are 10 pixels (~70 microns) in width. The
difference in pixel to distance ratio on the substrate in each dimension is due to image foreshortening in the
y-dimension discussed in Appendix C. Streptavidin inlet concentration = 40 nM. Re= 0.11. Pe=1480.
Q=50 nL/s.
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Calculation of the total amount of streptavidin bound to the surface over time in the

reverse chevron microchannel
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Figure 123. Total streptavidin bound to the surface for the reverse chevron microchannel versus a straight

microchannel and a chevron microchannel. Model results. (A) 5 nL/s, Re=0.01, Pe=135.1 and (B) 50 nL/s,
Re=0.1, Pe=1351. The streptavidin concentration introduced to the microchannel was 20 nM = 2x107
moles/m>. The theoretical maximum for total SA binding to the surface was 3x10™* moles.

A critical question in the analysis of the reverse chevron microchannel is whether more

protein bound to the surface than in the forward chevron or straight microchannel (Figure

123). At two different flow rates, the model results suggested that there was no difference

in the total binding of streptavidin. As elaborated in the previous section, this surprising

result may have been the result of the larger volume in the reverse chevron or the size of

the modeled microchannel.
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Figure 124. Total SA bound to the surface for several areas of interest for a reverse chevron microchannel
versus a straight microchannel. Model results. (A) Surface concentration profiles of bound streptavidin
(moles/mz). The maximum SA surface binding concentration was 3.99 %10 moles/m?. The minimum SA
surface binding concentration was O moles/m?. (B)-(C) Total SA binding over time in areas 1-2

respectively for the reverse chevron microchannel and straight microchannel. The locations of the areas
analyzed are indicated in (A). The specific coordinates of the areas are Al (y{ O to 1.5 mm}; z[0 to 167
microns]) and A2 (y[0 to 1.5 mm; z[167 to 333 microns]). Streptavidin inlet concentration = 20 nM = 2x10°
% moles/m®. Time = 700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of
the channel where the chevron structure was present. The theoretical maximum total amount of SA that
can bind to the surface was 9.97 x10™° moles. The theoretical maximum SA surface binding concentration
was 3.99 x10°® moles/m’.

To explore the total amount of streptavidin bound in localized areas, the amount of
streptavidin bound along the center of the reverse chevron microchannel and straight
microchannel were compared. The results indicate that as expected, more streptavidin
bound along the centerline (z= 250 microns) for the reverse chevron microchannel
whereas near the side wall, less streptavidin bound in the reverse chevron microchannel

(Figure 124).
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Figure 125. Total SA bound to the surface for several areas of interest for a reverse chevron microchannel
versus a straight microchannel. Model results. (A) Surface concentration profiles of bound streptavidin
(moles/m?). The maximum SA surface binding concentration was 3.99 x10°® moles/m?. The minimum SA
surface binding concentration was 0 moles/m®. (B)-(E) Total SA binding over time in areas 1-4 respectively
for the reverse chevron microchannel! and straight microchannel. The locations of the areas analyzed are
indicated in (A). The specific coordinates of the areas are Al (y[ 0 to 0.375 mm]; z[0 to 500 microns]), A2
(y[0 to 0.75 mm; z[0 to 500 microns]), A3 (y[0 to 1.125 mm}; z[0 to 500 microns)), and A4 (y[0 to 1.5
mm]; z[0 to 500 microns]). Streptavidin inlet concentration = 20 nM = 2x%107° moles/m°. Time = 700
seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the
chevron structure was present. The theoretical maximum for the total amount of SA that can bind to the
surface vgas 7.48x10™"° moles. The theoretical maximum SA surface binding concentration was 3.99 x10°
moles/m”.

The amount of streptavidin binding to the surface was calculated as a function of distance

downstream (Figure 125). The amount of streptavidin bound to the surface was very
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similar for the straight microchannel and the reverse chevron in all areas. However, in

area 1, there was a small increase in the binding rate for the straight microchannel.
Further downstream (area 4), slightly more streptavidin bound in the chevron
microchannel. This suggested that if a larger region was interrogated experimentally, the
amount of bound streptavidin might have been significantly greater in the reverse

chevron microchannel versus straight microchannel.
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Figure 126. Change in reflectivity over time in three areas as a function of distance from the inlet for the
reverse chevron microchannel. Experimental results — SPR imaging. Area 1 was closest to the inlet. Each
area was 300 pixels in the y-dimension. Streptavidin inlet concentration = 40 nM. Re= 0.11. Pe=1480.
Q=50 nL/s.

Just as for the straight and chevron microchannels, the average change in reflectivity over
time was plotted as a function of time for three discrete areas downstream of the binding
surface (Figure 126). The results for the reverse chevron (herringbone) microchannel
indicated that the streptavidin binding profiles were extremely similar and showed little
to no variation in streptavidin binding down the length of the channel. Compared with the
straight and chevron microchannels (Figure 109 and Figure 110), in which there was a
delay in the binding profiles for the areas further downstream, the reverse chevron data
did not have this time delay, indicating the device geometry resulted in more efficient
surface binding of streptavidin to the surface than either the straight or the chevron

microchannel.

Please note that the volume of fluid upstream of the binding surface for the reverse

chevron was 369 nL (9 mm distance from the inlet to the binding surface) versus 346 nL
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(8.43 mm distance from the inlet to the binding surface) for the straight microchannel.

Therefore, the influence of dispersion and time for binding was not significantly
different, enabling a more accurate comparison of the chevron and the straight

microchannels.

Bulk concentration profile of streptavidin in the reverse chevron microchannel

t=350 seconds
Max: 2.016e-5

-5
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Min: 0

Figure 127. Concentration profile of streptavidin in the reverse chevron microchannel (moles/m®). Model
results. Streptavidin inlet concentration = 20 nM = 2x10”° moles/m’. Re= 0.01. Pe=135.1. Q=5 nL/s.

The bulk concentration for streptavidin (Figure 127) reflects the interconnection between

the fluid mechanics in the reverse chevron microchannel and the surface binding reaction.
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In the reverse chevron microchannel, the solution was swept from the midline of the

microchannel (z=250 microns) across the binding surface giving rise to a deeper
depletion zone at the sidewalls than observed for the forward chevron microchannel
(Figure 101). The solution was then passed up into and across the chevron microstructure
and towards the surface at the center of the microchannel (z=250 microns). The presence
of a reduced concentration in the reverse chevron microchannel within the chevron
microstructures and at the centerline is evidence of the rotation of the fluid. Over time
(Figure 127 time=1000 seconds), the surface became saturated and the depletion zone

was reduced in size.

Max: 2.158e-5
-5

x=60 microns
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Figure 128. Concentration profile of streptavidin in the channel (moles/m®) as a function of distance from
the binding surface (x-dimension) in the reverse chevron microchannel. Model results. Streptavidin inlet
concentration = 20 nM = 2x10”° moles/m’. Time=350 seconds. Re=0.01. Pe=135.1. Q=5 nL/s. The arrows
indicate the deepest portion of the channel where the chevron structure was present.

The concentration profile of streptavidin within the microchannel (Figure 128) as a
function of channel depth (x-dimension) was similar to that for the straight and forward
chevron microchannels in that it reflects the binding profile of streptavidin. The highest
streptavidin concentrations were located at the center of the microchannel (z=250
microns) and again in the narrow locations of the channel (where the black arrows are not
located). An interesting feature near the outlet of the channel was that at x=60 microns

and x=80 microns from the surface, the concentration of streptavidin was reduced at the
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midline of the channel (z=250 microns). This result suggests that at this point down

the length of the microchannel, the solution had passed over the binding surface (hence
depleting the solution of streptavidin) up the sidewalls, across the chevron, and toward

the center of the microchannel.

Influence of increased flow rate on the reverse chevron microchannel

Like for the forward chevron microchannel and the straight microchannel, an increase in
flow rate (Figure 129) (1) reduced the depletion depth in the microchannel and (2)
increased the amount of protein bound to the surface. However, the general binding
pattern remained unchanged (Figure 129B) with an increase in binding along the

centerline (y-dimension).

(B)

Max

Surface bound SA

Flow

Figure 129. Influence of increased flow rate in the reverse chevron microchannel. Model results. (A)
Concentration of streptavidin in the microchannel (moles/m®). The maximum concentration was 2.02 x10°
moles/m®. The minimum concentration was 0 moles/m>. (B) Binding profile of streptavidin to the
biotinylated surface (moles/m?). The streptavidin concentration introduced to the microchannel was 20 nM.
The maximum SA surface binding concentration was 3.99 x10® moles/m”. The minimum SA surface
binding concentration was 0 moles/m?. Time = 350 seconds. Re= 0.1. Pe=1351 Q=50nL/s. The arrows
indicate the deepest portion of the channel where the chevron structure was present. The theoretical
maximum SA surface binding concentration was 3.99 x10® moles/m”.
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8.6  Conclusions

Forward and reverse chevron microchannels give rise to unique streptavidin surface
binding profiles that reflect the fluid mechanics in the microchannel. The model results
give a clear understanding of the velocity components in the chevron microchannel. In
the forward chevron microchannel, there was an increase in the binding near the
sidewalls compared to a similar location in a straight microchannel. On the other hand, in
the reverse chevron, the pattern was the inversion of the forward chevron nﬁcrochanﬁel -
an increase in streptavidin binding along the midline of the channel and a reduction in
binding near the sidewalls. The SPR imaging experiments show strong agreement with
model results. The concentration profiles of streptavidin within the bulk solution of the
forward and reverse chevron microchannels (model results) also serve to illustrate that

there were two spiraling flows down the length of the microchannel.

Comparison of model results for the total amount of streptavidin binding over time for
the straight microchannel and forward chevron microchannel did not indicate that the
chevron mixer significantly increased the amount of streptavidin binding. This surprising
result may be a consequence of varied channel volume or the fact that the model
microchannel was not large enough (a computational limitation). However, experimental
evidence suggested that the amount of streptavidin bound at a given time point at
locations further downstream (y-dimension) for the forward chevron microchannel would
be higher than the amount of binding for the straight microchannel. Experiments also

suggested similar results for the reverse chevron microchannel.
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Conclusions

Microfluidic assays have several advantages over conventional assays, making this
technology suitable for POC diagnostics. These advantages include a reduction in sample
and reagent volumes, the potential to reduce the size of the instrumentation in order to
develop portable diagnostic equipment, and the potential to use affordable and disposable
polymeric devices. This dissertation focused on the design development of SPR-imaging
microfluidic assays to quantify nanomolar concentrations of small molecules (cortisol

and phenytoin) in saliva.

A critical component of an SPR-imaging assay is the immobilized capture molecule. One
method of patterning a capture molecule onto a gold surface — microcontact printing — is
extensively explored in Chapter 3 with SPR-imaging, XPS, and XPS-imaging. The
microcontact printed protein was relatively homogenous across the patterned surface, had
little to no non-specific binding, and retained enough of its structure to be recognized by
an antibody. However, the binding of an antibody to the patterned protein was not
uniform when compared to a traditional patterning method (physical adsorption). The

data also indicate that protein and silicone oligomers transferred to the patterned surface.

