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ABSTRACT 

Microfluidic devices for biochemical microarrays are fabricated and tested. They are 

designed and used for the purpose of label free protein assays within a Surface Plasmon 

Resonance (SPR) detection system. These microfluidic devices consist of microchannels 

and spotting regions, defined in PDMS, aligned to gold patterned SPR slides. Solution 

flow through the microchannel devices is achieved using vacuum. As solutions are 

flowed through and incubated in the microchannels, immobilization occurs at the gold 

sensing regions of the SPR slides. The dimensions of the gold sensing regions are 

optimized for coupling with the dimensions of the microchannel and the optical sensing 

system of the SPR instrument. The gold deposition is achieved in a thermal evaporator 

using a novel lithographically produced PDMS shadow mask. These masks can be used 

to produce metal deposited patterns in the 10~6 m range. Considerations for the design of 

the microchannel manifold included; ease of fabrication, assembly and use, minimization 

of the number of inlets and outlets, channel design to minimize possible air bubble 

trapping, ensuring no cross-spot contamination and maintaining equal resistance to flow 

between microchannels. Physisorption of human blood serum proteins; albumin, 

fibrinogen, IgA, IgM and IgG were investigated against functionalized Cn thiol thin 

films. Use of the microfludic spotting device as a flow cell is also demonstrated through 

in situ covalent protein immobilization and protein assay testing. Initial work is also 

presented in developing an IgE immunoassay utilizing SPR label free detection. 
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1.1 INTRODUCTION 

Surface plasmon resonance (SPR) has emerged as a unique detection method 

utilized extensively in research and clinical laboratories for bioanalytical measurements. 

SPR is based on the refractive index change measured on a solid/liquid interface during 

surface binding events. It has quickly been utilized as a label free detection method for 

biomolecular binding events including investigations of polypeptides,1 polymer films,2 

immunoassays,3 drugs,4 allergens5 and viruses.6 The early use of SPR for biosensing can 

be traced back to the early 1980s and the work of Liedberg et al.7'8 

Label free methods of detection are extremely useful for monitoring biomolecule 

binding events. DNA labeling requires a relatively facile procedure due to the 

homogenous nature of its structure and its ability to intercalate dyes for non-covalent 

labeling, while protein labeling can be difficult. The heterogeneous nature of protein 

structures can lead to cumbersome labeling protocols, multiple labels per target, possible 

interference with binding sites or possible perturbation of protein activity. Thus, the 

development of label free detection methods for protein interactions has received much 

attention. Examples include; ellipsometry, FUR, quartz crystal microbalance, and mass 

spectroscopy. However, SPR is capable of performing in situ, real time, high throughput 

analysis all within a novel instrumental design (Chapter 4.2.3). Furthermore, SPR 

instrumentation has developed to include imaging systems capable of detecting arrayed 

analytes for simultaneous monitoring of multiple bimolecular interactions. 

Immunosensors based on the principle of solid-phase immunoassays and antigen 

antibody binding are one of the most popular techniques for biosensing. This results 

from the specific "lock and key" binding that can be achieved from various types of 

biomolecular analytes, such as proteins and nucleic acids. The most extensively used 

protocol for immunosensors is enzyme linked immunosorbent assay (ELISA). This 

method is used for the detection of a vast array of clinically important analytes such as 

disease biomarkers, hormones, lipoproteins, antibodies, viruses, bacteria and microbes in 

biological samples. ELISA relies on labeled reagents for the detection of binding 

between a surfaced immobilized target and its complementary probe. While analysis 

throughput up to 1536 wells is routine, difficulties involving sample handling, long 

analysis times and high consumption of expensive sample and reagents exists. These 
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compromises may be acceptable in order to achieve throughput of samples in the 

thousands, as effectively showed by Schrieber et al. However, for lower density sample 

arrays in clinical diagnostics, bedside or point of care devices and investigations of 

relatively few analytes in research labs, the difficulties of ELISA can be burdensome. 

Also, ELISA can require expensive specialized equipment for implementation, which 

may not be cost effective for low density array analysis. To alleviate these difficulties 

and associated high cost of entry into this type of bioanalytical measurements, research 

has focused on the use of microfluidics as a platform for immunoassays. 

Immunoassays based on microfluidic designs result in reduced sample and 

reagent consumption, as well as providing a path for miniaturized integrated 

functionalities such as flow control, mixing and detection. Combining these can 

potentially lead to lower cost of analysis. Furthermore, the high surface to volume ratio 

of microfluidics devices enhance solution mass transport to the surface, resulting in 

decreased analysis time. Delamarch et al.10 reported on the successful implementation of 

ELISA measurements in a microfluidics platform, resulting in less consumption of 

reagents and faster incubation times. Since these initial results, more sophisticated, fully 

integrated microfluidics platforms have emerged for ELISA measurements.11 

Considering the benefits associated with microfluidic systems for immunoassays, 

applications utilizing SPR detection have moved towards incorporating microfluidics.12' 
13 In this way, benefits of a label free detection method are incorporated with the benefits 

of miniaturization. SPR based immunosensors utilizing microfluidics would be uniquely 

positioned, for bedside monitoring, point of care systems and research laboratory 

analysis. These types of applications would benefit from this combined analysis method, 

offering rapid, straightforward, and potentially low cost. Kurita et al.,14 reported the 

development of a SPR system using microfluidics for detection of a cardiac biomaker. 

This system resulted in comparable sensitivity for detection of clinically relevant 

samples, within a straightforward and portable instrument, compared to labeled detection 

methods utilizing fluorescence and radioisotope detection. While this example was 

specific for a particular biomarker, it illustrates the great potential for combined SPR 

microfluidic devices. Yet, there still exists the need for further designing and 

development of microfluidic devices for implementation with SPR detection. 
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1.2 SURFACE PLASMON RESONANCE 
Surface plasmon resonance (SPR) is an intriguing surface sensitive phenomenone 

used to characterize molecular thin films on the surface of a conducting material, often 

gold. It was first reported by Wood in 1902.15 SPR relies on the phenomenon of total 

internal reflection (TIR) which occurs when light travels from a medium of high index of 

refraction and reflects completely at the boundary of a medium with a lower index of 

refraction. TIR only occurs above a critical angle that is defined by the ratio of the two 

index of refraction values forming the medium boundary. While the incoming light is 

fully reflected under conditions of TIR, the electromagnetic field of the reflected photons 

extends beyond the reflecting surface, forming an evanescent wave. If the boundary 

interface of the two differing mediums is coated with a layer of conducting material, such 

as gold, the evanescent wave can interact with the surface plasmon waves propagating 

within the gold layer. Surface plasmon is the term used to describe the natural 

fluctuations of the free valence surface electrons in a metallic solid. Since the plasmon 

waves are bound to the metal surface, interaction with the incident light evanescent wave 

is only with the component of the incident light that is parallel to the conductor surface 

(p-polarized). At a certain angle of incidence (9j) and wavelength of light (k) there is a 

wave vector and energy match between the evanescent wave and surface plasmons. This 

match results in a resonant adsorption and surface plasmon excitation that causes a 

characteristic drop in the intensity of the reflected light. This excitation of the surface 

plasmons by reflected photons is termed Surface Plasmon Resonance. Changes in the 

refractive index adjacent to the gold surface, through which the surface plasmon wave 

penetrates, causes a mismatch of the evanescent wave and surface plasmons. This 

mismatch can be compensated for by changing the angle of incidence of the TIR required 

to create anew the SPR phenomenon. Figure 1.1 graphically illustrates the SPR 

phenomenon. 
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The fields associated with surface plasmons extend into the media adjacent to the 

interface and exponentially decay away with a maximum decay length of approximately 

200 nm. Within this 200 nm region, the optical fields are sensitive to changes in the 

index of refraction caused by changes in the thickness of the molecular layer on the gold 

surface. Since the thickness of the molecular thin film is determined by the number and 

size of the attached molecules, SPR can be used to monitor molecular binding in the 

absence of labels. This is extremely valuable in studies of protein interactions, where 

molecular labels are often difficult to attach and labeling protocols may result in altering 

the characteristics or activity of the protein. Both increases and decreases in layer 

17 



thickness at the Au surface are readily detectable by SPR, thus binding and dissociation 

events may be measured. 

SPR measurements can be made using two methods: 1. angle shift and 2. imaging. 

In both cases incident light reflectivity is measured as a function of incident angle, this is 

known as an SPR curve. At a particular angle, the reflected intensity is attenuated as a 

result of coupling with surface plasmons. The angle at which the minimum reflected 

intensity occurs is known as the SPR angle. This is the angle at which coupling with 

surface plasmons is maximized. The position and shape of the SPR curve are sensitive to 

changes in the local surface index of refraction, which is affected by any changes in the 

thickness or index of refraction of adsorbed films on the gold surface. For angle shift 

measurements, changes in the local refractive index are measured as a change in the 

angle associated with maintaining the minimum of the SPR curve. In this way the angle 

is scanned. For SPR imaging measurements the angle is maintained, and changes in the 

adsorbed surface film are measured as differences in intensity of reflected light at a 

constant angle. This method lends itself to ready implementation in an array format, 

where reflected light intensities can be measured spatially with a CCD sensor. Thus, an 

initial and final reflectivity image may be taken, and when subtracted from each other, 

result in a difference image showing areas of binding. Figure 1.2 illustrates the angle shift 

and imaging SPR measurement methods. 
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Figure 1.2: Illustration of characteristic SPR curves and how signal is determined 
from them for imaging and angle measurements. Curve I is an initial SPR response. 
Curve II is a SPR response due to an increase in refractive index on the Au surface. 
Imaging measures the reflectivity at a fixed angle from the difference between the 
signal from a CCD (1.3). Angle shift, measures the change over time in detector 
position for the reflected intensity dip. 

1.3 MICROFLUIDICS IN SPR 

Microfluidics is the concept of fluid flow through miniaturized channels and has 

been an active area of research since the early 1990s. One of the first papers in this field 

dealt with a detailed analysis of the benefits possible through the miniaturization of 

chemical analysis systems to the micrometer scale.16 This work by Manz et al. describe 

the possibility of rapid analysis times, lower sample and reagent consumption, increased 

throughput and the ability to multiplex numerous analyses within one testing system. 

Derived from the idea of miniaturization and increased multiplexing is the Micro Total 

Analysis System (uTAS) in which all aspects of sample handling, and detection would be 

possible in a miniaturized system. 

From this initial analysis, microfluidic devices have been utilized in a variety of 
17 IK 

bio-analytical applications such as genetic analysis, clinical analysis and 

immunoassays.19 Considering the relative simplicity of SPR detection methods and the 

advantages of microfluidics for solution transportation and manipulation, combining 
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these two complementary approaches could possibly lead to great benefits for a wide 

variety of applications such as medical research and diagnostics, drug discovery and bio-

analytical sensors. 

Much of the work involved in combining microfluidic devices and SPR detection 

has focused on single channel sensors20' 21 used for incubating patterned sensor surfaces 

with analyte solutions. Patterning of the sensor surface with target biomolecules was 

initially achieved predominately by incubation of the sensor slide in a bulk solution of 

sample. This allowed for only one surface immobilized sample to be investigated at a 

time. These types of experiments were conducted with SPR spectroscopy methods 

monitoring the angle shift of the surface after binding. With the introduction of SPR 

imaging allowing for detection of arrayed samples, surface patterning of the sensor for 

increased sample density was achieved by the use of robotic pin printing or manual 

pepitting methods. These methods allowed for a higher density of surface immobilized 

targets to be probed within one incubation experiment. While successful, these methods 

are labor intensive, requiring multiple steps and specialized procedures, with limited 

solution flexibility. Also, both methods of immobilization require extensive treatment of 

the surface in order to avoid spreading of sample droplets.22 

To alleviate some of these drawbacks, these types of experimental protocols were 

further expanded to patterning the sensor surface using parallel microfluidic channels, a 

method adapted from work utilizing microfluidics for flouresence detection.10' 23 

Utilizing microfluidics for surface patterning allowed for reduced reagent consumption, 

fewer patterning steps for minimizing non-specific adsorption and the creation of discrete 

regions of immobilization and detection. Figure 1.3 outlines the general experimental 

protocol used in this type of microfluidic patterning method, as presented in work by 

Kanda et al.12 
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In an attempt to ease array fabrication and increase sample density, SPR imaging 

sensors have moved towards using metal patterned sensor surfaces.24 This allows for 

localization of the SPR phenomenon to specific areas of the sensor, reducing bulk 

background signal and easing detection. Immobilization to these patterned metal areas is 

achieved by again utilizing manual pepitting or robotic pin printing. As previously 

discussed, these methods are effective at patterning the sensor surface with multiple 

targets, they still result in single sample incubation using a single port flow cell. While 

spot patterning of samples is convenient for array fabrication, drawbacks include rapid 

drying of droplet solutions and a necessity to pretreat the sensor surface to avoid 

spreading of sample droplets to neighboring Au spots.24 A combined approach of metal 

patterning of the sensor surface with microfluidics, for both sample immobilization and 

as a multi channel flow cell for incubation with multiple probe analytes, could be 

advantageous, drawing from the benefits of both approaches. The most recent published 

work by Luo et al.13 in this field illustrates a similar approach. 

The most successful implementation of microfluidics with SPR detection have 

been achieved by Biacore Inc. (Uppsala, Sweden). They provide systems with four 

integrated microfluidic channels for immobilization and detection. These systems are 
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widely used in bio-molecular and biochemistry research and have also been investigated 

for use in biomarker detection.25 While successful, these systems are expensive, limited 

in their customizability and require specialized manufacturer accessories. Another 

drawback of the Biacore systems is their lack of an imaging component, thus not 

allowing for array format measurements. At the time of writing, Biacore had just 

released a new instrument capable of single exposure incubations over a 400 spot array of 

immobilized analytes. 

1.4 THIOL SELF ASSEMBLED MONOLAYERS 

A significant amount of work has occurred in the area of thin film development 

for the purpose of achieving selective partitioning films for chemical and biochemical 

sensors and chromatographic systems. The ability of organic molecules to organize 

into monolayer films through self assembly provides a route capable of well defined 

composition, thickness and chemical and physical properties. Early assembled thin films 

were formed by the Langmuir-Blodgett (LB) technique.27, 28 Here organic monolayers 

are formed first on the surface of an air-water interface for deposition onto a solid surface 

through the immersion of a substrate support. Typically the deposited film consists of an 

amphiphilic molecule, with a hydrophobic tail and hydrophilic head. The amphiphilic 

nature of the molecule is important to ensure a strong anisotropic interaction of the 

molecule with water thus favoring crystillzation into a monolayer at the air-water 

interface. Subsequent immersions allow for the formation of multilayered films and 

control of the film thickness. 

Drawbacks of LB films have limited their overall usefulness and versatility. 

These drawbacks include; film defects over large areas, instability of the films at high 

temperatures, lack of grain boundaries, amorphous structures, inhomogeneities due to 

substrate defects and noncovalent bonding interactions with the surface. An alternative 

for thin film monolayer formation on surfaces is self assembled monolayers (SAMs). 

Here, a substrate is covered by a solution containing the molecule of interest, which can 

spontaneously bind to the substrate surface forming a monolayer coating. This method 

provides a facile way of preparing surfaces with well defined thickness and permits the 

control of chemical and physical properties. 
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The most widely used SAM chemistry involves the chemisorption of organosulfur 

compounds to gold surfaces. This was first reported by Nuzzo and Allara who 

demonstrated the monolayer formation of alkyl disulfides.29 This work was quickly 

followed by monolayer formation with thiol compounds.30 The self assembly process is 

driven by the sulfur gold affinity which has a binding energy of 40-45 kcal mol"1.31 For 

an alkyl chain with a thiol head group there is the spontaneous forming of a Au-S bond 

anchoring the alkyl chain to the substrate surface. As surface sites are occupied by sulfur 

groups a close packed monolayer forms, resulting in the alkyl tails packing together due 

to van der Waals forces. The mechanism of monolayer formation is thought to initially 

proceed with rapid formation of islands that over time then merge into a completely 

crystalline surface. 

Studies utilizing infrared reflection adsorption spectroscopy (IRAS) and X-ray 

diffraction (XRD) have shown that thiol monolayers formed on Au(ll l) surfaces consist 

of densely packed alkyl chains which are pinned to the gold surface via the sulfur 

molecule in a (V3 x V3)R30° overlayer structure.32 The n-alkyl chains orient themselves 

in a ~ 20 - 30° angle relative to the surface normal due to a mismatch between the nearest 

neighbour distance on the surface (~ 5A ) and the alkyl chain van der Waals diameter (~ 

4.5A). This tilt allows for greater van der Waals interactions between the chains. The 

result is a structurally stable, ordered and crystalline monolayer. Alkyl chain length of 

thiol compounds used to form monolayers has also been studied. Porter et al. reported 

that longer chain lengths (n > 9 carbon units) formed well ordered, densely packed 

crystalline monolayers. Shorter alkyl thiol chains resulted in lower packing densities and 

a more fluid like monolayer. Figure 1.4 illustrates the packing of the thiol chains that 

result in the SAM layer. 

By forming ordered, crystalline monolayer surfaces on gold through SAMs it now 

becomes possible to systematically tune surface properties by changing the alkyl thiol 

end group. Common functional end groups that have been studied and reported on in the 

literature include, -NH2, -COOH, -OH, -CH3, and -OCH2CH2-X (polyethylene oxide). 

These end groups allow for tuning of surface chemistry based on charge and 

hydrophobicity. 
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1.5 PLASMA PROTEINS 

Human blood is a specialized fluid continuously circulating throughout the body. 

It is composed of three types of blood cells (red, white and platelets) which are suspended 

in plasma, the liquid component of blood that is composed of approximately 90% water. 

The main constituent of the remaining 10% of plasma are proteins, with trace amounts of 

dissolved glucose, minerals, hormones and various waste byproducts, carbon dioxide, 

urea and lactic acid. Immunoglobulin G, A, M, albumin and fibrinogen comprise greater 

than 99% of the proteins in human plasma. Because of their relative abundance in human 

plasma these proteins were chosen for subsequent experiments involving protein 

adsorption studies. Thus, a brief discussion is given regarding their structure, function 

and properties. Figure 1.5 shows illustrations of these five proteins. 

Immunoglobulins (Ig) are a class of glycoproteins known as antibodies. 

Functionally, antibodies are characterized by their ability to bind to antigens 

(complementary binding partners). Structurally, antibodies are characterized by their 

unique Y shape comprising of two heavy chain and two light chain polypeptides. 

Furthermore, based on their structures, the number of Y like units and type of heavy 
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Figure 1.5: The structure of three isotypes of immunoglobulins. Each isotype is 
defined by the composition of their heavy chain. A. Illustrated structure of IgG 
(mw - 1 5 0 kDa), consisting of two light and two heavy chain polypeptides bound 
by disulfide bonds. Specificity is determined by the composition of the variable 
regions, en.wikipedia.org/wiki/antibody B. Illustration of pentameric IgM (mw ~ 
900 kDa), consisting of a J chain and disulfide bonds binding the monomer units. 
en.wikipedia.org/wiki/IgM C. Dlustration of IgA (mw ~ 350 kDa), with J chain and 
secretory component, www.scq.ubv.ca/mucosal-immunity-and-vaccines 

25 

http://en.wikipedia.org/wiki/antibody
http://en.wikipedia.org/wiki/IgM
http://www.scq.ubv.ca/mucosal-immunity-and-vaccines


D. 

E. 

Polypeptide Chains 

1 <flHffir ' "'^^.^ff 

If 

D domain 

__mf^ 

jL -

i 

1 

^^gJI ihmr^ 

V fr 

ft \ \ / / \ \ 
v \§ 

E domain 

j^^SPii 

D domain 

Figure 1.5 continued: D. Structure of albumin (mw ~ 67 kDa), a single polypeptide 
consisting mainly of a helixes, en.wikipedia.org/wiki/human_serum_albumin E. 
Structure of fibrinogen (mw - 3 1 0 kDa), a dimer of 3 polypeptide chains with 
multiple domains. Fibrinogen is a large protein with a length of -47 nm and a 
thickness of -4 - 6 nm. www.sigmaaldrich.com 
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chain, antibodies can be divided into five isotypes, IgA, IgD, IgE, IgG and IgM. In blood 

plasma IgA, IgG and IgM isotypes can be found in mg ml"1 concentrations. IgD and IgE 

are low abundant proteins found in plasma in the ng ml"1 concentration range. While IgD 

is important as a signal mediator and IgE is the primary antibody in the immune response 

of allergies, due to their low abundance, focus in this work was preferentially paid to IgA, 

IgG and IgM. 

Many important structural features of immunoglobulins are shared among the 

different isotypes. For this reason, IgG antibodies, the most abundant antibody isotype in 

plasma, accounting for approximately 75% of total Igs, will be considered generally for 

all isotypes, with differences discussed separately. 

IgG antibodies consist of three domains. Two of these domains have identical 

forms and constitute the arms of the Y. Each arm contains a site that may bind an 

antigen, thus making IgG, and each Y structural unit bivalent. These domain sites are 

known as Fab (fragment that antigen binds). The third domain constitutes the base of the 

Y structure and binds to various cell receptors and is known as Fc (fragment that 

crystallizes). These structural domains are formed from two heavy and two light chain 

polypeptides. Heavy and light chain polypeptides contain constant and variable regions. 

The constant regions are identical in all antibodies of the same isotype with the variable 

regions of both heavy and light chains combining to form one antigen binding site. There 

are five types of heavy chain polypeptides that result in the five isotypes, a, s, 8, y, p. 

The differences in the heavy chain polypeptides, found primarily in the Fc domains, 

allow these proteins to function in different types of immune responses. The IgG 

structure is stabilized by four intermolecular disulfide bonds and has a molecular mass of 

~ 150 kDa. 

The different classes of antibodies can also vary in the number of Y like units that 

join to form a complete protein. IgM antibodies are composed of five Y structural units 

and form a pentamer linked together through disulfide bonds. Its structure contains an 

additional unit known as a J chain, a 15 kD polypeptide. It is the largest antibody in the 

human body with a molecular mass of ~ 900 kDa. IgA antibodies can also exist as 

polymeric structures of two or three IgA monomers. Polymeric IgA is found in human 

secretions and is known as secretory IgA. It consists of two additional structural units, a 
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J chain and a secretory component, a 70 kDa polypeptide that is added to IgA when it 

passes through epithelial cells. This secretory component is used to transport IgA 

protein through the cells and remains attached to the IgA molecule upon secretion. These 

three antibodies were chosen for study because they represented a variety of structures 

and chemistries within a single protein class. 