Microcontact printing also generated well-defined protein patterns inside of
microstructures by uniformly pressing a PDMS elastomer inked with a protein solution
into the structure (Chapter 4). The protein patterned with this method retained enough of
its structure to be recognized by an antibody, suggesting that this patterning method is

feasible for a microfluidic flow assay.

Computational models of several microfluidic assay formats were developed to achieve a
more thorough understanding of both the mass transport of the analyte within the
microchannel and the binding profile of the analyte to the immobilized capture molecule.
In Chapter 5, a standard microfluidic assay was modeled — streptavidin binding to biotin

immobilized to a gold surface. The model indicated that immediately above the binding
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surface, the solution was significantly depleted of streptavidin. This “depletion zone”

influenced the binding profile of streptavidin to the surface by significantly reducing the
amount of bound streptavidin downstream of the start of the binding surface. The model
results showed qualitative agreement with experiments. In future, this model will serve as
an efficient method to quickly explore a range of assay parameters (type of analyte,
concentration of analyte, flow rate, and device geometry) and assess their influence on

the performance of a microfluidic assay.

Computational models of two microfluidic flow immunoassays were developed - the
indirect immunoassay (Chapter 6) and the concentration gradient immunoassay (Chapter
7). In Chapter 6, two methods of analysis, end point analysis and rate analysis, were
explored as methods to quantify the concentration of a small molecule antigen in
solution. In Chapter 7, the model gave insight into the concentration profile of the species
within the microchannel. The model showed strong qualitative agreement with
experimental results and yielded insight into one method of quantifying the concentration
of a small molecule analyte. In future, this model will be used as a rapid method to

explore other CIGA assay formats.

A herringbone microchannel was incorporated in a microfluidic flow assay to assess its
influence on the performance of an assay (Chapter 8). The model results indicated that
the chevron microchannel geometry substantially altered the surface binding profile of
streptavidin. These results showed strong qualitative agreement with experimental
results. The model indicated that the herringbone microchannel did not increase the rate
of binding of streptavidin to the surface. However, experimental results for the
herringbone microchannel operated in forward and reverse mode indicated that for
microchannel distances greater than the modeled microchannel geometry there was a

modest increase in the rate of binding.
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Appendix A: Governing equations and boundary conditions
used in the COMSOL® models

Detailed below are the governing equations and boundary conditions for the equations
solved in COMSOL®. Each model solved the Poisson and Navier-Stokes equations (A.1-
A.2). The models for the indirect immunoassay and the streptavidin-biotin assay solved
the convection-diffusion equations described in A.3. The description in A.3. details a 3D
model even though the indirect immunoassay model was completed in 2D due to
computational constraints. Simply enter a parabolic velocity profile in the 2D model and
do not solve the Navier-Stokes equation. The concentration gradient immunoassay model
solved the convection-diffusion equations described in A.4. The streptavidin-biotin
model was less complex than the indirect immunoassay in that there was no reaction term
in the convection-diffusion equation. In the binding reaction, substitute streptavidin for
the antibody. Input the appropriate reaction and transport parameters but neglect the
reaction term when you attempt to solve this model. To incorporate bivalency in any of
the models, incorporate additional species in the convection-diffusion mode and the weak
boundary mode. Include other reaction terms in the bulk of the solution and the surface
reaction. All parameters were entered using SI units. All of the equations were derived

52, 53

from general chemical engineering texts and an example model described in the

COMSOL® manual®? as well as discussions with Prof. Bruce Finlayson.



Table 20. List of variables in the COMSOL model.
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Variable Description
kon (m3mo'les'1s s'l) binding rate of an antibody and antigen molecules in solution
k(s dissociation rate of an antibody and antigen molecules in solution

k45 (m°moles” s7)

binding rate of an antibody molecule from solution to the surface

kdes(s -1)

dissociation rate of a an antibody molecule bound to the surface

@ (moles/m?) the available binding sites per unit area

6 (moles/m?>) total number of initial binding sites per unit area

p(kgm” s7) pressure

Xs (m) characteristic length (typically defined as the smallest dimension of
the channel)

U (ms™) characteristic velocity (typically defined as the average velocity in
the microchannel)

yp (ms™) inlet velocity

ts (s) characteristic time scale

p (kg m”) density

ukgm's) viscosity

¢, (moles m™)

surface concentration of bound antibody

cap (moles m™)

concentration of antibody in solution

C4, (moles m™)

concentration of analyte in solution

Cag.ap (MoOles m~)

concentration of antibody-analyte (complex) in solution

D (m*s™h)

diffusion coefficient

A.1 Poisson Equation
Solves the pseudo-3d velocity and is mapped to the inlet of 3d geometries (up).

~Veo(Vu)= {g_ij/lu Equation 15

A.2 Navier-Stokes equation

Navier-Stokes equation*

Reynolds number

p%l:—+puovu =—Vp+,uV2u Equation 16
Re = 24 Equation 17
M

* At this size scale, gravitational effects are negligible and the gravity term drops out of
the Navier-Stokes equation.



Table 21. Boundary conditions for the Navier-Stokes equation.

Wall Slip plane Inlet Outlet
u=0; neu=90; u=uo, Normal outflow;
v=0, w=0;
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A.3 Governing equations and boundary conditions for the indirect immunoassay

and the streptavidin-biotin assay

Table 22. Initial conditions for the convection-diffusion mode.

=0 Cao=X * Cavro=Y ¥

CANT—AEO=Z*

*where X and Y and Z are determined by the equilibrium concentration of antibody,

antigen, and antibody-antigen (Table 7 and Table 8) solved in 2-dimensions when they

were allowed to react under no flow for 15 minutes (concentration distribution of the

species was found to be the same for a 15 minute transient solution as the steady-state

solution.)

** for the streptavidin-biotin model cga0=0.

Reaction between antibody and analyte in solution
Ken

Cab+ Cag & Cav- 4
Kott

Equation 18

Convection-diffusion equations for each species in solution

dc
d +Ve ("'DVCAI: +CAbu) = KogCag - ab — KonCasCae
t

dc
dAg +Ve (—DVcAg +cAgu) = koyCag - a6 — KonCavCag
t
dcass -
Z L +Ve ('—DVCAg - ab TCag - Abu> = KonCasCag — KogCag - 4
t
Peclet number for each species
Xslks Equation 22
Pew = q
Ab
Xslds Equation 23
PeAg = q

Ag

Xl Equation 24

PeAg—Ab=

Ag ~ Ab

Equation 19

Equation 20

Equation 21
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Table 23. Boundary conditions for the antibody and analyte for the convection-diffusion equation.

Antibody Analyte
Wall/Plane of | ne (—=DVcu.+c.tt) =0 ne(—DVc, +c.u)=0
symmetry
Binding ne(—DVcs+cst) = No; ne(—DVcu+catt)=0
surface No=—kasCar(Bo — Cs) + KaesCs
Outlet ne(—D.Vc.)=0 ne(—-D,Vcy)=0

Table 24. Boundary conditions for the antibody-analyte complex for the convection-diffusion equation.

Antibody-Analyte
complex
Wall/Plane of | ne(=DVcy-u+ca-tt) =0
symmetry
Blndmg ne(—DVcu - m+Ca-att) =0
surface
Outlet ne(—Diy_uwVeu-)=0

Surface binding reaction

ciar+ 6 gds Cs Equation 25
Kkdes
dc: = kadsCAb(go - Cs) — KdesCs Equation 26

dt



A.4.Governing equations and boundary conditions for the concentration

gradient immunoassay

Table 25. List of variables for the CGIA model.
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Variable

Description

¢, (moles m™)

surface concentration of bound antibody

cap (moles m™)

concentration of antibody in solution

Ca, (moles m™)

concentration of analyte in solution

Cag.ap (mMoOles m>)

concentration of antibody-analyte (complex) in solution

Capo (moles m™)

initial concentration of antibody in solution

Cag0 (moles m”~)

initial concentration of analyte in solution

CAg-AbO (moles m'3)

initial concentration of antibody-analyte (complex) in solution

¢s0 (moles m'z)

initial surface concentration of bound antibody

3
Cag 22 mm(moles m™)

concentration of antigen 22 mm downstream of inlet solved for at
the end of the pseudo-3d model

=3
Cab_22 mm (moles m™)

concentration of analyte 22 mm downstream of inlet solved for at
the end of the pseudo-3d model

3
CAg-Ab_22 mm (moles m™)

concentration of antibody-analyte complex 22 mm downstream of
inlet solved for at the end of the pseudo-3d model

kags (m’moles™s™)

binding rate of an antibody from solution to the surface

kdes(s-l)

dissociation rate of an antibody bound to the surface

6 (moles m™)

available antibody binding sites per unit area

0, (moles m™)

total number of initial antibody binding sites per unit area

p(kgm' s7) pressure

X (m) characteristic length (the depth of channel)

u(ms?’) velocity in x-dimension

us (ms™) characteristic velocity (average velocity)

u (ms™) parabolic inlet velocity for 3d model solved in pseudo-3d mode
v(ms") velocity in y-dimension

W(ms™) velocity in z-dimension

p (kg m>) density

nkgm's?) viscosity

D (m”s™) diffusion coefficient

Table 26. Initial conditions for the pseudo-3d convection-diffusion mode in the CGIA model.

Cwo=X *

CAg():Y* CAg—Abo=0

*where X and Y are arbitrary concentrations.

kon
& Cav - ¢
koff

Cab + CAg

Equation 27

Convection-diffusion equations for each species in solution

dcas
dt

+Ve (—DVCAI; +cAbu) = kopCag - a6 — KonCasCag

Equation 28



( D CAE Agu) - kﬂﬁCAg Ab T konCAb(:Ag n

Equation 30
+V [} (_DVCAg - Ab +CAg‘-— Abu) = k‘mCAbCAg — kDﬂ'CAg N quation

Peclet number for each species

Xolds Equation 31
P Cab = q
Ab
Xl Equation 32
P eAg = q
Ag
Xl Equation 33
P Cag - Ab =
Ag - Ab

Table 27. Boundary conditions for the pseudo-3D mode in the CGIA model.

Wall/Plane of symmetry
Antibody ne(—DVcuw+cutt) =0
Analyte ne(—DVc.+csut) =0

Antibody-Analyte complex ne(—DVc, - w+cu-utt)=0

Table 28. Initial conditions for the convection-diffusion and surface binding modes in the 3D CGIA model.

Cawo=0 Cago = 0 Cag - Ab0 = 0 =0
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Table 29. Boundary conditions for the analyte and antibody for convection-diffusion and surface
binding modes in the 3D model.

Antibody Analyte
Wall/ ne(—DVce+cutt) =0 ne(—-DVc.+cut) =0
Slip plane
Inlet** Cav = Cab22mm Cag = Cag2amm
Outlet ne (_DAbVCAb) =0 ne ("'DAgVCAg) =0
Binding ne(—DVcuw+cutt) = No ne(—DVcus+cut) =0
Surface

No= —kad:CAb(eo - ¢s) + ki

**The inlet concentration profile is the solution to the pseudo-3d model after traveling 22
mm downstream of the inlet.

Table 30. Boundary conditions for the analyte-antibody complex for the convection-diuffusion and surface
binding modes in the 3D model.