The most abundant protein in human plasma is albumin. It is a monomelic 

protein with a molecular mass of ~ 67 kDa. Therefore, it is the smallest of the abundant 

blood plasma proteins. Its main function is as a transporter of species which may have 

low solubility in the aqueous environment of the blood, such as, hormones, fatty acids 

and drugs. Albumin posses a heart shaped structure that contains mostly a helix. At 

physiological pH albumin possess an overall -18 negative charge. Albumin is of interest 

because it is often used to passivate surfaces in protocols wanting to limit non-specific 

adsorption of proteins. Because it exists in high concentrations, it can also influence 

adsorption behavior of other proteins through competitive binding or the Vroman effect.33 

Another biologically critical protein is fibrinogen. It is the central protein in 

thrombosis, the blood clotting process that prevents excessive bleeding through a wound. 

These clots initially form when the enzyme thrombin converts fibrinogen to fibrin. These 

fibrin monomers polymerize to form a mesh like structure where platelet cells can adhere 

due to their fibrin surface receptors. Further platelet adhesion is stimulated by the release 

of Ca2+ and adensosine diphosphate (ADP) by surface bound platelets. With increased 

platelet aggregation, a stable clot is formed limiting bleeding. To achieve this type of 

behavior, the structure of fibrinogen is quite diverse. It is a 340 kDa dimeric 

glycoprotein that contains three different polypeptide chains (a, p, and y) linked together 

by disulfide bonds. Attached to each y chain is an oligosaccharide group. Within this 

diverse structure, there have been four major domains identified with varying 

hydrophobicities. The D and E domains are more hydrophobic, while both the C and M 

domains (located on the a chain) are both hydrophilic with the M domain exhibiting 

greater hydrophilicity. The resulting overall chemical behaviour at physiological pH is 

domains D and E are negatively charged and C and M are positively charged, with the 

overall charge of fibrinogen being -10. This variety of chemical properties, large size and 

distribution of charge allow fibrinogen to adsorb to a variety of surfaces.34 
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IgE is the least abundant of the immunoglobulin isotypes in human plasma, 

typically found in the < 50 ng ml/1 concentration range in healthy individuals. It has a 

bivalent, monomer structure similar to IgG, however, with an epsilon heavy chain. As a 

unit of the immune system it is part of the human body response to allergens. Allergens 

are foreign substances to the body that can cause extreme physiological reactions, such as 

eczema, hives and anaphylaxes. IgE has also been reported to have a role in the immune 

systems response to parasitic worms.35,36 When an individual possesses an allergy 

sensitivity they are said to be atopic and their IgE levels can measure in the mg mL"1 

range. The mechanism of allergy response is based on the binding of IgE to Fc receptors 

on mast cells and basofiles called FceRI.37 Binding and aggregation of IgE on mast cells 

and basophiles causes degranulation of these cells and release of inflammatory mediators, 

such as histamines. It is not yet fully understood why allergy responses can very from a 

mild runny nose to extreme anaphylaxes. 

1.6 PROTEIN ADSORPTION 

Proteins are biochemical molecules that perform specific functions within living 

systems. The functional properties of proteins depend upon their 3 dimensional 

structures which arise from their specific linear sequence of amino acids. There are 20 

amino acids which are distinguished from each other through their varying side chains. 

These amino acids are joined together through peptide bonds in long chains forming 

polypeptides. This long chain of polypeptides is referred to as a protein's primary 

structure. As a result of interactions between the varying side chains of the polypeptide 

amino acids localized regular secondary structures, alpha (a) helices and beta (P) sheets 

form. Packing of secondary elements into compact globular units called domains leads to 

a proteins tertiary structure. This overall 3 dimensional shape is determined by the 

formation of disulfide bridges and non-covalent interactions (hydrogen bonding, 

electrostatic and van der Waals) that result in the sequestration of hydrophobic amino 

acids in the protein core and hydrophilic amino acids on the protein surface. Disruption 

in a protein's 3 dimensional structure, known as denaturation, leads to loss of activity. 

Denaturation can occur when the protein is exposed to external stress, such as, heating, 

increased ionic strength, exposure to organic solvents, large changes in pH or adsorption 
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to surfaces. These stresses can cause polypeptide chain unfolding and loss of secondary 

and tertiary conformation by disrupting the non-covalent interactions of the amino acids. 

Due to the complex surface chemistry of proteins, a wide range of surface 

activities are possible, dependent on protein size, charge and structure. Larger proteins 

may interact to a greater degree with interfaces due to an increased number of contact 

points. Surface regions of various hydrophobicities and charges on the protein may 

exhibit preferential binding to interfaces of similar properties or opposite charges. 

Protein structural instability, determined by the lack of disulfide bonds, may result in 

proteins that unfold more readily on interfaces, increasing their area and interaction with 

the surface. This complexity leads to the ability of proteins to adsorb to a wide variety of 

surfaces. Understanding the process involved in the adsorption of proteins to surfaces is 

important in a number of different applications such as biosensors, chromatographic 

separations and materials biocompatibility. Along with the surface of adsorbing proteins 

the chemical properties of the surface interface also plays a key role in determining the 

characteristics of adsorption and the resulting adsorbed film. As a protein from the bulk 

solution phase approaches a surface interface it interacts with the surface through 

intermolecular forces. This interaction leads to attachment of the protein to the surface 

and relaxation of the adsorbed protein to achieve an optimal surface configuration. This 

relaxation can be driven by noncovalent interactions or entropic factors caused by surface 

induced conformational changes.38 Due to these relaxation mechanisms the adsorbed 

protein film may undergo spreading of the protein molecules, structural rearrangements 

and conformational changes. As an example, it has been reported that hydrophobic 

surfaces induce greater conformational changes by increasing the hydrophobic 

interactions of inner amino acid groups. Also, amine surfaces have been shown to 

hinder conformation changes and emphasize specific active molecular orientations.40 

Figure 1.6 illustrates how proteins may interact with various types of surfaces starting 

from a bulk solution adjacent to the surface interface to a final adsorbed film. These 

observations show a need for methods to systematically investigate the affect of surfaces 

and proteins on adsorption to solid interfaces. 
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Figure 1.6: Possible mechanisms for protein adsorption to various types of surfaces. 
A. Hydrophobic surfaces have been shown to result in greater conformational 
changes in the adsorbed protein. B. Surfaces with specific properties have been 
shown to hinder conformational changes and result in adsorption in defined 
orientations. 

1.7 IMMUNOASSAYS 

Immunoassays are tests that use antibody-antigen complexes to measure the 

presence of a specific analyte in a sample. Antibodies are proteins produced by the body 

that possess high specificity to foreign substances. These are part of the bodies immune 

response mechanism. An exception to this, are auto immune diseases, in which the body 

produces antibodies to normal naturally occurring bodily substances. By detecting the 

presence of specific antigens through their binding to known antibodies, diagnostic 

testing of healthy and disease states can be achieved. This experimental approach was 

first developed by Yalow and Berson in 1959 for the detection of the hormone insulin.41 

Since this pioneering work, immunoassays have become one of the most important 

scientific and diagnostic tools utilized, with assays being developed for a wide variety of 
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analytes. As a result of this techniques rapid importance and its application Dr. Yalow 

received the Nobel Prize in Medicine in 1977 for his work. 

The key factor in immunoassays is the detection of the antibody-antigen complex. 

This is achieved using labels, attached to one of the assay components that can be 

subsequently detected. During the early work of immunoassays, the most widely used 

label was radioactive iodine, I131, which can be detected by scintillation counters. Due to 

the technical and safety disadvantages of radioisotopes, new labels based on 

chemiluminescence and fluorescence were developed, for which detection is achieved 

through measuring the intensity of emitted light. Figure 1.7 is a schematic representation 

of a typical binding immunoassay. 

*k 
Antibodies Antigens 

= Label used for detection 
Binding Complex 

Figure 1.7: Cartoon illustration of how labeled antibodies or antigens allow for the 
detection of the binding complexes in immunoassays. Labels are used for detection 
to quantify binding between pairs. Labels include enzymes, fluorophores and 
radioisotopes combined with various detection methods. 

An extension of this work is that of protein arrays,43 in which an array of proteins 

can be screened for biochemical activity against a range of analytes such as DNA, RNA, 

other proteins and ligands in a similar manner as immunoassays. While these methods 

are successful, there are drawbacks associated with the need for labeling to achieve 

detection. Two methods of labeling can be implemented, covalent attachment of the 

label to the analyte and non-covalent binding. Covalent labeling methods are time 

consuming often requiring special equipment and skills. They can also be hampered by 
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incomplete labeling, multiple labeling and the potential of labels interfering with the 

inherent activity of the protein. While non-covalent binding between labels and proteins 

has been demonstrated,44 this does not provide a suitably generic protocol due to the 

variable reactivity and selectivity of these labels towards widely diverse proteins. Also, 

detection of labels often requires expensive specialized equipment focused on high 

throughput analysis. While cost effective, due to the large number of detected analytes, 

the need for this type of instrumentation for the investigation of limited subsets, or 

individual, proteins and antibodies may be burdensome. Thus, a straightforward, lower 

cost detection method would be advantageous. 

Considering the number of potential proteins and antibodies that can be 

investigated, eliminating the necessity of labeling, while allowing for a more cost 

effective detection method, can potentially increase the ease of implementation of new 

protein and antibody tests. Recently, the label free detection method of SPR has been 

successfully proven for detection of immunoassays12 and in single component clinical 

diagnostic tests of a cardiac bio marker.14 The work presented here is a further 

continuation of the use of SPR for label free detection of multi component 

immunoassays. 

1.8 SCOPE OF THE THESIS 

The work presented herein is divided into two sections: 1. device design and 

fabrication, and 2. applications of devices conceived. Here is a brief overview of topics 

to be discussed in the subsequent chapters. 

Various designs and fabrication process flows are investigated and tested in 

Chapter 2 for the fabrication of polymer based microfluidic devices for SPR imaging 

measurements. With regards to device fabrication, a thick photoresist, SU-8 2050, was 

used as a template for casting polymer devices. Upon beginning this work SU-8 2050 

was a non-standard resist in the University of Alberta Nanofabrication facility. Details of 

the optimum standard operating procedure developed for processing thick SU-8 

photoresist will be discussed. Also presented, will be the operating procedures for 

processing thin films of polydimethylsiloxane (PDMS) used as a masking layer for metal 

deposition onto the SPR sensor substrates. Over the course of this work various designs 
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and design elements were introduced, augmented or removed to achieve a more 

straightforward process flow and device as possible. Various iterations will be discussed, 

that ultimately lead to the two main designs used in subsequent chapters. Further details 

regarding PDMS processing, mask design and flow testing of fabricated devices will also 

be presented. 

Upon design and fabrication of proof-of-concept devices, an initial application 

was necessary for evaluating the potential of these microfluidic designs for SPR imaging. 

Chapter 3 presents investigations into the use of these devices for monitoring the 

simultaneous adsorption behavior of human plasma proteins to various surface 

chemistries. This work demonstrated the possibility of a facile experimental procedure, 

based on a microfluidic device and SPR imaging, for studying adsorption behavior of a 

variety of proteins to a variety of surfaces. 