Antibody-Analyte complex
Wall/ RO (—DVCy -+ Ca-utt) =0
Slip plane
Inlet** Cag - b = Cag - Ab22mm
Outlet ne(—D. . uVcu-»)=0
Binding Surface ne(—DVcy -mw+Cu-att) =0

**The inlet concentration profile is the solution to the pseudo-3d model after traveling 22
mm downstream of the inlet.

Surface binding

reaction

There is no surface binding reaction for the pseudo-3d model. The surface reaction is

relevant only for the 3d model.
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ca+ 6 gds Cs Equation 1
Kdes
Cillcl:s = kadsCAb(@O - Cs) - kdesCs Equaﬁonz

A.5 Conservation of mass calculations
An essential step in verifying the accuracy of a computational model is to determine

whether mass is conserved. This is particularly important in models in which one surface
(the binding surface) depletes mass from solution. Listed below are two methods of
verifying that mass is conserved in the standard immunoassay models. The first method
was described by Professor Bruce Finlayson in a meeting. The second was pursued by
Afshin Moshadi-Hossein.

Method 1

A mass balance must be completed to determine that the amount of material that enters
the device is equivalent to what binds to the surface and what flow out of the device.
Below are listed the boundary conditions for the different regions of the device. Using
these boundary conditions as well as the governing equations, it can be determined if

mass 1s conserved.

Convection-diffusion equation for molecules in solution
oc

= +Vo(~DVc+cu)=0 Equation 3
Integrate over the entire volume of the microchannel:
%dV + [Vo(~DVc+cu)dv=0 Equation 4
Rearrange the equation:
% Vj cdV + Vj Ve(-DVe +cu)dV=0 Bquation 5

Apply the divergence theorem to the second term:
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4 J.cd V+ I(—Dn-Vc +uenc)dS=0 Equation 6
dt; K

Specify each of the surfaces (Note: the dot products of the conditions at the walls and
plane of symmetry with the gradient equals zero. Therefore, those terms drop out of the

equation.)

—chV+ I (-DneVc)ds + I uency)ds j(u-ncuu,)dSzo Equation 7

Spatch Sinlet Soutiet

Next, the equations governing the binding reaction at the surface is manipulated.

Surface reaction differential equation

dc;
7 = kuC(Bo — ¢;) — kalc, Equation 8

Integrate over the entire surface

j —dS_ j (kuc(@s - ¢) — kawbc))dS Equation 9

Spatch Spateh

Because c; is not defined elsewhere and ¢ becomes ¢, upon binding to the surface and the
velocity (u) at the surface is zero:

ocs
I(—Dn-Vc)dV = ,[ a_ctdS Equation 10

14 Spatch

Therefore, for mass to be conserved:

—jch+ [ (-Dnevc)ds + [ (wnco)ds | (uenc.)ds=0 Equation 11

Spatch Sintet Soutlet

The value of % chV must be calculated from data points within the model to account

for depletion of ¢ from the solution as it binds to the binding patch surface. To do this, the
amount of analyte in the bulk of the device (integrated over the entire device) must be

plotted as a function of time. The slope must be taken to find g— J'cd ¥ . To find the other
t 14
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values, use COMSOL® to calculate the flux through each surface for a given time

point. If mass is conserved, these mathematical relationships should hold.

Method 2

The second method eliminates the need to determine the slope to find the value of

_d_J' cdv - The amount of mass that flows out of the device can be computed over time by
dty

introducing a weak boundary form modes at the inlet and the outlet. By integrating a
weak boundary form mode at these surfaces, calculating the amount that has entered and
flowed out of the device as well as bound to the surface simply requires integration over

the surface.



Appendix B: Protocols to solve the COMSOL® models

The following section serves as a practical guide for completing COMSOL® models
of the indirect immunoassay in three-dimensions and the standard flow assay
(streptavidin-biotin) as well as the concentration gradient immunoassay. Several
bugs were discovered in the COMSOL® software while developing these models.
The purpose of this section is to explain the exact order of operations to generate a
working model so that in future these errors are avoided. If an input is not described
in this protocol, it indicates that the default value is appropriate. Appendix A

describes the equations and boundary conditions solved in further detail.

B.1 Indirect immunoassay in three-dimensions or the streptavidin-biotin assay

This protocol can be applied to the streptavidin-biotin system if you do not enter
reaction terms and do not include c2 and c3. Streptavidin would be represented by
c1 and cs would represent surface bound streptavidin.

1) Draw:

A) The geometry of the microchannel in three dimensions. If there is a plane

of symmetry incorporate it in the model to reduce the computation required.

Also, integrate lines in the geometry to denote the binding surface.

B) The geometry of the inlet in two dimensions.

2) Open four modes within COMSOL®:

Three-dimensional modes (**for the indirect immunoassay you could reduce
the memory usage by completing it in 2D which is what is presented
in Chapter 6. To detail a more complicated model which would be
more useful for future users, the 3D model is detailed here.)

A) Transient Convection Diffusion (variable ¢! (antibody or streptavidin), c2

(antigen), c¢3 (antibody-antigen))

B) Steady state incompressible Navier-Stokes (variables u, v, w velocities in

the x, y, and z dimensions)

256
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C) Weak Boundary Mode [variable c¢s (surface bound antibody or

streptavidin)]

Two-dimensional mode

D) Poisson Equation (variable u2 (inlet parabolic velocity profile))

3) Enter the following constants

Table 31. List of variables in the COMSOL model.

¢l (moles m™)

¢2 (moles m”™)

¢3 (moles m™)

DI (m’s™)

D2 (m’s™)

D3 (m’s™)

ko4 (m’moles™s™)

kdes(s-l)

@ (moles/m?)

8, (moles/m?)

p (kg m”)

pkgm” s

4) Enter the following boundary expression for the three-dimensional geometry

Table 32. Boundary expression for the surface binding reaction.

| react_surf

l Kaas *c(Bp - €5)- Kges *Cs

5) Input the boundary conditions and subdomain parameters for the Poisson

equation.

Table 33. Boundary conditions for the Poisson equation.

Walls

Dirichlet (no slip condition)

Plane of symmetry

Neumann (slip condition)

Table 34. Subdomain parameters for the Poisson mode.

C

12

f

1/(depth of channel)”

6) Input the boundary conditions, initial conditions and subdomain parameters for

the convection-diffusion equation.
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Table 35. Boundary conditions for the convection-diffusion mode.

Inlet Concentration = ¢, ¢, €3
Outlet Convective flux

Wall Insulation symmetry
Binding surface Flux = -react_surf

Plane of symmetry Insulation symmetry

Table 36. Subdomain parameters for the convection-diffusion mode.

D D1, D2, D3

u u

A% v

w w

R” (cl) koff*c3- kon*c1*c2
R™ (c2) koff*c3- kon*cl*c2
R” (c3) kon*cl*c2 — koff*c3

** for the streptavidin-biotin assay there is no R term in the convection-
diffusion mode.

Table 37. Initial conditions for the convection-diffusion mode.

[cl,c2,c3 | 0 |

7) Input the boundary conditions and subdomain parameters for the steady-state
Navier-Stokes mode.

Table 38. Subdomain parameters for the Navier-Stokes mode.

p p
N B

Table 39. Boundary conditions for the Navier-Stokes mode.

Inlet u0=0; vO=u_map; w0=0
Outlet Normal outflow; w0=0
Wall No slip

Binding surface No slip

Plane of symmetry Slip/symmetry

** Depending on the geometry, either u, v, or w may be non-zero. It is important to
remember that in COMSOL® u represents velocity in the X direction, v represents
velocity in the y direction, and w represents velocity in the z direction. Therefore,

the parameters listed must be consistent with the geometry.

8) Input the parameters for the weak boundary form.



Ensure that only the binding surface is activated.

Table 40. Weak boundary mode.

weak

¢s_test*react_surf

dweak

cs_test*cs_time

9) Mesh the two-dimensional geometry.

10) Mesh the three dimensional geometry to solve the steady-state Navier-Stokes

equation. This mesh should be relatively uniform throughout the entire
channel with a slight bias in the smallest dimension of the channel to ensure

that enough nodes exist to get a smooth solution for the velocity profile.

11) Click “Get initial value” for the two dimensional and three dimensional models.

12) Solve the Poisson mode with the linear solver which calculates the two

dimensional fully developed parabolic flow profile.

13) Map the Poisson velocity profile to 3D system

NOTE: BEFORE this step
1) Mesh the three-dimensional geometry to solve the Navier-Stokes
equation.
2) Highlight the appropriate solver (Nonlinear, General)
3) Input all the parameters to solve the Navier-Stokes equation.
4) Highlight “Current solution” and “Navier-Stokes” in the solver
manager.
A) In the two-dimensional geometry:
i) Click “Options” = “Extrusion coupling variables” = “Subdomain
variables.”
ii) Name the mapping variable and variable in two-dimensions it
refers to (i.e.,, u_map - u2).
iil) Map the variable (u2) to the inlet of three-dimensional
microchannel.
iv) Select “Update model.”
v) To verify that the variable (u2) has been mapped to the inlet of the

device: Click “Post—processing” = “Domain plot parameters”
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-> “Surface” - select the Inlet = type in “u_map” > click zx
plane** (The particular plane depends on the way the
geometry was drawn.)

14) Solve the steady-state Navier-Stokes equation with the nonlinear solver ensuring
that “Current solution” is selected.

15) Click “Store solution” in the solver manager.

16) Remesh the three-dimensional geometry such that you bias it toward the surface.
If the relatively uniform mesh is used to solve the Navier-Stokes equation,
the model is not likely to converge.

17) Solve the convection-diffusion and weak boundary modes together selecting the

“Stored solution” and the time dependent solver.

B.2 Concentration Gradient Immunoassay

The major differences between this model and the previous model are:

1) The binding patch is a significant distance from the inlet of the geometry during
which the antibody and antigen fluid streams mix. Given the large distance
(~22 mm) downstream of the inlet that the antibody binding patch is situated
and the computational limits of the computer, the microchannel upstream of
the binding patch could not be incorporated into the three-dimensional
model. Therefore, another mode (the pseudo three-dimensional mode) is
required to describe the entire immunoassay.

2) Due to computational memory constraints, the entire width of the microchannel
could not be modeled. Therefore, the central 1.6 mm of a 3 mm wide channel
was simulated and slip boundary conditions were applied to two walls of the
geometry.

3) The antibody and antigen are not mixed before the introduction to the device.

4) The antibody and antigen are introduced in separate streams.