To further investigate the usefulness of the designed microfluidic devices, and to 

extend their experimental capabilities for SPR imaging, immunoassay experiments were 

undertaken. Chapter 4 examines human immunoglobulin assays performed using two 

different device designs, as well as an experimental procedure for an assay protocol 

utilizing both designs. 

Through the work presented on the proof of concept microfluidic devices 

fabricated and experimentally tested, experience and knowledge of their performance was 

gained. Chapter 5 deals with applying this experimental experience to possible future 

modifications to the device design for increased usability and functionality. Also, 

proposals are made for possible future experiments that may further extend the 

experimental capacity of this microfluidic-SPR imaging platform. 
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2.1 INTRODUCTION 

Surface Plasmon Resonance (SPR) imaging has emerged as an extremely versatile 

technique allowing for the multiplexed microarray analysis of various bioaffinity 

interactions (e.g., DNA, RNA, peptide, protein, carbohydrate).1"7 In a SPR imaging 

experiment the change in reflectivity from a metal thin film due to changes in the local 

refractive index near the surface is used to monitor the adsorption of biomolecules from 

solution. The collected SPR imaging difference image can be quantitatively analyzed for 

the amount of adsorption without the need of any labeling agents, such as fluorophores, 

isotopes or nanoparticles. 

Since the first reporting and development of SPR imaging8 there has been a 

progression in the immobilization methods and techniques used. Single analysis was 

readily achievable on fully-gold coated sensors. However, to take advantage of the 

multi-analysis capabilities of SPR imaging, UV photopatterning9 and linear microfluidic 

channels cast in PDMS10 were employed to aid in creating areas of high and low 

biomolecule specificity. These methods included patterning with Langmuir-Blodgett 

films and the use of various self assembled monolayers (SAMs) of co-substituted 

alkanethiols. With UV photopatterning, deposition of solution to the surface was 

achieved by robotic or manual micro spotting, whereas adsorption to the surface using 

microfluidic channels results in deposition that occurs from the bulk solution rather than 

micro droplets. 

Further developments resulted in a SPR imaging, sensor chip with patterned areas 

of gold.11 These sensors offer high contrast areas for detection as the bulk sensor 

background gives zero signal since it is only in the presence of gold that the surface can 

manifest the Surface Plasmon Resonance (SPR) effect. While high detection contrast is 

important, these devices still require robotic pin printing or manual pipetting, usually 

with cumbersome protocols involving humidity and temperature control. Also, due to the 

close proximity of the spots used to achieve an optimal spot density, various surface 

chemistry modifications of the underlying glass must be used to confine the droplet 

within the gold area and avoid droplet spreading. These extra protocol steps and 

limitations ultimately hinder the experimentalist in terms of time and the combinations of 

solutions that may be used to avoid spot-to-spot contamination (e.g., aqueous or organic). 
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Furthermore, these devices are mounted in large volume flow cells that only allow one 

solution at a time to pass over the sensing surface. While a microfluidic flow cell, for 

small volume samples, has been demonstrated in the literature,12 it was a single channel 

device used for single component analysis. A device that combines gold patterning to 

achieve high viewing contrast, allows for various solution types and limits the affect of 

drying and denaturation that occur with micro-spot patterning and allows for multiple 

simultaneous analyte solution introduction to the sensing surface, would be 

advantageous. 

Due to the lack of large available protein libraries, and the increased cost and time 

for their development,13 many researchers and research areas focus on a limited subset of 

biomolecules of interest. Such low density sample requirements often do not justify the 

burdensome cost of high throughput systems, such as robotic pin printers, and their time 

consuming protocols, such as labeling and environmental controls. The material 

presented here in Chapter 2 will focus on the development of a robust micro-scale gold 

patterning technique for use with a unique microfluidic spotting device to create a 

convenient and customizable microarray platform for SPR imaging. 

2.2 CHIP DESIGN 

Figure 1.1 is a schematic of the proposed microfluidic spotting device. Initial 

designs focused on creating discrete areas of exposure from enclosed microchannels 

based on straight microchannels used in previous work.5' 10' 14 This required a 3-

dimensional approach to the design and layout of the device, resulting in a multi-step 

fabrication and assembly procedure.15 This design and fabrication process ultametly 

proved successful but was very cumbersome and resulted in a low throughput of device 

fabrication. Since this initial design required the formation of a thin PDMS membrane 

for every device, much time and effort was needed in their assembly. To reduce 

difficulties in assembly and use of these early devices, new design features were 

incorporated. Gold (Au) sensing regions, to which analyte immobilization and detection 

occurs, were patterned on the SPR slide, providing areas of high detection contrast and 

good sealing properties to the PDMS. These sensing regions were aligned to a single 2-
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deminsional polydimethylsiloxane (PDMS) microfluidic manifold thus eliminating multi 

layered fabrication methods. 

A. INITIAL DESIGN B. SECONDARY DESIGN 

Figure 2.1: Design layouts considered for microfluidic spotter. A. Two layer 
PDMS design utilizing a thin layer of PDMS with through holes allowing for 
specific patterning of a fully coated SPR sensor slide. B. Simplified design with 
only one PDMS layer aligned to a gold patterned SPR sensor. 

While much time was spent on the initial design of the first prototype device 

(Figure 2.1 A) experiences from this ultimately helped in future device iterations. The 

development of thin PDMS membranes with through-holes was effectively used for the 

surface patterning of the SPR sensors with gold. These membranes while difficult to 

fabricate for every device, were extremely durable for metal deposition and could be used 

multiple times for gold patterning. Also, to achieve a completed device based on Figure 

2.1 A, time was initially dedicated to the building of an alignment microscope specific for 

the SPR slides and microfluidic devices fabricated. This effort was then applied to future 

devices designed and since these devices were of a more straightforward design 

alignment became a routine step in the fabrication process. 

PDMS was chosen as the substrate material for the microfluidic manifold because 

of its many advantageous features,16 such as its selfsealing conformal 

reversible/irreversible bonding properties, well known high fidelity replication 
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procedures and low cost. To provide a support for PDMS microchannel casting, positive 

relief photoresist silicon (Si) masters were fabricated. Photoresist masters have proven to 

be a reliable replication support for PDMS casting.17"19 There also exist routine 

procedures for photoresist processing on Si wafers. 

The following chapter is divided into two main sections: 1 - device design and 

fabrication and 2 - evaluation and new designs. In the first section, the following are 

described; device dimensions and fabrication methods for both the PDMS microchannels 

and Au sensing regions. Dimensions for the Au sensing regions and subsequent channels 

were determined from two main factors; available total footprint (real estate) of SPR 

sensor and the optical unit on the SPR instrument. Available field of view and aperture 

settings of the optical unit ultimately limited the feature size of the sensing regions and 

the subsequent channel dimensions. Au patterning techniques utilized for SPR rely on 

machining shadow masks for Au depositions.11 Machined shadow masks would not 

provide the necessary small sensing area needed in this work. Thus, alternate micro-

patterning techniques were evaluated. To accommodate the height dimensions needed in 

the positive relief photoresist Si masters it was necessary to work with and determine a 

procedure for using thick photoresist. A commonly reported thick photoresist is the 

epoxy based negative resist SU-8, available from MicroChem Corporation (Newton, 

Mass. USA).20"23 

In the second section the following are described; procedures used to evaluate the 

performance of the fabricated devices and subsequent design changes to compensate for 

observed deficiencies. In an array format it is necessary to ensure that there is no spot-to-

spot contamination. Since the design incorporates a common outlet examining and 

compensating for any spot-to-spot contamination is necessary. Evaluation of these 

prototype devices may also lead to better design and improved fabrication procedures. 

2.2.1 Si MASTER PROCESSING 

2.2.1.1 MASK DIMENSIONS 

Figure 2.2 is a computer assisted design (CAD) illustration of the design for a 24 

spot microfluidic spotting device used for the fabrication of positive relief photoresist 

masters on four inch Si wafers. The spot array mask is designed to align to the spotting 
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regions on the microfluidic manifold, therefore alignment marks were not necessary. To 

increase replication in the PDMS casting step, six devices were fabricated per Si wafer 

processed. 

Dimensions are as follows; 1.8 x 1.8 cm perimeter, 100 p wide flow channels 

and spotting regions 500 x 300 [Am. These parameters were evaluated and chosen for 

their compatibility with both the fabrication methods and detection system. 

The first consideration for a microfluidic spotting device design was the total 

footprint available. This footprint was defined by the area of the glass slide used in the 

SPR instrument and its prism and holder assembly. The area is predefined by the 

manufacture at 1.8 x 1.8 cm. For ease of fabrication and use, keeping the microfluidic 

device within this available area was deemed important. 

To evaluate design, fabrication and operation procedures, 24 sensing spots in the 

array design were judged to provide an adequate number of array elements for a proof of 

concept device. Having too few spots would make understanding scaling issues involved 
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with a greater number of spots difficult. Having too many spots would complicate and 

overly burden the design and fabrication procedures. 

To accommodate 24 array elements, channel widths were chosen as a balance 

between available spacing and compatibility to the mask printing techniques. Masks for 

positive relief photoresist Si wafer masters were printed on transparency film using high 

resolution printers (Quality Color, Edmonton AB). This was a low cost alternative to 

chromium soda lime glass masks, normally used for lithographic fabrication procedures, 

as it was envisioned that multiple masks would be designed and fabricated. Transparency 

film masks have their own drawbacks. They exhibited a lower limit of feature resolution 

of ~ 50 jxm and any angled lines consisted of step features that are reproduced 

lithographically (Figure 2.3). Therefore, channel widths were ideally maintained at 100 

^m and straight channel lines were preferentially incorporated into the design. 

Four aspects of the device are worth noting in the design. First, every six inlets 

has a common outlet, which reduced the total number of access holes required in the 

available area. Second, inlet channels to the spotting regions were lengthened for extra 

flow restriction to ensure solutions arrive at each spot at the same time. This potentially 

decreases the chances of trapping air within the microchannels due to solution arriving at 

the waste line at different times. Third, Au spot dimensions (500 x 300 urn) are made 

44 



larger than the channel widths (100 nm) to accommodate for the plane of focus in the 

SPR optical system (discussed further in Section 2.2.2.1) Fourth, solutions flow through 

a spotting region with widening and narrowing flow paths, which allow for complete 

solution coverage of the larger 300 [xm wide Au spots, while providing an architecture 

without 90° angles in order to minimize air trapping. 

2.2.1.2 Si MASTER FABRICATION 

Photoresist Si masters were chosen as the PDMS casting support because of their 

well established fabrication protocols from the semiconductor industry. The Nanofab 

Facility at the University of Alberta is equipped with all necessary equipment and 

expertise for photoresist processing. Other methods of producing positive relief masters 

for PDMS casting, include: glass and Si etching. These methods were not used because 

of their relative expense, length of processing time and possible substrate surface 

roughness. Wet and dry etching processes over large areas can result in surface 

roughness which may result in poor PDMS sealing to the SPR glass slides. Lithographic 

methods of producing positive relief structures provide a smooth substrate surface for 

PDMS casting (the underlying Si wafer), are highly uniform over large areas (dependent 

on UV light source) and have fast processing times. 