1) Draw:
A) The geometry of the microchannel in three dimensions. Also,

integrate two lines in the geometry to denote the binding surface.
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B) The geometry of the inlet in two dimensions. Divide the inlet in
half with a line segment.
2) Open five modes within COMSOL®:

Three-dimensional modes

A) Transient Convection Diffusion (variable cl, c2, ¢3 where cl represents
the antibody (or streptavidin), c¢2 represents the antigen, and c3
represents the antibody-antigen complex)

B) Steady state incompressible Navier-Stokes (variables u, v, w velocity in
the x, y, and z dimensions)

C) Weak Boundary Mode (variable cs (surface bound antibody))

Two-dimensional modes

D) Poisson Equation (variable 2 parabolic velocity profile)

E) Pseudo-3d convection-diffusion (variables ¢4, ¢35, c6 where c4 represents
the antibody, ¢5 represents the antigen, and c6 represents the
antibody-antigen complex)

3) Enter the following constants (values used for the constants are located in the

Materials and Methods in Chapter 7.)

Table 41. List of variables for the CGIA model.

DI (m’s”) (antibody)

D2 (m’s”) (antigen)

D3 (m°s’) (antibody-antigen complex
Cao(moles m™) (antibody initial concentration)
Cso (moles m™) (antigen initial concentration)
kads (S.l)

Kjes(m’s 'moles )

ko (5

k. (m’s 'moles ™)

@ (moles m™)

6 (moles m™)

p (kg m™)

pu(kgm”s™

4) Enter the following boundary expression for the three-dimensional geometry
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Table 42. Boundary expression for the surface binding reaction.

[ react_surf

| kﬂdS *C1(60 - CS)' kdes *CS

5) Input the boundary conditions and subdomain parameters for the Poisson

equation.

Table 43. Boundary conditions for the Poisson mode.

Walls

Dirichlet (no slip condition)

Plane of symmetry

Neumann (slip condition)

Table 44. Subdomain parameters for the Poisson mode.

C

12

f

1/(depth of the microchannel)”

6) Input the boundary conditions, initial conditions and subdomain parameters for

the pseudo-3d convection-diffusion mode.

Table 45. Subdomain parameters for the pseudo-3D convection-diffusion mode.

D" (cl) D1

D:: (c2) D2

D" (c3) D3

R (cl) koff*c3- kon*c1*c2
R” (c2) koff*c3- kon*c1%c2
R” (c3) kon*c1*c2 — koff*c3
u u

\% A%

w w

** Note: There are three boundary conditions for each species (cl, c¢2, and c3).

Table 46. Initial conditions for the pseudo-3D convection-diffusion mode.

Left half of Right half
the channel of the
channel
c40 0 c40
c50 c50 0
c60 0 0
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Table 47. Boundary conditions for the pseudo-3D convection diffusion mode

Walls Insulation symmetry
Plane of symmetry Insulation symmetry
** Note: There are three boundary conditions for each species (cl1, ¢2, and ¢3) and

the mapped concentrations are from the pseudo-3d model.

7) Input the boundary conditions, initial conditions and subdomain parameters for

the convection-diffusion equation.

Table 48. Subdomain parameters for the 3D convection-diffusion mode.

Subdomain Parameters

D™ (c4) D1

D" (c5) D2

D" (c6) D3

R (c4) koff*c6- kon*cd*c5
R™ (c5) koff*c6- kon*cd*c5
R” (c6) kon*c1*c2 — koff*c3
u u?2

** Note: There are three subdomain parameters for each species (c4, c5, and c6)

Table 49. Initial conditions for the 3D convection-diffusion mode.

cl0 0
c20 0
c30 0

Table 50. Boundary conditions for the 3D convection diffusion mode

Inlet (c1)™ Concentration = c4map
Inlet (c2) Concentration = cSmap
Inlet (c3) Concentration = cémap
Outlet Convective flux

Wall Insulation symmetry
Binding surface Flux = -react_surf
Plane of symmetry Insulation symmetry

** Note: There are three boundary conditions for each species (cl, ¢2, and ¢3) and

the mapped concentrations are from the pseudo-3d model.

8) Input the boundary conditions and subdomain parameters for the steady-state

Navier-Stokes mode.
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Table 51. Subdomain parameters for the 3D Navier-Stokes mode.

P p
B N

Table 52. Boundary conditions for the 3D Navier-Stokes mode.

Inlet ** u0=0; vO=u_map; w0=0
Outlet Outflow/pressure p0=0
Wall No slip

Binding surface No slip

Plane of symmetry Slip/symmetry

** Depending on the geometry, either u, v, or w may be non-zero. It is important to
remember that in COMSOL® u represents velocity in the x direction, v represents
velocity in the y direction, and w represents velocity in the z direction. Therefore,

the parameters listed must be consistent with the geometry.

9) Input the parameters for the weak boundary form.

Ensure that only the binding surface is activated.

Table 53. Weak boundary mode.

weak cs_test*react_surf
dweak cs_test*cs_time

10) Mesh the two-dimensional geometry. To achieve the best results, it is important
to bias the mesh at the interface between the two streams.

11) Mesh the three dimensional geometry to solve the steady-state Navier-Stokes
equation. This mesh should be relatively uniform throughout the entire
channel with a slight bias in the smallest dimension of the channel to ensure
that enough nodes exist to get a smooth solution for the velocity profile.

12) Click “Get initial value” for the two dimensional and three dimensional models.

13) Solve the Poisson mode with the linear solver which calculates the two-
dimensional fully developed parabolic flow profile.

14) Solve the transient pseudo-3d convection-diffusion equation. The length of time
required to solve the mode can be calculated using the average velocity rate

and the distance traveled to the binding surface from the inlet.



15) Map the velocity profile and the concentration profiles of the antibody (c4),
antigen (c5), and antibody-antigen complex (c6) to the three-dimensional
model geometry.

NOTE: BEFORE this step

1) Mesh the three-dimensional geometry to solve the Navier-Stokes
equation.

2) Highlight the appropriate solver (Nonlinear, General).

3) Input all the parameters to solve the Navier-Stokes equation.

4) Highlight “Current solution” and “Navier-Stokes” in the solver
manager.

A) In the two-dimensional geometry

i) Click “Options” - “Extrusion coupling variables” = “Subdomain
variables.”

ii) Name the mapping variable and variable in two-dimensions it
refers to (i.e.,, u_map > u2, c4dmap > c4, cSmap => c5, and
c6bmap -2 c6).

iii) Map the variables u2, c4, c5, and c6 to the inlet of
the three-dimensional microchannel.

iv) Select “Update model.”

v) To verify that the variable (u2, c4, c5, or c6) has been mapped to
the inlet of the device: Click “Post—processing” > “Domain
plot parameters” > “Surface” = select the Inlet = type in
“u_map” or “c4_map” or “c5_map” or “c6_map” => click zx
plane** (The particular plane depends on the way the
geometry was drawn.)

16) Solve the steady-state Navier-Stokes equation with the nonlinear solver ensuring
that “Current solution” is selected.

17) Click “Store solution” in the solver manager.
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18) Remesh the three-dimensional geometry such that you bias it toward the surface.

If the relatively uniform mesh used to solve the Navier-Stokes equation, the
model is not likely to converge.
19) Solve the convection-diffusion and weak boundary modes together selecting the

“stored solution” and the time dependent solver.
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Appendix C: Surface plasmon resonance microscopy

Dr. Elain Fu developed the following image correction methods for surface plasmon

resonance microscopy used in this dissertation.

C.1 Spatial and background signal processing

In any imaging system, there are spatial variations in the amount of light that reaches a
particular location of the detector. Many of these differences arise from aberrations in the
optical elements, blemishes on the optics, and spatial variations in the light source. In
SPR, only the transverse magnetic (TM) component of light excites plasmons and thus
generates the image. The transverse electric (TE) component of light does not excite
plasmons on the gold surface. Because the TE image is subject to the same spatial
variations in incident light as the TM image, it can serve as the reference image. TE
normalization can be accomplished by dividing the TM image by the TE image, pixel by
pixel. In addition, correction of the background signal due to stray light and the dark
signal of the detector must be accomplished. A ‘dark’ image in which the source light is
blocked from passage to the detector (a piece of black felt is placed between the polarizer
and the bandpass filter) is recorded. The dark image is subtracted pixel by pixel from the
TM and TE images. These processing steps are described by the equation below.
TM, s = [TM,—Dark,] Equation 45
TE; - Dark;
where TM;; denotes pixel i,j in the TM image, TE;; denotes pixel i,j in the TE image, and

Dark;; denotes pixel i,j in the ‘dark’ image.

The wavelength tuning method utilized by the SPRM used in this dissertation requires
another image correction step. In this SPRM, the wavelength of light is altered by
rotating a bandpass filter about an axis perpendicular to the axis of light propagation. It
has been shown that as the filter is rotated, the ratio of TM to TE light increases from an
expected value of 1 at normal incidence to ~5 at a filter angle of 40 degrees (Figure 130).

To correct for the polarization dependent transmission of the filter, a correction factor
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that is dependent on the angle between the collimated light and the filter face must be

added to Equation 46.

P TM i pmrrem'on )
TMIJ final {_] TM!] processed Equatlon 46

TE i ¢ correction

where TWﬁnal i,; 18 the final processed image, TM’...... 1S the intensity value of the TM

correction image, TE wwm is the intensity value of the TM correction image, and

™ processed i,j 18 the TE and background corrected image. The 6 indicates that each image

must be corrected with the TM and TE correction files of the appropriate filter angle.

49 GCorraction Curve

4t4 f
3.9 #

% 34 ﬁ

=

29
g 24
“19

1.4

0.9 y '

a 10 20 30 40
angle {deg.)
. . . TM i ¢ correction
Figure 130. The correction factor shown above is the value of —————— for a 905 nm bandpass filter as

ij correction

it is tilted off-normal.'* Image is reproduced from the cited reference.

C.2 Temporal signal processing

The light intensity from the quartz halogen light source of the SPRM varies over time.
The temperature of the substrate may also change during the time course of the
experiment. Each of these contributes to temporal variations in the signal. To reduce this
noise, Dr. Elain Fu and Dr. Tim Chinowsky have determined that a reference region — a

portion of the image in which the refractive index does not change over time such as the
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regions outside of the microchannel (i.e., the adhesive region for mylar devices or the

PDMS areas for PDMS devices) — can be used to correct for these varjations.'? Average
intensity values for the reference regions as well as the regions of interest (i.e., an antigen
or antibody binding region) are calculated over the time course of the experiment. The
initial average intensity value in the reference region corrects for the temporal variations

in the signal with the following equation.

™ 0  — ™ esamplet" ?]W_é—to Equation 47

n
sample _corrected 9 reference
™ n

reference

where TM° " is the corrected average intensity value for the sample region of

sample _ corrected

interest, TM° “ ig the average intensity value for a reference region outside of the

reference

tn
sample

microchannel at time zero, TM° is the average intensity value for a sample region

at a later time point “n”, TM° ' is the average intensity value for a reference region

reference

outside of the microchannel at a later time point “z,”.

It is important to note this correction method is most effective when the reference region
is located near the region of interest in the microchannel. This suggests that spatial and

temporal variations are not entirely independent.