Photoresist compounds can be classified by the film thickness range they are 

capable of producing. As such, it is necessary to know what thickness is desired for any 

particular application. One of the most widely used photoresist materials is HPR 504, a 

positive photoresist that is used as a metal etching masking layer. It has a working 

thickness range of 100 nm to 2 [i,m. This is a suitable range for a metal masking layer; 

however, it is too thin for a microfluidic channel in PDMS. 

The use of photoresist material as a support for casting PDMS results in the film 

thickness of the photoresist equaling the PDMS channel depths. The main consideration 

of PDMS channel depths was resistance to flow. With only one outlet per six inlets, 

elongated channel lengths and hydrophobic sidewalls from the PDMS, aqueous resistance 

to flow was thought to be a problem. Spotting regions were also cast in PDMS where 

curing occurs around a photoresist structure resulting in a through hole. The height of the 

photoresist column needed to be greater than 75 [Am, the observed minimum thickness of 
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a thin film of PDMS for manipulation with fine tweezers (Dumont high precision grade 

tweezers, Ted Pella Inc.). 

For the initial designs, a photoresist capable of thick structures was desirable. 

Meeting the thickness requirements of both the channel profile and spotting columns was 

MicroChem SU-8 2050 negative photoresist. It has a working thickness range of 40 -

170 [Am. As a negative photoresist UV light exposure causes crosslinking and hardening 

of the epoxy polymer. Unexposed photoresist can be washed away leaving behind the 

patterned exposed resist. Figure 2.4 is a layout of the general steps used in a negative 

SU-8 2050 lithographic procedure. 
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Figure 2.4: Process flow for SU-8 2050 negative photoresist. Si wafer 
)retreatment consisted of a piranha bath to remove organic contamination. Bead 
removal on the edges of the wafer was necessary to ensure good contact with the 
mask. Pre bake was necessary to remove solvent in the photoresist. Post bake 
was used to thermally drive crosslinking in the photoresist after UV exposure. 

Process development at the University of Alberta Nanofab for thick film SU-8 

photoresist was necessary as it was a newly introduced photoresist to the laboratory. 

Three parameters were investigated; spin coat speed, prebake temperature and UV 

exposure time. These parameters proved to be the most important in developing a 

reliable SU-8 2050 lithographic process for Si wafer photoresist masters. The 

manufacturer's data sheet was used as a baseline for the determination of process 
24 

parameters. 
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Two thicknesses were investigated, 50 \am for the channel depths and 100 [xm for 

the spotting regions. The following parameters were determined. 

Table 2.1: Comparison of Manufacturers and Experimentally Determined SU-8 Processing 
Parameters 

Experimentally Determined Manufacturer 

50 urn 100 um 50 um lOOum 

Spin coat (rpm) 3000 1500 3000 1800 

0-3 @ 65 5 @ 65 
Pre-bake (min, °C) 120 @ 60 120 @ 60 

6-9 @ 95 10-20 @ 95 
UV exposure (s) 75 95 ~ 5* ~6* 
* Calculated from MicroChem reported exposure (exp) energy: 50um = 150 - 215 mj/cm2, lOOum = 
215 - 240 mj/cm2 based on Nanofab Exposure Factor of 29.5 mW cm"2 using; 

Exp t(s) = Exp Energy j - / Exp Factor — 2.1 
\cm JI \cm J 

Deviation from the manufacturer's baseline recommendations may have resulted 

from limitations in the pre-bake step. The outlined recommendations for the pre-bake 

used a step wise heating process on a hotplate with thermal contact between the plate and 

photoresist substrate. This process is important in drying the photoresist, by removing 

solvent, thereby hardening the photoresist. To achieve effective heating without 

disruption to the film thickness a hotplate with good temperature uniformity was needed. 

None of the available hotplates possessed such uniformity and wrinkling from thermal 

stress was observed. Figure 2.5 is a photograph of the observed wrinkling seen with 

hotplates in the Nanofab. 
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Figure 2.5: 100 urn thick SU-8 2050 coated Si wafer. Upon spinning of 
photoresist a pre bake was performed using the Nanofab hotplates at the 
manufacturer's specified temperature. Distortions in the film can be seen around 
the outside edges and as islands towards the center. 

A convection oven was used as an alternative to a hotplate. The air circulation 

from the high temperature fan results in an even uniform temperature across the 

photoresist. However, the use of a convection oven also results in skin formation over 

the resist. This skin can inhibit the evolution of solvent and extend exposure times.24 

Drying and hardening of the SU-8 2050 photoresist was achieved in a convection oven 

with no disruption to the film integrity at 60°C for 2 hours. A minimum cool down 

period of 30 minutes was necessary to ensure proper setting of the photoresist as the film 

is still pliable upon removal from the oven. 

Exposure time was based on the development of a latent image in the photoresist 

after UV light exposure, as outlined in the manufacturer's data sheet. The increased time 

of exposure compared to the baseline parameters given in the data sheet is thought to be 

from the differing method of pre-bake heating. Skin formation on the photoresist film 

from the use of a convection oven may change the absorption ability of the photoresist 

requiring longer exposure times. After exposure of 75 and 95 seconds for 50 and 100 u.m 

photoresist films faint latent images of the mask pattern could be seen, indicating 

initiation of epoxy crosslinking. A post exposure bake (PEB) of 30 minutes at 65°C was 
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used to thermally drive the epoxy crosslinking to completion, followed by photoresist 

development with MicroChem's SU-8 developer (l-methoxy-2-propyl acetate), which 

removes all uncrosslinked photoresist. The PEB and development times were in line 

with the manufacturer's specified parameters. An outline of the full lithographic 

parameters used is presented in Table 2.2. 

Table 2.2: Determined parameters for two SU-8 2050 film thicknesses 

Optimal Photoresist Thickness 

Spin coat (s @ rpm) 

Pre-bake (min @ °C) 

Exposure (s) 

Post bake (min @ °C) 

Development (min) 

50 urn 

10 @ 500 
60 @ 30000 

120 @ 65 

75 

30@65 

6 

100 um 

10 @ 500 
60 @ 1500 
120 @ 65 

95 

30@65 

9 

2.2.2 PDMS PROCESSING 

Polymers offer an attractive alternative to glass and silicon materials for 

fabrication of microfluidic systems, as they are less expensive and fragile than glass and 

silicon. The fabrication processes used to create plastic devices are based on replication 

(casting, embossing, or injection molding) and are faster and less expensive than those 

used on glass and silicon. PDMS is an elastomeric material that is readily used in 

microfluidics and has been employed for sorting of cells, sizing of DNA, patterning of 

biological and non-biological materials and electrophoretic separation of biomolecules.16' 
2527 It is an ideal material and fabrication method for rapid prototyping of microfluidic 

structures. 

The final device consists of components from two PDMS curing steps on two 

photoresist masters. The first master contains the microchannel manifold, in which 

access holes are punched and allow for solution introduction and removal. The second 

master contains spot arrays, for which a novel PDMS curing procedure was developed in 

order to create thin PDMS membranes with microspot access holes. All PDMS 
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fabrication reported here used Sylgard 184 silicone elastomer (Dow Corning; Midland, 

MI). 

2.2.2.1 MICROCHANNEL MANIFOLDS 

Upon positive relief photoresist master fabrication, all Si wafers were gas phase 

silanized with trichloro(lH, 1H, 2H, 2H-perfluorooctyl)silane (97%, Sigma-Aldrich, St. 

Louis, MO). Wafers were placed overnight in a vacuum desiccator with 30 \xL of silane 

solution. Figure 2.6 illustrates the gas phase reaction between trichlorosilane and surface 

Si-OH groups on the Si wafer. The resulting fluorinated surface produced a surface with 

weakened adhesion to PDMS, facilitating easy removal of cured PDMS. 

CI 
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CF3(CF2)5CH2CH2 - Si - CI 
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+ 
OH OH OH OH 
1 1 1 1 
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(CF2)5 
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/ • v ' T V x // 

/ ° \ y 
Figure 2.6: Silanization of the silicon surface with a fluorinated carbon chain 
reduces the adhesion of the surface to PDMS. This allows for easy removal of 
cured PDMS from Si master wafers. 

All PDMS handling was done under a clean hood utilizing a HEPA filter. PDMS 

curing was achieved according to established methods.28'29 Briefly, a 10:1, prepolymer 

to cross-linker ratio, by weight, was mixed in a Teflon® weighing boat and placed under 

vacuum to remove trapped air bubbles. To provide a physical support for PDMS curing 

masters were affixed to the centre of a plastic Petri dish by curing a thin layer of PDMS 

between the Si wafer and dish. With air bubbles removed, the mixed PDMS was poured 

over the positive relief masters and again placed under vacuum, to remove any air 

bubbles introduced during pouring. To ensure uniformity over the full four inch diameter 

of the Si master the Petri dish was placed on a leveled plate for 1 hour. Subsequently, 

curing was achieved at 75°C for 1 hr. Upon removal from the oven, the cured PDMS 

was cooled at room temperature for 1 hr in a clean hood. 
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Each 1.8 x 1.8 cm device was cut from the bulk PDMS and access holes were 

punched through the PDMS using a 16 gauge needle whose tip had been flattened and 

sharpened in a lathe. This produced inlet/outlet reservoirs of 1 mm in diameter. 

Fully cured PDMS contains uncrosslinked low molecular weight (LMW) chains. 

The LMW species are either uncrosslinked linear PDMS chains or residual crosslinking 

agent. These species can diffuse to the surface of PDMS and onto supporting 

substrates. Since these microchannel PDMS devices are used for surface immobilization 

studies and with a surface sensitive optical detection system elimination of these LMW 

chains was deemed advantageous. Two methods primarily used for organic extraction of 

LMW chains from cured PDMS are thermal aging31 and organic extraction.32 Organic 

extraction was used because it was the least time consuming, hours compared to days for 

thermal aging. 

Refluxed hexane in a Soxhlet setup was used for extraction of LMW chains in 

cured PDMS device. Briefly, 1.8 x 1.8 cm individually cured PDMS components, of the 

device (three at a time), were loaded into a Soxhlet extractor. The extractor is equipped 

with a condenser and attached to a flask containing the hexane solvent. The solvent is 

heated to reflux, condensing on the condensing arm and dripping back down into the 

chamber housing the PDMS devices. The chamber slowly fills with warm solvent and 

extracts LMW chains. When the Soxhlet chamber is filled it automatically empties by a 

siphon side arm with the solvent running back down to the distillation flask. Distillation 

continues with the extrated LMW chains remaining in the solvent. The cycle is allowed 

to repeat at least three times, approximately 3 hours. 

When removed from the extractor the PDMS devices are swollen due to the 

absorption of hexane. Each device is dried under nitrogen and placed on a glass slide 

over night under a clean hood to allow for complete solvent evaporation. Upon 

extraction and drying each device is ready for use. 

2.2.2.2 MICROSPOT ARRAYS 

SPR occurs only at the surfaces of noble metals when specific conditions of 

wavelength and incident angle are met. To localize the SPR response and minimize the 

background signal that is generated across the whole surface of a fully Au coated SPR 
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sensor chip, a pattern of Au spots was utilized. Ideal spot size was identified based upon 

ease of visualization with the SPR imager used. Figure 2.7 shows a comparison of SPR 

images for various Au sizes used to determine optimal spot area. 

Due to the channel configuration and layout, the area of the spot array was 8 x 4 

mm. For determining spot size, two competing factors needed to be balanced: 1. 

achieving focus of the Au spots across a field of view of 8 x 4 mm, and 2. maintaining 

spot sizes compatible with the widths of the microchannels. Meeting these criteria were 

the dimensions of 500 x 300 [Am. At these sizes, machining reliable and consistent spots 

in a shadow mask holder for metal deposition on to the glass surface would prove to be 

difficult. Photolithographic techniques access Au patterns of this size easily. 
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Photoresist lift off is one technique used for metal patterning on glass substrates. 

This procedure uses photolithography to pattern photoresist on the substrate of interest. 

Upon UV exposure and development, metals can be deposited on the underlying 

substrate. Once deposition is completed, the remaining photoresist can be removed, 

leaving behind the patterned metal. To simplify the procedure and eliminate possible 

surface contamination of the substrate and metal from the chemical removal of 

photoresist, an alternative to the technique for microscale Au patterning was developed. 

Our method involved the photolithographic fabrication of photoresist arrays of 

500 x 300 u.m columns on Si wafers as moldings for PDMS casting. The height of these 

features was optimally 100 \xm. This proved to be the minimum height needed for easy 

manual handling with tweezers for thin PDMS membranes. Thinner PDMS membranes 

proved to be extremely fragile. Since PDMS is a soft elastomer, thin membranes (< 100 

|im) often distorted or sagged easily, leading to deformed spot features. These positive 

relief photoresist column arrays served as reusable masters for the formation of thin 

PDMS shadow mask membranes, containing through holes formed from the curing of 

PDMS around the features. Figure 2.8 outlines the fabrication steps. 
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Figure 2.8: Schematic representation of the PDMS shadow mask fabrication 
procedure. SU-8 photoresist was spun to achieve a thickness of 100 |xm. PDMS 
was cured with the application of weight. 1 nm Cr and 45 nm Au were deposited 
by thermal evaporation through the PDMS masks PDMS shadow masks were 
handled with fine tweezers for transport from Si wafers to SF 10 glass. 

To avoid curing of PDMS over the features, and thus allow metal deposition to 

the substrate, weights were applied to remove excess PDMS from above the features. If 

sufficient pressure was not applied to the Si wafer, uncured polymer seeped between the 

features and weights, blocking the through holes. It was determined that a pressure of > 6 

MPa, corresponding to a weight of ~ 13 kg, was necessary to ensure proper and 

reproducible sandwiching of the PDMS. Distortions of the photoresist features due to the 

pressure exerted on them was thought to be a concern, however no ill affects on the 

photoresist structures or their dimensions from multiple high pressure curing processes 

were detected. Curing was achieved at room temperature for 12 hours. This afforded 

enough time for the PDMS to set around the photoresist features so the weights could be 

removed and curing completed in an oven at 75 °C for 1 hour. 
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3M transparency film sheets (CG 3460) were used to separate the PDMS liquid 

polymer from the weights. Due to the flexible nature of these sheets, they provided 

reliable contact to the photoresist structures during application of the weights. Other 

support materials were tested such as Si wafers, glass slides, Teflon® sheets, and plastic 

wrap. All proved to be too fragile (Si and glass) or too delicate (Teflon® and plastic 

wrap) to support the necessary applied weight. The 3M transparency sheets also 

exhibited less adhesion to the PDMS than the PDMS had to the Si wafer, thus facilitating 

easy removal of the transparency. Furthermore, the films did not exhibit any deleterious 

affects from heating at 75°C during final curing. 

Upon curing the features of interest, 1.8 x 1.8 cm PDMS squares with arrays of 

through holes, were cut from the bulk PDMS membrane sheet. No cleaning procedures 

were used for these PDMS pieces. All handling and transferring of these thin membranes 

were done with fine tweezers. PDMS thin membranes were manual placed on glass SPR 

slides where conformal contact between the PDMS and glass provided a versatile seal 

allowing for localized metal deposition to the exposed areas while, being reversible to 

allow for the removal of the PDMS shadow masks for reuse in further metal depositions. 

When not in use, PDMS shadow masks were stored in a vacuum desiccator Au side 

down. Figure 2.9 shows images of the PDMS microspot shadow mask and Cr/Au 

patterned SPR slides resulting from the masks. 
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A. B. 

Figure 2.9: A. Fabricated 100 urn thick PDMS shadow mask for Cr/Au 
patterning. Each spot is 500 x 300 um B. Cr/Au patterned onto an SPR slide 
using the PDMS shadow mask. Spots are well defined with high fidelity pattern 
transfer. C. SPR image of Au patterned spots. Spots are compressed in one 
direction due to instrument optics. 

2.2.3 SPR SLIDE FABRICATION 

SPR sensors consist of a thin layer of Au patterned onto glass slides. SF-10 glass 

(Schott Glass Technologies, PA, USA) is a high refractive index glass that is used as the 

substrate for fabricating SPR slides. Four inch square sheets of SF-10 glass are cut into 

1.8 x 1.8 cm dyes using a diamond encrusted high precision table saw (Diamond Touch 

Dicing Saw, Texas, USA). Each cut sheet was stored under vacuum in a desiccator until 

needed for Au patterning. 

Under a clean hood, pre-cut SF-10 dyes are cleaned in a piranha bath (3:1, 

H2S04:H202 - caution should be observed when using acids and peroxides) for 20 

minutes, rinsed in water and N2(g) dried. Using fine tweezers, PDMS microspot shadow 
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masks are positioned onto the glass dyes by hand. Each mask is positioned such that the 

features are placed approximately in the centre of the slide. Conformal contact is 

achieved immediately upon contact between the glass slide and PDMS, providing a seal 

between the two materials. Each device is then placed in a holder and loaded into the 

vacuum chamber of a thermal evaporator for Cr/Au metal deposition. 

Au deposition is achieved using thermal evaporation (Torr International Inc., NY, 

USA). Samples are loaded in a chamber face down over two crucibles, one containing 

Au and the other chromium. Evaporation occurs through the resistive joule heating of the 

crucibles containing the metals. The released metal vapour then condenses on the cooler 

substrate surface forming a thin film. Low pressure, 10~6 - 10"7 torr is used to avoid 

reaction between the metal and atmosphere. A typical pressure used for metal deposition 

during SPR slide fabrication is 5 x 10"7 torr, the applied power is typically 40 watts and 

19 watts for chromium and Au, respectively. The achieved deposition rates are 0.05 -

0.1 A/s for Cr and 0.3 - 0.6 A/s for Au. A 1 nm chromium adhesion layer is deposited 

first followed by a 45 nm Au layer. 

Upon completion of deposition the chamber is allowed to cool to room 

temperature and the dyes are removed. The PDMS shadow masks are peeled from the 

surface using fine tweezers and both the masks and patterned dyes are stored in petrie 

dishes in a desiccator under vacuum. To ensure consistent sealing of the PDMS to glass 

each mask is stored Au side down limiting the exposure and contamination of the PDMS 

side. The PDMS shadow masks have been used many times (> 8 metal depositions) with 

no evidence of degradation. 

2.2.4 DEVICE ASSEMBLY 

The Au patterned SPR sensor slide and PDMS microchannel manifold were 

assembled prior to use. As stated previously alignment marks were omitted since the 

design had inherent alignment between the spots and spotting regions. Alignment of 500 

x 300 u.m features on two 1.8 x 1.8 cm dyes required a specially built alignment 

microscope. Figure 2.10 is a design schematic and photograph of the homebuilt 

alignment microscope for 1.8 x 1.8 cm die alignment. 
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Slot holder for 
microscope 

slide 

Figure 2.10: A. Homebuilt 
alignment microscope with x, y, z 
and 0 translation stages. B. 
Accessories used for alignment. A 
slot holder to hold the SPR slide 
stationary and a microscope slide to 
hold the PDMS manifold. 

To align two die pieces it is necessary 

to hold one stationary while adjusting the 

other in the x, y and 9 positions. Upon 

alignment one die can be moved in the z 

direction for bonding to the stationary 

substrate. Here the PDMS manifold is held 

stationary, affixed to a microscope slide, 

slotted into a holder with features facing 

down. The SPR slide is positioned in a slot 

holder on a micro-translation stage with the 

Au pattern facing upwards. The two 

substrates are brought into close proximity, 

but not contacting each other, so as to have 

both features (Au patterns on SPR slide and 

spotting regions on PDMS manifold) 

simultaneously in focus. To achieve a large 

non-contact depth of field (the distance from 

the nearest object plane in focus to that of the 

farthest plane simultaneously in focus) proper 

lens selection was needed. A microscope lens 

with a 6.3x magnification and numerical 

aperture of 0.2 was used. These parameters 

balanced the need for magnification to view 

micro-scale features and achieving an optimal 

depth of field. Figure 2.11 is a photograph of 

an aligned 24 spot SPR sensor with a 

microfluidic manifold. As can be seen, micro-

scale alignment with this homebuilt alignment microscope was achievable. 
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2.3 EVALUATION 

To ensure no sensing complications arise from micro-sized Au patterned slides, 

Au spotted SPR slides, were mounted in the SPR to observe their localized signals. 

Figure 2.12 shows SPR refractive index images of a 24 and 96 spot sensor, respectively. 

Each image is taken with unmodified Au spots in a background solution of water. The 

angle is adjusted to the SPR angle resulting in minimum reflectivity of the Au spots for 

easy detection. The remaining, uncoated-glass background exhibits no surface plasmons 

due to the absence of the Au, resulting in maximum reflectance of the incoming light. 

Thus, areas of interest are clearly visible without the need for background blocking. 
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A. , • • • • • » • • • • • • 
B. 

Figure 2.12: SPR images of Au patterned A. 24 and B. 96 spots. Images are taken 
in a background of H20 at the SPR angle. Au spots appear as areas of low 
reflectivity. 

These raw SPR images show clearly visible boundaries of the Au spots thus 

showing the effectiveness of the PDMS masking layers used during metal deposition. 

This method results in well defined spots across a large surface area. Such fidelity of 

metal deposition results in even SPR signal strength across the array with no spatial 

dependence. These well defined areas also exhibit no shadowing effects from the metal 

deposition or due to the angled path of the incoming and reflecting light. 

2.3.1 SPOT-TO-SPOT CONTAMINATION 

Array systems require each sensing element be independent of neighboring 

elements. This ensures reactions and conditions at one element do not affect another and 

sensing of independent and different experimental parameters at each element is possible. 

In ELISA experiments this is achieved by physical separation of wells. In pin printing 

methods, it is achieved through moveable print heads that print to spatially separated 

areas, along with surface coating to avoid spot spreading. Within the microfluidic SPR 

sensor, spot separation is achieved by confining each spot to an individual inlet channel. 

However, each individual sensing region is connected by a common outlet channel. For 

this reason investigation of spot-to-spot contamination was necessary to observe the 

affect of a common outlet. 
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Figure 2.13 is a photograph of the 24 spot microfluidic device loaded with various 

dye solutions. As solution flows through the channels due to applied vacuum at the 

outlet, solution fidelity over the spots is maintained. As the vacuum is removed to allow 

for solution incubation, mixing can be seen to occur in the spotting regions. This mixing 

may arise from a back pressure difference along each channel and reservoir, which 

become apparent after removal of the vacuum, and diffusion of the solution over time. 
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Figure 2.13: Still images from video of solution flow through \i channels. A. 
Vacuum applied to outlet (bottom) to draw solution from inlets. B. Vacuum is 
removed, mixing among channels occurs. C. Mixing continues among channels 
over time. 