C.3 Calibration

To convert changes in reflectivity to changes in refractive index or changes in the
percentage surface coverage, the SPRM must be calibrated. A five channel microfluidic
device was placed onto a bare gold substrate. The buffer solution used during the
experiment was introduced to one channel. Sodium chloride solutions of a variety of
refractive indexes (typically ranging up to 0.01 refractive index units greater than the
buffer solution) are introduced to the other four channels. A refractometer measures the
refractive index of each solution. SPR images are taken at the appropriate imaging

conditions. The images are processed as described in C.1 and the average intensity value
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for each of the solution is calculated. From these measurements, a calibration curve

relating the change in the refractive index to the change in reflectivity can be generated.

C.4 Calculation of change in reflectivity

To calculate the percent change in reflectivity of a region on a substrate, two SPRM
images must be collected under the same imaging conditions and with the same bulk
solution in the microchannel. Each image may be processed as described in C.1 or the
images maybe be processed for spatial and temporal noise as described in C.1 and C.2.
The processed images are subtracted, pixel by pixel yielding a difference image. Using
Labview software developed by Dr. Elain Fu, a region of interest can be selected and the
average change in intensity and the standard deviation are calculated. The regions of
interest used in this dissertation were typically on the order of ~20 pixels x ~20 pixels.
The average intensity values in the regions are calculated and subtracted from each other

yielding the change in reflectivity in that region of the SPRM image.

C.5 Image foreshortening

The geometry of the SPRM foreshortens the images in one direction. Below is a
trigonometric description of this effect courtesy of Dr. Elain Fu. Lengths in the x
dimension are reduced by a factor of cos o0 where o is the angle of incidence equaling
64.8° in this SPRM. To accurately present the dimensions of an image, scale crosses — not
scale bars — are used. Equations 1 and 2 are calculated from the yellow triangle. Equation

3 is the trigonometric relation for the red triangle.
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Figure 131. Diagram of the geometric constraints which result in image foreshortening. (A) Cartoon of the
entire prism. (B) Cross-sectional view of the prism indicating geometric relationships.



272

| o

(1) sinot=

|~ | =

(2) cosa =

|

3) sina =

N T Y

[\®]

Combining equations (2) and (3) yields

4) sinacosa= AJ
H

Combining equations (1) and (4) yields
(5) Dcosax=A
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Appendix D: Non-specific adsorption of proteins to HS-PEG
and bare gold surfaces

The following SPRM data give insight into the typical amounts of non-specific
adsorption of bovine serum albumin (0.2 mg/mL) to two types of surfaces — a bare gold
surface and HS-PEG monolayer on gold. Solutions of BSA were incubated in the
microchannels for 20 minutes and then rinsed with PBS. The HS-PEG monolayer
significantly reduced the non-specific adsorption. Each set of curves represents a region
of interest on the substrate that was monitored. The data underwent TE and temporal

correction (in Appendix C.1 and C.2 see Equation 45 and Equation 47).

SPR curve on bare gold with buffer background
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Figure 132. SPR curve as a function of the tilt of the interference filter on a bare gold surface with buffer
background.
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SPR curve for bare gold after BSA incubation
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Figure 133. SPR curve as a function of the tilt of the interference filter on a bare gold surface with buffer
background after incubation with BSA.
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Figure 134. Change in SPR reflectivity as a function of the tilt of the interference filter on a bare gold
surface with buffer background after incubation with BSA The curves from Figure 132 and Figure 133
were subtracted.
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SPR curve for HS-PEG with buffer background
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Figure 135. SPR curve as a function of the tilt of the interference filter on a HS-PEG gold surface with
buffer background.
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Figure 136. Change in SPR reflectivity as a function of the tilt of the interference filter on a HS-PEG gold
surface after incubation with BSA.
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Appendix E: List of manuscripts and proceedings

E.1 List of published articles and proceedings

Articles

1) Fu, E., Foley, J., and Yager, P. (2003). “Wavelength-tunable surface plasmon
resonance microscbpe.” Review of Scientific Instruments. 74: 3182.

2) Fu, E., Chinowsky, T., Foley, J., Weinstein, J. and Yager, P. (2004).
“Characterization of a wavelength -tunable surface plasmon resonance
microscope.” Review of Scientific Instruments. 75: 2300.

3) Foley, J., Schmid, H., Stutz, R., and E. Delamarche. “Microcontact printing of
proteins inside microstructures.” Langmuir. 21:11296.

4) Foley, J., Nelson, K., Mashadi-Hossein, A., Finlayson, B., and P. Yager.
“Concentration Gradient Immunoassay (CGIA) II. Computational Modeling for
Analysis and Optimization.” Analytical Chemistry. (in press).

5) Nelson, K., Foley, J. and P. Yager. “The Competition Gradient Immunoassay

(CGIA): A Rapid Competitive Immunoassay Based on Interdiffusion and Surface

Binding in a Microchannel.” Analytical Chemistry. (in press).

Conference Proceedings

1)

2)

3)

4)

5)

Foley, J., Fu, E., and P. Yager. “T-sensor generated refractive index gradients:
calibration of a SPR microscope.” Microtas 2003 Proceedings, Oct 5-9, 2003.
Foley, J., Finlayson, B., and P. Yager. “Spatial and temporal variations in antigen
binding to immobilized antibodies for determining diffusion coefficients.” Chips
to Hits Conference. September 20-23, 2004. Boston, MA.

Foley, J., Schmid, H., Stutz, R. and E. Delamarche. “Engineering microfluidic
chips with integrated binding sites for ultraminiaturized immunoassays.” Microtas
2005 Proceedings, Oct 9-12, 2005.

Fu, E., Foley, J., Chen, J., Wiley, B., Xia, Y., and P. Yager. “Wavelength-
dependent signal amplification of fold nanocage tags for surface plasmon
resonance imaging.” Microtas 2005 Proceedings, Oct. 9-12, 2005.

Nelson, K., Foley, J., Mashadi-Hossein, A., and P. Yager. “Simultaneous,
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multiple analyte immunoassays on a disposable microfluidic device.”

Microtas 2005 Proceedings, Oct. 9-12, 2005.

E.2 List of planned manuscripts

1. A manuscript or chapter entitled “Insights into the design of microfluidic
immunoassays: Experiment and computational model of an indirect
standard flow immunoassay” will be submitted. This manuscript will
include work from Chapter 6.

2. A manuscript entitled “Surface characterization of microcontact printed
proteins on gold surfaces” will be submitted. This manuscript will include
work from Chapter 3.

3. A manuscript entitled “Influence of a chaotic microfluidic mixer on analyte
binding in flow immunoassays” will be submitted. This manuscript will

include work from Chapter 8.
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Appendix F: Surface binding profile in chevron
microchannels with different chevron depths.

The chevron depth (k4 in Figure 88) in the experimental system (56 microns) is different
than the chevron depth in the model geometry (90 microns), detailed in Chapter 8, due to
the fact that the original SU8 mold broke during the course of experiments. To determine
if the change in the chevron depth significantly alters the surface binding pattern of the
streptavidin, two computational models were completed. The depth of the base
microchannel was constant in the models (90 microns — indicated as the “standard”

chevron depth). Two chevron depths were studied (h=30 microns and h=120 microns).

F.1 Velocity profiles in chevron microchannels

The overall velocity profiles mirror previous results presented in Chapter 8. Therefore,
the quantitative measures D and F are more valuable than the images of the velocity

profile in each dimension when comparing the importance of the chevron depths.

For the chevron depth of 30 microns, like the chevron depth of 90 microns, Dy_velocity
(Table 54) for the maximum velocity (~30%) is ~50% greater than the Dy velocity fOr the
minimum velocity (~20%). However, the magnitude of the x-velocity with the narrower
chevron is significantly reduced to ~30% and ~-20% from ~50% and ~-30% for the
chevron depth of 90 microns (Table 14). The reduction in the magnitude of the x-velocity
which represents velocity toward and away from the binding surface is expected for the
narrower chevron as the fluid does not fill as deep of a chevron microstructure. The value
of Dy.velocity (Table 54) for the maximum velocity is ~155% which is a reduction
compared to ~160% for the chevron depth of 90 microns (Table 14). Given the numerical
errors in the model, this difference does not conclusively indicate a major alteration in the
maximum y-velocity occurred due to the altered geometry. The D,.velocity fOr the

minimum and maximum are comparable for the 90 micron chevron (~+/-32%) versus the
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30 micron chevron (~+/-27%). Therefore, the minimum and maximum values in that

dimensions are not significantly altered by the change of chevron depth.

Table 54. D values. Normalized value of the maximum and minimum velocities in each dimension for the
chevron microchannel. Model results. Depth of chevron is 30 microns (h=30 microns).

Chevron, h=
30 microns 5nl/s 25 nl/s 50 nL/s

Max Min Max Min Max Min
D, velocity 29 -20 28 -20 32 -20
D . velocity 154 -1 154 -1 156 2
D . velocity 25 27 25 27 29 27
D velocity field 155 0 155 0 156 0

The fraction of the kinetic energy (Table 55) due to fluid velocity in the x-dimension for
the narrower chevron (30 microns) is ~35% of the fraction of kinetic energy for the
standard chevron depth (90 microns) (Table 15). The fraction of the kinetic energy
(Table 55) in the z-dimension for the narrower chevron (30 microns) is ~40% of the
fraction of kinetic energy due to the fluid velocity in the z-dimension for the standard
chevron depth (90 microns) (Table 15). These results indicate that transverse flow and
flow to and from the surface are reduced. Again this result is expected, as the narrower
the chevron the more similar the geometry is to the straight microchannel, which has uni-
directional flow. Furthermore, the chevron depth is 33% of the original depth which
correlates well with the percentage of the original fraction of the energy ,due to the fluid

velocity in the z- and x- dimensions for the narrower chevron microchannel.

Table 55. F values. Fraction of energy due to the velocity in each dimension. Model Results. Chevron

microchannel with a depth of 30 microns (h=30 microns).

Chevron, h= 30 microns 5nl/s 25 nL/s 50 nL/s

Fx.dimension 2.9E-03 2.9E-03 2.9E-03
F, _dimension 9.9E-01 9.9E-01 9.9E-01
F,_gimension 4.7E-03 4.7E-03 4.8E-03

For the deeper chevron depth (120 microns), the values of D (Table 56) are very similar

to the values calculated for the standard chevron depth (90 microns) (Table 14). This
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result indicates that the maximum and minimum velocity values are comparable for

both geometries.

Table 56. D values. Normalized value of the maximum and minimum velocities in each dimension for the
chevron microchannel. Model results. Depth of chevron is 120 microns (h=120 microns).

Chevron,
h=120
microns 5nL/s 25 nL/s 50nkL/s

max Min Max Min Max Min
D 4 velocity 49 -32 47 -31 49 -32
D yvelocity 158 0 158 -2 158 -1.9
D, velocity 30 -30 29 -29 29 -30
D \elocity field 160 0 160 0 160 0

The microchannel with the deeper chevron depth (120 microns) may not alter the
maximum and minimum velocity, but the total kinetic energy contributed in each velocity
dimension is altered. There is an increase in the total energy contributed in the x-
dimension and the z-dimension. The fraction of the kinetic energy (Table 57) due to fluid
velocity in the x-dimension for the narrower chevron (120 microns) is ~145% of the
fraction of kinetic energy for the standard chevron depth (90 microns) (Table 15). The
fraction of the kinetic energy (Table 57) in the z-dimension for the deeper chevron (120
microns) is ~135% of the fraction of kinetic energy, due to the fluid velocity in the z-
dimension for the standard chevron depth (90 microns) (Table 15). These results
indicate that transverse flow and flow to and from the surface are increased. Once again,
the chevron depth is 133% of the original depth, which correlates well with the
percentage of the original fraction of the energy due to the fluid velocity in the z- and x-

dimensions for the deeper chevron microchannel.