Table 2.3 outlines the potential longitudinal distances achieved by small molecule 

dyes (D = 10"4 - 10"5 cm2 s"1) and protein samples (D = 10"6 - 10"7 cm2 s"1) in aqueous 

solutions for typical diffusion coefficient ranges and experimental incubation times. 

Table 2.3: Einstein calculation of diffusion longitudinal distance 

Time (min) 

10 

30 

104 

346.4 urn 

600.0 um 

Diffusion Coefficient 

105 

109.5 um 

189.7 \xm 

ranges (cm2 

10"* 

34.6 um 

60.0 um 

s"1) 

107 

10.9 \im 

19.0 um 

D = diffusion coefficient; Einstein calculation: (7=-^J2* D*t ; where D = cm2 s"1 and t = s 2.2 
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For a protein of ~ 100 kDa the diffusion coefficient is ~ 10"6 cm2 s"1. The 

calculated value of 60 jim for longitudinal distance when D = 10"6 cm2 s"1 was used as a 

base for design changes. The original design consisted of 50 [xm spacing between the 

waste line and spotting region. This bordered on the observable limit of the mask 

printing method used. Thus, upon fabrication the outlet channel appears contiguous with 

the spotting region (Figure 2.13). 

It was also important to compensate for any mixing occurring as a result of back 

pressure from the waste line to the spotting regions, which might be occurring upon 

vacuum removal. To compensate for possible diffusion and back pressure 

considerations, the distance between the common outlet and spotting regions was 

increased from 50 to 300 \xm and the width of the channel was narrowed from 100 to 50 

u.m. This results in an increased distance for longitudinal diffusion and increased 

resistance to flow for solution in the waste line. To compensate for diffusion a length of 

150 u.m (2.5 times 60 fi.m) was used. To compensate for back pressure 2 times 150 \im 

was used. The width was narrowed to 50 [xm based on the limit of mask printing 
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achievable. Figure 2.14 shows the completed device loaded with dye solutions 

illustrating the elimination of spot-to-spot contamination due to a narrow elongated 

connecting channel. 

2.3.2 RESISTANCE TO FLOW 

Upon redesign and fabrication of the 24 spot microfluidic device and elimination 

of spot-to-spot contamination, resistance to flow inequalities among the channels was 

observed. To ensure equal contact time during continuous injection and equal injected 

sample volumes per sensing element, volume flow rates must be made equal among the 

channels. Volume flow rates were determined by injecting 10 uT of water in each inlet, 

applying vacuum and recording the elapsed time the solutions take to cross a defined 

point. The vacuum applied was the house vacuum in the Gunning/Lemieux Chemistry 

building. Figure 2.15 outlines the volume flow rates determined for each flow path. 

Since the device is symmetrical along the center these values are assumed to hold for the 

remaining channels not tested. 

A. 

B. 

Table 2.4: Determined Flow Rates per 
Channel 

Channel # 
1 
2 
3 
4 
5 
6 

Flow Rates (/uL min"1) 
AandD 

60 
75 
120 
150 
200 
300 

BandC 
300 
300 
200 
150 
86 
86 

Figure 2.15: A. Complete layout of the microfluidic channel manifold. It is 
vertically symmetrical with two flow paths, A and D and B and C. Channels per 
flow path are labeled 1 - 6 starting from closest to the outlet. B. Table outlining 
calculated flow rates for A and D and B and C flow paths. 

63 



The flow rates increase for channels with spotting regions closer to the outlet 

reservoir, even though the total length (inlet to outlet) of the channels is approximately 

equal. To understand this observation, resistance to flow calculations were performed for 

the channels. The Hagen-Poiseuille equation is a solution to the Navier-Stokes equation 

that describes fluid flow through an enclosure. For flow through a rectangle, as defined 

by the geometry of the channels formed in PDMS, it has the form; 

Q - floW-WD2 2.3 

Where, AP = pressure drop along channel, Qv = volume flow rate, RflOW = resistance to 

flow, r) = viscosity, L, W, D = length, width, depth. The total length of any given 

channel in the design is made up of two size regimes. From the inlet to the end of the 

spotting region the channel has a width of 100 u.m. From the end of the spotting region 

to the outlet reservoir the channel has a width of 50 \im. The total resistance to flow in 

one channel can be estimated as the sum of each size regime. Table 2.5 and 2.6 outline 

the calculated resistance to flow for each channel flow path. 

Table 2.5: Calculated Flow Resistance Values for A and D Flow Channels 
Channel 

# 
1 
2 
3 
4 
5 
6 

Pre-Spot 
Distance (um) 

13900 
13244 
12367 
11500 
10948 
10100 

Post Spot 
Distance (um) 

296 
1096 
1896 
2696 
3496 
4296 

*Mlow, pre 

(/10l2) 
2.22 
2.12 
1.98 
1.84 
1.75 
1.62 

*Mlow, post 

(/1(F) 
0.189 
0.701 
1.21 
1.73 
2.24 
2.75 

Rtotal 

(/1012) 
2.41 
2.82 
3.19 
3.57 
3.99 
4.37 

Table 2.6: Calculated Flow Resistance Values for B and C Flow Channels 
Channel 

# 
1 
2 
3 
4 
5 
6 

Pre-Spot 
Distance (um) 

12288 
11591 
10233 
9729 
8900 
8438 

Post Spot 
Distance (um) 

296 
1096 
1896 
2696 
3496 
4296 

*Mlow, pre 

(/1012) 
1.97 
1.85 
1.64 
1.56 
1.42 
1.35 

Inflow, post 
(/1(F) 
0.189 
0.701 
1.21 
1.73 
2.24 
2.75 

Rtotal 

(no12) 
2.16 
2.56 
2.85 
3.28 
3.66 
4.10 

• No consideration is given for the geometry of the spotting region. 
• t]H2o = 1 x 10"3 Pas, 
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This is a simplified calculation which assumes all channels are independent of 

each other. For total resistance to flow the calculations agree qualitatively with the 

observed trend in flow rates. As the spotting region distance from the outlet increases so 

does the total resistance to flow for the channel and the volume flow rate decreases. 

These calculations also explain differences between volume flow rates reported for the 

different columns of spotting regions. Column B and C calculations show lower 

resistance to flow as evidenced with the observed flow rates. These calculations also 

show that resistance to flow behaves inversely before and after spotting regions. 

A more complete analysis of the microfluidic device flow behavior, taking into 

account the connectivity of the flow paths can be achieved by using PS pice (9.1 Student 

Version, Cadence Design Systems, Berkshire UK) simulation software. PSpice is an 

electronics design and modeling program that has been successfully utilized previously to 

elucidate flow behavior in microfluidic devices.33'34 Since, the channels are filled with 

the same solutions the resistance values for each channel are proportional to channel 

L/cross sectional area. The determined current is proportional to flow in each channel. A 

circuit layout of one set of 6 channels is shown in Figure 2.16 along with the associated 

channel resistances calculated in Table 2.5. 

Two operational states of the flow channels are depicted using the PSpice 

modeling software: 1. The common outlet filled with air and possessing a resistance of 0 

with the pre-spot channels filled with H20 and 2. All channels filled with H20. An initial 

state of operation would have all channels filled with air followed by injection of 

solution. Initially, the solution fills the pre-spot channels. Figure 2.16 shows that the 

channels fill fastest for the channel furthest away from the outlet. When all channels are 

filled with solution, including the outlet channel, the simulation model shows that the 

flow rate then increases for the channel closest to the outlet. 

To confirm the resistance to flow calculations and simulations, solution flow was 

monitored under a microscope. Figure 2.17 are still images taken from videos of solution 

flow through the redesigned 24 spot microfluidic device. Each image is a still from a 

different time during one solution injection cycle. 
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A. All channels filled with H2O 
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B. Pre spotting regions filled with H2O. Post spotting regions filled with air. 
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Figure 2.16: PSpice flow simulation of the A and D flow path. Inlet and outlet of 
the channel are represented by the voltage source and ground, respectively. A. 
Simulation with all channels filled with H2O. Flow (current) is greatest for the 
channel closest to outlet. B. Simulation for post spotting region channels filled with 
air and pre spotting regions filled with H2O. Flow is greatest for channels furthest 
from outlet. Channel resistance due to air calculated with 1^ = 1.8 X 10"5 Pas. 
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10 (xL droplets of dye solutions are loaded into each inlet reservoir. Vacuum is 

applied at the common outlet of the 6 inlets and solution is drawn through the channels 

and spotting regions. Figure 2.17A is a still image as the solutions first approach the 

spotting regions. The solutions arrive at the spotting regions staggered as indicated by 

the resistance to flow calculations. Figure 2.16B is a still image as the channels are 

emptied of the 10 [iL solutions. The channels are emptied of solutions in the reverse 

order in which they arrived at the spotting regions, following the resistance to flow 

calculations and simulations. This result confirms the resistance to flow calculations and 

simulation showing varied resistance to flows before and after the spotting region due to 

the narrowing of the common outlet channel. 
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The varied resistance to flow among the channels does not easily allow this device to be 

used as a surface patterning device or integrated flow cell for simultaneous multiple 

injections and detection of sample solutions. Differences in flow can lead to premature 

draining of channels during filling of other channels, varied sample usage per channel 

and possible clogging of channels with weaker flow. 

2.4 NEW DESIGNS 

To alleviate flow restriction problems encountered with early devices, new 

prototype designs were developed. Sharing a common waste line among a group of 

inlets was initially used in designs as a means to decrease the number of access holes 

needed for the available area. Individual outlets per inlet would require a lot of space. 

While successful at minimizing space, the final design resulted in varied flow rates 

among common inlets per outlet, as described in Section 2.3.2. A new design 

maintaining the benefits of reduced space while achieving equal resistance to flow was 

desired. 

Initially it was thought that decreasing the number of inlets per outlet ratio by half 

(3:1 from 6:1) would balance volume flow rates as differences in flow rates among sets 

of three array spots were not as drastic. However, that would also double the number of 

outlet reservoirs from 4 to 8, strain the layout due to total area restrictions (1.8 x 1.8 cm) 

and require a complete redesign of the underlying spot array to accommodate for the 

extra outlets. Furthermore, to truly equilibrate the flow rates among the channels it 

would be necessary to ensure that the cross sectional area as well as the total lengths of 

the outlet channel equaled that of the inlet channels. 

Maintaining a common outlet would require either decreasing the width of the 

inlet channel or increasing the width of the outlet channel. Increasing the width of the 

common outlet channel could result in spot-to-spot contamination, while decreasing the 

inlet channel width would increase the resistance to flow. At a 50 u.m width, equal to the 

width of the outlet channel, the resistance to flow increases to 9.1 x 1012, more than 

doubling the largest calculated resistance to flow value in Table 2.5 and 2.6. This would 

significantly reduce the volume flow rates achievable. 
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An alternative approach was taken in considering a redesign. Common outlets 

were maintained for sets of inlets however, the common outlet channel was replaced with 

discrete outlet channels. Thus, each flow path is made up of an inlet Channel opening 

onto a spotting region and an outlet channel directly leading waste away to the outlet 

reservoir with no other intersections. This had multiple benefits. First, spot-to-spot 

contamination was eliminated, as each solution flows through individual channels. 