Table 57. F values. Fraction of energy due to the velocity in each dimension. Model Results. Chevron
microchannel with a depth of 120 microns (h=120 microns).

Chevron, h= 120 microns 5nl/s 25nL/s 50 nL/s

Py dimension 1.2E-02 1.2E-02 1.2E-02
F,.dimension 9.7E-01 9.7E-01 9.7E-01
F,.dimension 1.6E-02 1.6E-02 1.6E-02
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F.2 Surface binding profiles of streptavidin in chevron microchannels

The model results (Figure 137) qualitatively indicate that the deeper the chevron depth,
(h=30 microns versus h=120 microns) the more pronounced the pattern of the
streptavidin surface binding profile. The deeper the chevron, the more distinct the
reduction of the binding of streptavidin that occurs in the midline of the channel and the
more significant the increase in binding due to the narrowing of the microchannel

(indicated by black arrows along the microchannel in Figure 137).

However, even when the chevron depth is reduced to 30 microns (Figure 137A), the
influence of the chevron on the binding profile is still apparent in the reduction in the
binding at the midline of the channel and in a moderate increase in binding in the
narrower region of the microchannel. Therefore, experimental results (where h=56
microns and the base microchannel is 90 microns) should still exhibit a similar binding

profile to the model results.

The model results (Figure 138A and B) do not indicate that one chevron depth is more
efficient at increasing the total amount of streptavidin bound to the surface at flow rate of

either 5 nl/s or 50 nL/s over time.
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Figure 137. Binding profile of streptavidin to biotinylated surface (moles/m?) for chevron microchannel
with different chevron depths (4): 30 microns, 90 microns and 120 microns respectively. Model results.
The streptavidin concentration introduced to the microchannel is 20 nM. Re= 0.01. Pe=135.1 Q=>5nL/s.
Time=700 seconds. The arrows indicate the deepest portion of the channel where the chevron structure is
present. The maximum surface concentration is 3.99x10°® moles/m®. The minimum surface concentration is
0 moles/m?.
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Figure 138. Model results. Total streptavidin bound to the surface for the chevron microchannel with a
range of chevron depths (%) at (A) a flow rate of 5 nL/s and (B) a flow rate of 50 nL/s. The streptavidin
concentration introduced to the microchannel is 20 nM. The theoretical maximum for total SA binding to
the surface is 3x10™* moles.
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Appendix G: Surface binding profile in a square
microchannel.

The chevron microchannel differs from a straight microchannel in two ways:

(1) the addition of equally spaced chevrons on top of the base microchannel

(2) the chevrons are at a 45 degree angle to the direction of flow
In Chapter 8, the surface binding profile of streptavidin in a chevron microchannel is
compared to the binding profile in a straight microchannel. To computationally explore
the influence of simply introducing ducts perpendicular to flow on top of a straight
microchannel, the velocity and binding profiles of a different microchannel, the square

microchannel (Figure 139), were modeled with COMSOL.

The purpose of this model was to explore the influence of the widening and narrowing of
the channel depth (x-dimension) on the streptavidin surface binding profile, independent
of any angled geometric features. Given the geometry, there should be velocity
components in only two — not three — dimensions: the x-dimension (toward and away

from the binding surface) and the y-dimension (down the length of the channel).

COMSOL models were completed as described in the Appendix and Chapters 5 and 8,
with a streptavidin solution introduced to the microchannel and a BAT/PEG thiol
functionalized gold surface. When solving the Navier-Stokes mode, the mesh consisted
of 8,988 elements and had 91,171 degrees of freedom. When solving the convection-
diffusion and surface binding modes, the mesh consisted of 60,817 elements and had
435,322 degrees of freedom.
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Figure 139. Square microchannel model geometry where d=90 microns, A= 90 microns, w=500 microns,
and /=1.5 mm. The binding surface is indicated.

G1. Velocity profiles in the square microchannel.

The widening and narrowing of the square microchannel (x-dimension) alters the local
fluid velocity (Figure 140). In the narrow regions (just the base microchannel), the
average velocity is highest where the duct is not present whereas it lowest where a duct is
present. It is important to note that the change in the fluid velocity is not a step function
but gradually changes over the length (y-dimension) of the duct. Furthermore, the
velocities within the ducts approach zero and are significantly lower than the velocity in

the base microchannel.
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Figure 140. Velocity profile (m/s) in the square microchannel. Model results. The flow rate is 5 nL/s.
Reynolds number = 0.01. Q=5 nL/s.

When the fluid approaches a duct, there will be an x-velocity component away from the
binding surface (x-dimension) (Figure 141A) as the fluid travels to fill the duct. A
positive velocity, indicated in the color red, indicates a velocity component away from
the binding surface. The largest magnitude of the x-velocity occurs near the midline of
the channel. At the end of a duct, the fluid must travel out of the duct and there is an x-
velocity component toward the surface (x-dimension) (Figure 141A). In Figure 141, a
negative velocity, indicated by the color blue, represents a velocity component directed
towards the binding surface. Near the binding surface (x=30 microns Figure 141B) the x-
velocity is still present (~9%10° m/s) but not nearly as large near the midline (~2x107
m/s at x=100 microns Figure 141C). At the top of the duct (x=150 microns Figure 141D),
the x-velocity profile is altered, with the fluid being directed toward the surface at the
beginning of the duct and away from the surface at the end of the duct. This suggests that
there is a recirculation zone present at the top of the duct. However, given the magnitude
of the x-velocity at x=100 microns (~2x10°° m/s) compared to the magnitude of the x-
velocity at the midline (~2x107° m/s) and the location of the recirculation region (150
microns away from the binding surface), the influence of the recirculation zone on the

binding profile will not be significant.
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Figure 141. X-velocity profile (m/s) in the square microchannel. Model results. The flow rate is 5 nL/s.
Reynolds number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the
rectangular structure is positioned above the base microchannel. The maximum velocity and minimum
velocity are 3.66x10”° m/s and -3.74 %10 m/s in (A). The maximum velocity and minimum velocity are
9.54x10"° m/s and -9.41 x10° m/s at x= 30 microns. The maximum velocity and minimum velocity are
2.00 x107° m/s and -1.8x10™ m/s at x= 100 microns. The maximum velocity and minimum velocity are
2.66x10° m/s and -2.74x10"° m/s at x= 150 microns.
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Figure 142. Y-velocity profile (m/s) for the square microchannel. Model results. The flow rate is 5 nL/s.
Reynolds number = 0.01. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the
rectangular structure is positioned above the base microchannel. The maximum velocity and minimum
velocity are 1.50x10™ m/s and -4.73 x10™*® m/s at x= 30 microns. The maximum velocity and minimum
velocity are 4.14 x10 m/s and -9.15x10°® m/s at x= 100 microns. The maximum velocity and minimum
velocity are 0 m/s and -1.45x10° m/s at x= 150 microns.

The y-velocity (Figure 142) shows the most significant change in its magnitude near the
surface (x=30 microns) as a result of the widening and narrowing of the microchannel
(Figure 142A) with an increase in the maximum y-velocity in the narrow regions
(~1.5%10™ m/s indicated by the black arrows at the side of the microchannel) and a
reduction in maximum y-velocity (~1.1x10'4 m/s) in the wide regions (x-dimension).
Near the midline of the microchannel and within the duct of the microchannel (x=100
microns Figure 142B), the magnitude of the maximum y-velocity is reduced (~4x107
m/s). The y-velocity profile at x=100 microns also suggests that the fluid has traveled
into the duct, is then pushed through the duct (y-dimension), and is subsequently pushed

down towards the base microchannel. Near the top of the duct (x=150 microns), the y-
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velocity (Figure 142C) shows some interesting behavior. The maximum velocity,

indicated in red and located at the walls, is ~0 and fulfills the no slip condition at the
microchannel wall. However, the minimum velocity (-3x10°® m/s) is located at the middle
of the microchannel suggesting the fluid is traveling backwards. This combined with the
inverted x-velocity profile (Figure 141D) once again is indicative of a small recirculation
zone at the top of the duct. A recirculation zone has been identified in another
computational model of a similar channel geometry.z"'4

velocity, .. ... Square
n-velocity —

*100 Equation 48

velocity straight

average
As discussed in Chapter 8, when assessing the influence of each velocity component (x-
and y-) on the overall velocity, it is important to compare the maximum and minimum of
each velocity component, as well as the total contribution of each velocity component to
the overall velocity field, to a common standard. Once again, the values D and F will be

used.

To normalize the maximum and minimum velocities in each dimension(x-, y- and z-
dimensions), they were divided by the average velocity in a straight microchannel and
multiplied by 100 yielding a value termed “D” (Equation 48 and Table 58). The values of
D remain constant over a large range of flow rates, which can be expected under laminar
flow conditions. The data suggests that the maximum magnitude of the D x.velocity iS
significant — ~25% of the average velocity of a straight microchannel. Furthermore,
unlike the x-velocity in the chevron microchannel, the minimum and maximum velocities
are equal in magnitude, indicative of a symmetric system in which the fluid travels
toward and away from the surface with the same magnitude of velocity. The D y.veiocity for
the maximum velocity is 152%, which is expected since the maximum velocity occurs in
the narrow regions of the microchannel which has the same dimension as the straight
microchannel standard and it is well-known the maximum velocity in a straight channel
is 1.5 times greater than the average velocity. The two percent error is within the error of
the numerical simulation. The negative value (-8%) for the D y.velocity minimum could
possibly arise from the backward flow (-y dimension) occurring in the top of the duct and

previously shown at x=150 microns (Figure 142C). The fact that there is D ,.velocity
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suggests that there are numerical artifacts and that this component of the velocity

(data not shown) occurs in only a small fraction of the microchannel, particularly near the

walls and the outlet.

Table 58. D values. Normalized value of the maximum and minimum velocities in each dimension for the
square microchannel. Model results.

Square 5nL/s 50 nL/s
max min Max min
D x-velocity 25 -25 25 -25
D y-velocity 152 "8 152 -8
D z-velocity 6 -5 6 -5
D velocity field 157 0 152 0
Square 100 nL/s 250 nL/s 500 nL/s
max min Max min max min
D y.velocity 25 -25 25 -25 25 -25
D y-velocity 152 -8 152 -8 152 -8
D z-velocity 6 -5 6 -5 6 -5
D velocity field 152 0 152 0 152 0
Table 59. F values. Fraction of energy due to the velocity in each dimension. Model Results. Square

microchannel.
Square 5nL/s 50nL/s | 100nL/s | 250 nL/s | 500 nL/s
F, _dimension 9.1E-03 | 3.9E-03 | 3.9E-03 | 3.9E-03 | 3.9E-03
Fy.dimension 9.9E-01 | 1.0E+00 | 1.0E+00 | 1.0E+00 | 1.0E+00
F, _gimension 5.7E-05 | 5.3E-05 5.3E-05| 5.3E-05} S5.4E-05

F is the fraction of total kinetic energy contributed by the velocity in the x-, y-, or z-

dimensions. The value of D gives an understanding of the relative influence of the

maximum or minimum value of a velocity component. However, it does not give any

insight into how significant to the overall velocity field that velocity component is, as the

maximum or minimum velocities could occur in a large or small fraction of the

microchannel volume. Calculating the fraction of overall kinetic energy each velocity

component contributes, gives a sense of the relative significance each velocity component

over the entire channel volume.

The results (Table 59) indicate that the most significant velocity component is in the y-

dimension, with nearly 100% of the kinetic energy being directed in that dimension



290
(please note the values were rounded to two significant digits). The x-dimension’s

energy contribution is less than 1% suggesting it does not have a significant role in
overall fluid velocity. This corroborates the qualitative results presented in the image of
the velocity profile (Figure 140), in which the x-velocity equals zero in most of the
microchannel. The value of F,_gimension is two orders of magnitude smaller than Fy.gimension

further suggest that it can be attributed to numerical errors.

G2. Surface binding profiles of streptavidin in the square microchannel.

The surface binding profile over time of streptavidin to the biotin-functionalized surface
(Figure 143) indicates that there is a variation in the binding profile in the narrow and
wide portions of the microchannel (x-dimension). The narrower portions, where the fluid
is moving faster, show increased binding. Other than the variation in the binding pattern
that mirrors the channel depth (x-dimension), the binding profile shows strong similarity

to the straight microchannel.

Experimentally — given the SPR propagation length and the magnification of the
instrument — these subtle features were not apparent. However, the model serves to give

insight into the influence of the channel depth on the binding profile.
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Figure 143. Surface concentration profile of bound streptavidin (moles/m?) in the square microchannel.
Model results. Streptavidin inlet concentration = 20 nM = 2x10" moles/m’. Time = 350 seconds. Re= 0.01.
Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the rectangular structure
is positioned above the base microchannel. The theoretical maximum surface binding concentration is 3.99
x10® moles/m?.

The bulk concentration profile of streptavidin in the microchannel (Figure 144) also
shows strong similarity to the concentration profile within a straight microchannel. Near
the binding surface there is a significant depletion zone, and the depth of the depletion
zone becomes slightly larger further downstream. The location within the microchannel
where the ducts occur (the deeper portion of the channel (x-dimension)) and the velocity

is reduced has a slightly larger depletion zone (Figure 144B).
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Figure 144. Concentration profile of streptavidin in the square microchannel channel (moles/m®). Model
results. The maximum concentration is 2.01 x10°° moles/m® and 0 moles/m’. Streptavidin inlet
concentration = 20 nM = 2x10°° moles/m”’. Time = 350 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The
arrows indicate thg-deepest portion of the channel where the chevron structure is present.
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The variation in the bulk concentration profile of streptavidin as a function of the

channel depth is illustrated in Figure 145. Flow is from left to right. Near the surface (x=1
micron), the concentration of streptavidin is quickly depleted as the protein binds to the
surface, and the concentration approaches zero. Further away from the surface, the
concentration of streptavidin increases. The concentration is greatest at all depths on the
left (toward the inlet of the device), as the solution has yet to be depleted of streptavidin.
In particular, at x=30 microns, the concentration of streptavidin mirrors the geometry,
with an increase in concentration in the narrower portion of the channel. This result
mirrors the surface binding profile in which more protein binds in the shallow (x-

dimension) portion of the channel.
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Figure 145. Concentration profile of streptavidin in the square microchannel (moles/m®) as a function of
distance from the binding surface (x-dimension). Model results. Streptavidin inlet concentration = 20 nM =
2x10” moles/m’. Time = 350 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest
portion of the channel where the rectangular structure is positioned above the base microchannel.

At higher flow rates (50 nL/s versus 5 nL/s), the model results indicate that the depth of
the depletion zone is reduced and more streptavidin is bound to the surface at time=350
seconds (Figure 146) than at the lower flow rate. These results are expected as (1) more
protein has been introduced to the microchannel and (2) the velocity profile is altered so
that the influence of diffusional and convective transport near the surface is altered, such

that the depletion zone depth is reduced. Given the higher Peclet number, once again, the
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model results exhibit more numerical noise. However, the general binding pattern in

which more binding occurs in the narrow regions remains unchanged (Figure 146B).
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Figure 146. Influence of velocity on binding in the square microchannel. Model results. Q=50 nL/s. (A)
Concentration of streptavidin in the microchannel (moles/m®). The maximum concentration is 2.02 x107°
moles/m’ and 0 moles/m®. (B) Binding profile of streptavidin to biotinylated surface (moles/m?). The
maximum SA surface binding concentration is 3.99 x10® moles/m?. The minimum SA surface binding
concentration is 0 moles/m® The streptavidin concentration introduced to the microchannel is 20 nM. Time
= 350 seconds. Re= 0.1. Pe=1351. Q=50nL/s. The arrows indicate the deepest portion of the channel where
the rectangular structure is positioned above the base microchannel.

G3. Comparison of the streptavidin surface binding profile and the velocity
profiles in the square microchannel.

To make direct correlations between the velocity profile and the surface binding profile
of streptavidin, line profiles of the velocity profile at x=30 microns and the surface
concentration profile of bound streptavidin down the center of the microchannel were

compared.

The x-velocity profile (blue line in Figure 147B) and the surface concentration profile of
streptavidin (pink line in Figure 147B) show a strong correlation (Figure 147). When the
x-velocity pushes fluid towards the surface (negative velocity in Figure 147B and colored
blue in Figure 147A), there is an increase in the surface binding of streptavidin as more
-streptavidin molecules are brought closer to the surface. When the x-velocity component
pulls fluid away from the surface (positive velocity in Figure 147B and colored red in

Figure 147A), there is a reduction in the surface binding of streptavidin. Once again due
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to the fact that the fresh streptavidin solution is introduced on the left and a depletion

zone exists, there is a reduction in the total amount of bound streptavidin from left to

right.
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Figure 147. Comparison of the x-velocity profile and the binding profile in the chevron microchannel.
Model results. (A) Surface concentration profile of bound streptavidin (moles/m?). The maximum SA
surface binding concentration is 3.99 x10® moles/m?. The minimum SA surface binding concentration is 0
moles/m®. Velocity profile (m/s) in x-dimension. The maximum velocity and minimum velocity are 9.54
%108 m/s and -9.41 x10°% m/s. (B) Line profile comparing the surface concentration profile and the velocity
in the x-dimension. The location of the line profile (L1) is indicated in (A) and located at z=250 microns
and y[0 to 1.5 mm]. Streptavidin inlet concentration = 20 nM = 2%10" moles/m>. Time = 700 seconds.
Re=0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where the chevron
structure is present. The theoretical maximum surface binding concentration is 3.99 x10"® moles/m?. The x-
dimension is x=30 microns in (B).

The y-velocity profile (blue line in Figure 148B) strongly correlates with the surface
binding profile of streptavidin (pink line Figure 148B). This result is expected since the
y-velocity component has the most significant contribution to the overall kinetic energy
in the fluidic system (Table 59). In regions of higher y-velocities, more streptavidin binds
as convective rather diffusive transport is more dominant and the surface area of
streptavidin binding region to volume of protein solution above it is increased by a factor

of two. On the other hand, at lower y-velocities, less streptavidin binds to the surface as
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the diffusive transport becomes more significant and the surface area of streptavidin

binding region to volume (which includes the duct) is reduced.
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Figure 148. Comparison of the y-velocity profile and the binding profile i 1n the square microchannel. Model
results. (A) Surface concentration ?roﬁle of bound streptavidin (moles/m ). The maximum SA surface
binding concentratlon is 3.99 x10°® moles/m®. The minimum SA surface binding concentration is 0
moles/m>. Velocity proﬁle (m/s) in the y-dimension at x=30 microns. The maximum velocity and minimum
velocity are 1.50 x10™ m/s and -4.73 x10™" m/s. (B) Line profiles comparing surface concentration profile
and velocity in the y-dimension. The location of the line profile, L1, is indicated in (A) and located at
z=250 microns and y[0 to 1.5 mm]. Streptavidin inlet concentration = 20 nM = 2x107 moles/m’. Time =
700 seconds. Re= 0.01. Pe=135.1. Q=5 nL/s. The arrows indicate the deepest portion of the channel where
the chevron structure is present. The theoretical maximum surface binding concentration is 3.99 x10 2
moles/m?.



296
Appendix H: Dispersion in microchannels

In most microfluidic assays conducted in the Yager lab, discrete volumes of biological
samples are introduced to a device primed with a buffer solution. Due to the parabolic
velocity profile of the fluid in the microchannel, the transport of the molecules into the
microchannel is not uniform but reflects the parabolic velocity profile and the diffusion
coefficient of the species. This phenomena — known as dispersion — was described by

Taylor and has since become known as Taylor dispersion.5 2

The purpose of this appendix is to give the reader a qualitative sense of the influence of
dispersion on the concentration profile of a protein molecule — streptavidin — introduced
to a straight microchannel and a chevron microchannel filled with a buffer solution.
Typically several hundred microliters of fluid are introduced to the device, and in this
research, only the leading boundary between the buffer and the sample is significant for

experimental results.

H.1 Straight microchannel

In this microchannel, streptavidin is introduced to a device that contains only buffer at
time=0. A 20 nM solution of streptavidin is introduced to the microchannel. Unlike
previous models, the protein does not bind to any of the channel walls. The dimensions of

the microchannel are the same as those described in Chapter 5 (Figure 55).

The model results (Figure 149) clearly illustrate that at early time points, the
concentration profile of streptavidin reflects the parabolic velocity profile. The fastest
moving fluid is located in the center of the channel where the streptavidin concentration
is the highest, as the protein is quickly convectively transported into the microchannel in
those locations. The velocity at the walls is zero, and protein must be transported from
the channel center to the wall by diffusion. Therefore, the sidewalls are the last locations

to which the protein is transported. As a result, dispersion is very significant for surface



297
detection methods — such as SPR imaging — since the protein is transported to the

surface regions last. At the front of the streptavidin solution, the protein diffuses down a
sharp concentration gradient (arising from the interface between buffer and a
concentrated protein solution). As a result, the protein solution becomes diluted at this

interface.

In general, the dispersion profile will depend on the flow rate, the diffusion coefficient of
the species, and the concentration of the species. At high flow rates (i.e., high Peclet
numbers) there is a steeper velocity gradient. The species will be convected very quickly
down the center of the channel, while the concentration at the walls will remain nearly
zero. In these situations, the variation in concentration across the channel at early time
points will be even more pronounced over a greater distance than in Figure 149
(assuming a similar diffusion coefficient as the streptavidin molecule). At very low flow
rates (i.e., Peclet number ~1), the relative importance of diffusive and convective
transport will be similar. In these situations, the variation in concentration across the
channel will not be very significant due to the fact that the species will diffuse towards
the walls on a similar time scale as it is convected down the channel. However, dilution
due to the concentration gradient at the interface of the buffer and protein solution will

still occur.

The diffusive transport is directly related to the diffusion coefficient as well as the local
concentration gradient. When the species diffuses quickly, the solution concentration near
the walls will increase much more rapidly as the species will diffuse from the center of
the microchannel toward the walls. How quickly this occurs will depend on the local
Peclet number. When the concentration of the species is high the concentration gradient
between the center of the microchannel, where the concentration is much higher due to
convective transport, and the walls, where no protein is present, is very high. Therefore,
the higher the concentration of the species, the more quickly the species will be

diffusively transported to the microchannel wall.



time = 10 sec

time = 12.5 sec

Figure 149. Dispersion in a straight microchannel (z-slices). Concentration profile of streptavidin in the
channel (moles/m®) over time. The maximum concentration is 2.1 x10” moles/m® and -8.2 x10” moles/m”.
Initial streptavidin concentration in the microchannel = 0 nM. Streptavidin concentration at inlet = 20 nM
= 2x10”° moles/m>. Re= 0.01. Pe=135.1. Q=5 nlL/s.
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H.2 Comparison of straight and chevron microchannels

To qualitatively explore the dispersion profile for a straight microchannel and a chevron
microchannel under the same conditions, simulations were completed for a straight
microchannel and a chevron microchannel with a 20 nM solution of streptavidin
introduced to a buffer filled microchannel at time= 0. The channel geometries were the
same dimensions as described in Chapters 5 and 8 (Figure 55 and Figure 88). The
purpose of the research was to gain a qualitative understanding of the potential influence
of dispersion on the binding profile for a straight microchannel versus a chevron

microchannel.

Max: 2.03e-5
x1073

(A) (B)

Flow \I;'
Ny

time = 20 sec time = 40 sec

Min: 0

Figure 150. Dispersion in a straight microchannel (y-slices). Concentration profile of streptavidin in the
channel (moles/m®) over time. Streptavidin initial concentration in the microchannel = 0 nM. Streptavidin
concentration at inlet = 20 nM = 2x10” moles/m>. Re= 0.01. Pe=135.1. Q=5 nL/s.

The straight channel results (Figure 150) indicate that at 20 seconds the concentration of
streptavidin within the microchannel is nearly uniform except at the sidewalls where the
transport is more diffusion-limited than at the centerline of the channel. By 40 seconds
the concentration of streptavidin within the modeled microchannel is approximately
uniform. Dispersion in the chevron microchannel is not as simple. In the chevron

microchannel, the velocity profile has components in three- not one-dimensions. The
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chevron microchannel also is larger in volume than the straight microchannel as it

incorporates the straight microchannel as the base microchannel plus the chevron
microstructures. As a result, it requires over 60 seconds (as opposed to 40 seconds for the

straight channel) for over 98% of the microchannel to reach a concentration of 20 nM.

To best illustrate the complex nature of the dispersion profile, several different slices of
the concentration profile of streptavidin are presented (Figure 151, Figure 152, and
Figure 153).
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Figure 151. Dispersion in a chevron microchannel (x-slices). Model results. (A)—(C) Concentration profile
of streptavidin in the channel (moles/ms) over time. Streptavidin initial concentration in the microchannel =

0nM. Streptavidin concentration at inlet = 20 nM = 2x10°> moles/m>. Re= 0.01. Pe=135.1. Q=5 nL/s.

The x-slice (Figure 151) of the concentration profile illustrates that the concentration in
the chevrons, particularly near the sidewalls, is the last to reach the maximum

concentration.
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time = 40 sec

time = 60 sec

Figure 152. Dispersion in a chevron microchannel (y-slices). Model results. Concentration profile of
streptavidin in the channel (moles/m®) over time. Streptavidin initial concentration in the microchannel = 0
nM. Streptavidin inlet concentration = 20 nM = 2x10”° moles/m’. Re= 0.01. Pe=135.1. Q=5 nL/s.

The y-slices of the streptavidin concentration profile (Figure 152) illustrate that
particularly at early time points the majority of the convective transport — as is the case
for the straight microchannel — occurs down the center of the microchannel, where the
velocity is the highest. Over time, the protein must diffuse down the concentration

gradient towards the sidewalls.
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Figure 153. Dispersion in a chevron microchannel (z-slices). Concentration profile of streptavidin in the
channel (moles/m3) over time. Model results. Stresptavidin initial concentration in the microchannel = 0 nM.
Streptavidin inlet concentration = 20 nM = 2x10” moles/m’. Re= 0.01. Pe=135.1. Q=5 nL/s.

The z-slices of the concentration profile (Figure 153) illustrate the complexity in the
dispersion profile at early time points (20 seconds) arising from the mixing behavior that
a chevron microchannel introduces to a fluid. The results indicate that at some locations
downstream, the concentration of protein within the chevron (time= 20 seconds) is
greater than the concentration of the fluid immediately below it, possibly due to the

transverse flow (z-dimension) imparted by the microchannel.
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Figure 154. Dispersion in a chevron microchannel over time at two distances from the surface (x-
dimension). Model results. Concentration profile of streptavidin in the channel (moles/m®) over time.
Streptavidin initial concentration in the microchannel = 0 nM. Streptavidin concentration at the inlet= 20
nM = 2x107° moles/m>. Re= 0.01. Pe=135.1. Q=5 nL/s.

To better understand the concentration profile during dispersion in locations parallel to
the SPR-imaging surface, concentration slices near the imaging surface (x=30 microns)
and within the chevron (x=150 microns) are shown over time (Figure 154). In SPR-
imaging, the surface concentration near the surface is what contributes to the signal. The
results qualitatively suggest that like the straight microchannel that during dispersion, the
concentration of protein in the center of the channel is the first to reach a maximum and

gradually over time the concentration near the sidewall reaches the concentration of the
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protein solution. The sidewalls and back edges of the chevron in which the local

velocity is low remain the last location to which protein is transported.
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Appendix I: Unprocessed XPS and XPS imaging data.

Survey scans for the XPS data. Images were copied from the data analysis software
XVision. The materials and methods, analysis, and discussion of this data are located in

Chapter 3. Any data sets that appear to be duplicates are replicates. Some of the data sets

present the line profiles generated during the analysis.

XPS

Microcontact printing was completed using flat PDMS stamps which covered the entire

gold coated slide substrate. The ink was either a solution of IgG or just buffer.
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Figure 155. XPS data for microcontact printed IgG on a gold surface.
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Figure 156. XPS data for microcontact printed IgG on a gold surface.
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Figure 157. XPS data for microcontact printed IgG on a gold surface.
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Figure 158. XPS data for microcontact printed IgG on a gold surface.
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Figure 159. XPS data for microcontact printed IgG on a gold surface.
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Figure 160. XPS data for microcontact printed IgG on a gold surface.
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Figure 161.XPS data for microcontact printed buffer on a gold surface.
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Figure 162. XPS data for microcontact printed buffer on a gold surface.
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Figure 163. XPS data for microcontact printed buffer on a gold surface.
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Figure 164. XPS data for microcontact printed buffer on a gold surface.
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Figure 165. XPS data for microcontact printed buffer on a gold surface.
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Figure 166. XPS data for microcontact printed buffer on a gold surface.
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Figure 167. XPS data for physically adsorbed IgG on a gold surface.
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Figure 168. XPS data for physically adsorbed IgG on a gold surface.
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Figure 169. XPS data for physically adsorbed IgG on a gold surface.



313

Survey.5(Foley021406)
16°
60_
@
3}
FA0
é
Q
"
20
“000 8% e a0 200
’ Binding Energy (eV)

Figure 170. XPS data for physically adsorbed IgG on a gold surface.
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Figure 171. XPS data for physically adsorbed IgG on a gold surface.
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Figure 172. XPS data for physically adsorbed 1gG on a gold surface.
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Figure 173. XPS data for a gold surface.



Survey. 7(Foley020606)
1¢°
120
£ 50
=3
I
40
" 1000 60 400 200
Binding Energy (eV)
Figure 174. XPS data for a gold surface.
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Figure 175. XPS data for a gold surface.
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Figure 176. XPS data for a gold surface.
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Figure 177. XPS data for a gold surface.

316



317

Survey:36(Foley021406)
10

160

120

<0
(=]
]

Intensity(CPS)

40

“i000 80 eo a0 200
Binding Energy (eV)

Figure 178. XPS data for a gold surface.

XPS imaging data

A 200 micron x 200 micron PDMS stamp inked with an IgG contacted a gold surface.
High resolution scans of nitrogen, oxygen, carbon, silicon, and gold were completed in
regions where the PDMS stamp contacted the gold coated slide surface and where the

PDMS stamp did not contact the gold coated slide surface.
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Region patterned with the IgG inked PDMS stamp.
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Figure 179. XPS high resolution scan for oxygen (1s) in an area contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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Figure 180. XPS high resolution scan for oxygen (1s) in an area contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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Figure 182. XPS high resolution scan for nitrogen (1s) in an area contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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Figure 183. XPS high resolution scan for silicon (2s) in an area contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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Figure 184. XPS high resolution scan for silicon (2s) in an area contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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Figure 185. XPS high resolution scan for carbon (1s) in an area contacted with a PDMS stamp inked with

an IgG. XPS-imaging data.
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Figure 186. XPS high resolution scan for carbon (1s) in an area contacted with a PDMS stamp inked with

an IgG. XPS-imaging data.
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Figure 187. XPS high resolution scan for gold (4f) in an area contacted with a PDMS stamp inked with an
IgG. XPS-imaging data.
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Figure 188. XPS high resolution scan for gold (4f) in an area contacted with a PDMS stamp inked with an
IgG. XPS-imaging data.
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Region patterned with the PDMS stamp inked with IgG.
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Figure 189. XPS high resolution scan for oxygen (1s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data.
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Figure 190. XPS high resolution scan for oxygen (1s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data.
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Figure 191. XPS high resolution scan for nitrogen (1s) in an area not contacted with a PDMS stamp inked

with an IgG. XPS-imaging data.
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Figure 192. XPS high resolution scan for nitrogen (1s) in an area not contacted with a PDMS stamp inked

with an IgG. XPS-imaging data.
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Figure 193. XPS high resolution scan for silicon (2s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data.
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Figure 194. XPS high resolution scan for silicon (2s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data.



326

C 1s_onspotl:30{Foley062706_irmagze)

280 _

~
=
o
1

Intensigy(CPS)

2
1

220

2003

sho 286 a2 28a

Binding Energy (e¥)

Figure 195. XPS high resolution scan for carbon (1s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data.
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Figure 196. XPS high resolution scan for carbon (1s) in an area not contacted with a PDMS stamp inked
with an IgG. XPS-imaging data
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Figure 197. XPS high resolution scan for gold (4f) in an area not contacted with a PDMS stamp inked with
an IgG. XPS-imaging data
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Figure 198. XPS high resolution scan for gold (4f) in an area not contacted with a PDMS stamp inked with
an IgG. XPS-imaging data.
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