Second, decoupling of the spots from a common outlet allowed for equalizing the pre and 

post spotting region channel dimensions. This results in channel length being the only 

variable in calculating equal resistance to flow. Since length is the only factor in 

ensuring equal resistance to flow it was necessary to position the outlet reservoirs in the 

center of the device. This ensured having as little as possible length discrepancy between 

the various inlet paths. By placing three outlet reservoirs in the center of the device it 

was necessary to remove four Au spots. A redesign of the spot array was not necessary 

as the remaining Au spots maintained their positions. Figure 2.18 is a CAD 

representation of the device layout along with photograph images showing balanced flow 

resistance. The variation is flow seen in Figure 2.18B could potentially be due to 

differences in the loading of the dye solution in the inlet, or variations in the punched 

hole that defines the inlet. By calculating the volume difference of the channels from the 

various solution fronts, and using the difference in the times between the images a semi­

quantitative analysis of the flow rate could be determined. This was not done as visual 

confirmation of equal flow among the different channels was sufficient. Future designs 

may benefit from a more detailed analysis of the channel flow rates. 
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An additional improvement to the design was obtained by increasing of the size of 

the spotting regions, to 500 x 700 \im. This allowed easier alignment between the Au 

patterned spots (300 x 500 [xm) of the array and the microfluidic manifold, by providing 

100 u,m of extra spacing on each side of the Au spots. A drawback still present in this 

design is the number of reservoirs. To allow for this device to be used as a sample flow 

cell it is either necessary to pipette sample into each reservoir or apply tubing to each 

reservoir for sample introduction from a vial. Pipetting 20 samples individually is 

tedious, while mounting connection tubing to each inlet becomes cumbersome. Thus, a 

low density microfluidic flow cell was developed for coupling to the 20 spot array for 

easy delivery of samples. 
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Applying the knowledge and experience garnered through the development of a 

microfluidic spotting device, production of a low density microfluidic flow cell was 

achieved. The device consists of four channels aligned to the four rows of spots forming 

the array. Each channel would allow for sample flow over 4 or 6 spots from an 

individual inlet towards a shared outlet. In this way fewer tubing connections or 

pipetting events are necessary to introduce samples. Only two design aspects were 

necessary for consideration: 1. maintaining equal resistance to flow and 2. allowing for 

easy alignment between spots and channels. Equal resistance to flow was achieved by 

balancing channel length. With a shared outlet this was achieved by having a bifurcated 

channel design at the outlet. Easy alignment was achieved by designing the channel 

dimensions to be wider than the spots. During fabrication it became possible to easily 

fabricate an accompanying low density SPR Au patterned sensor based on the channel 

flow cell design and using our Au patterning technique discussed above (Section 2.2.2.2) 

Figure 2.19 is a schematic outline of the flow cell design with photographs of aligned Au 

patterned SPR sensors with the 4 channel PDMS device. 
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A. 

Figure 2.19: 4 channel PDMS flow cell. A. CAD illustration of bifurcated flow 
cell design. Channel widths = 300 and 700 urn. B. Flow cell designed to align to 
Au patterned spots of spotting device. 4 channel Au patterned sensing regions 
were also fabricated for a low density array. 

2.5 96 SPOT MICROFLUIDIC SPR ARRAY 

Employing the acquired knowledge and experience in designing and fabricating 

the 4 channel and 20 spot microfluidic SPR sensors, development of a higher spot density 

array was undertaken. 96 well microtitre plates are the most commonly used platform for 

immunoassay analysis, typically in ELISA format. For that reason, work was initiated 

ton attempt coupling a 96 well microtitre plate to a 96 spot SPR sensor utilizing 
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microfluidics. This would have the benefit of allowing known protocols and 

instrumentation used with microtitre plates to interface with microfluidic devices. 

The proposed design required conventional micro-pipettors to interface with a 96-

well reservoir layout that would connect each microtitre plate well to an inlet for sample 

being drawn through individual microfluidic channels to a Au sensor assigned to that 

particular well. The Au sensing elements were centrally located on the SPR sensor. 

Since the SPR sensor is fixed in size at 1.8 x 1.8 cm, solution flow from the much larger 

microtitre plate occurs off of the SPR sensor region. The PDMS microfluidic manifold 

was of the same dimensions as the microtitre plate. Thus, to ensure sample exposure 

only at the Au sensing elements a thin PDMS membrane was used to allow for solution to 

be transported over long distances from the microtitre plate wells to the SPR sensor. The 

PDMS membrane contained through holes, aligned to the spotting regions of the 

microfluidic manifold and the fabricated Au spot array on the SPR sensor. These through 

holes allowed for solution deposition to the specific sensor elements. This design is 

conceptually similar to the first proposed microfluidic SPR sensor illustrated in Figure 

1.1 A. Figure 2.19A-C is a CAD illustration of the 96 spot device along with a 

photograph of three aligned sensors. 
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Figure 2.20: A. CAD layout for the full 96 spot microfluidic device. There are 
48 sample inlet wells that flow solution to 2 sensor spots each (96 spots total). 
The wells are aligned to match wells on a standard 96 well microtitre plate. 
Outlet channels run to the outside of the device. Each outlet channel is connected 
to 6 inlet channels (12 spots). B. Expanded view of the center portions of the 
device, showing the individual spots and their interconnectivity. The inner circle 
is the perimeter of the original flow cell. The outer circle is the perimeter of the 
enlarged flow cell designed for the 96 spot device. C. Photograph showing the 
alignment of the thin PDMS layer, Au sensor spots and the thicker microfluidic 
manifold. 

While 96 Au spots are patterned, limitations in the dimensions of spotting regions 

and channel widths ultimately limited the total number of inlets. Channels were limited 

to 75 urn widths to ensure an adequate volume flow rate. A smaller width would result in 

increased resistance to flow, as well as being more difficult to produce with high 

resolution printing. Au spots were maintained at 500 x 300 urn, the optimally determined 

size for adequate viewing. The spotting regions were 700 x 500 \\m to ease alignment of 

the microfluidic channels and SPR sensors. Each inlet well and channel connects to 2 
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adjacent spotting regions, with 6 inlets (12 total sensor spots) coupled to one outlet, 

located at the periphery of the completed device. The original flow cell had an internal 

diameter of 1.2 cm while a new flow cell was needed with an internal diameter of 1.5 cm 

to accommodate for the higher number of sensing spots. This larger flow cell was 

fabricated in the Department of Chemistry Machine Shop using the original flow cell as a 

template. 

2.5.1 FABRICATION 

Positive photoresist masters on Si wafers were used as the negative templates for 

PDMS curing. Photoresist processing, PDMS curing and thin PDMS membrane 

fabrication were carried out as described previously in Section 2.2.1 and 2.2.2. However, 

adjustments to the fabrication procedure accounting for the larger device dimensions 

were necessary. 

Five inch Si wafers were required as the support substrate for the PDMS 

photoresist masters. Both the microfluidic manifold and thin PDMS membranes with 

through holes possessed the same dimensions as a standard 96 well microtitre plate (12 x 

8 cm), resulting in the need for the larger support substrate. At the time of experimental 

work the University of Alberta Nanofab Facility was not fully equipped for larger wafer 

processing making fabrication tedious and time consuming. Also, curing the PDMS over 

a larger 5 inch diameter area for the microfluidic manifold required the construction of a 

special clamp holder. This consisted of a 5 inch diameter ring with a fitted rubber O-ring 

on the bottom. The ring would be positioned around the outer diameter of the wafer and 

clamped against a support plate creating a seal. A 10:1, polymer:curing agent mixture, 

could then be poured over the wafer features to a desired thickness. 

To ensure a consistent thickness of the PDMS membrane over the relatively large 

area of 12 x 8 cm, a glass slide of the same dimensions was positioned between the 

transparency film and weights. Attempts to fabricate this large area membrane without 

the glass slide resulted in a wavy membrane that was difficult to bond to the microfluidic 

manifold and SPR sensor. Irreversible O2 plasma bonding was used to bond the thin 

PDMS membrane to the microfluidic manifold. Alignment was achieved using the 

homebuilt alignment microscope described in Section 2.2.4. After alignment and 
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bonding of the PDMS thin membrane and microfluidic manifold it was stored under 

vacuum upside down until needed. 

Alignment to a 96 spot Au patterned SPR slide was achieved by using a 

aluminum (Al) holder of the same dimensions as the bonded PDMS thin membrane and 

microfluidic manifold. This hole had an opening in the middle machined to the 

dimension of the SPR slide so that the patterned sensor was flush with the Al plate 

surface. This allowed for the bonded PDMS device to be aligned to the 1.8 x 1.8 cm SPR 

sensor. The Al holder acted as a support for the completed device. Sample could be 

injected by use of a single tip pipet or a 12 tip pipet directly to the inlets or through a 

coupled microtitre plate. Figure 2.20 shows the completed 96 spot SPR sensor device. 
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2.5.2 EVALUATION 
To evaluate the performance of the fabricated 96 spot microfluidic SPR sensor a 

straightforward binding experiment was performed. A 96 spot SPR sensor was first 

ozone cleaned and incubated overnight in 5 mM mercaptoundecylamine (HS-(CH2)n-

NH2) in 100% ethanol. This created an amine terminated self assembled monolayer at 

the surface of the Au spots. The SPR sensor was rinsed with ethanol and N2 dried. It 

was then aligned and reversibly bonded to the two layer 96 spot PDMS microfluidic 

manifold. Using vacuum, 160 ug mL'1 human fibrinogen and 100 |ig mL"1 bovine IgG 

were flowed through the channels of the device and physisorbed over the Au spots. After 

incubation for approximately 1 hour a rinsing step with buffer was performed. The 

PDMS channels were then emptied of solution by vacuum and the PDMS device was 

removed from the SPR sensor. The SPR sensor was then coupled to the glass prism and 

larger flow cell for loading into the SPR imager. Anti human fibrinogen (20 (ig mL"1) 

was incubated in the flow cell for 15 minutes and a difference image was taken after 

rinsing with buffer. Figure 2.21 is the difference image of the 96 spot SPR sensor for anti 

human fibrinogen binding to immobilized human fibrinogen. 
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Figure 2.22: A. SPR difference image for surface patterned human fibrionogen 
and bovine IgG incubated with anti human fibrinogen. Au patterned spots are well 
defined and easily visible. B. Signal intensity graph showing specificity of anti 
human fibriongen binding. Signal determined from "region of interests" around 
spots. 

2.5.3 IMPROVEMENTS 

While the proof-of-concept of a 96 spot SPR sensor was demonstrated, wider 

adoption of this design was limited. During the course of the work presented here the 

ability to pattern 48 separate samples was not a necessity. Thus, beyond demonstrating 
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proof of concept, not much effort was directed toward this design or device. Instead, 

effort was focused on the lower density 1.8 x 1.8 cm arrays. 

Should the need for patterning larger arrays arise, improvements to the usability 

and design of the 96 spot array are recommended. They include the possibility of 

coupling the SPR prism directly to the backside of the SPR sensor as it is sitting in the Al 

holder. This would allow for the use of the PDMS microfluidic manifold as the flow cell 

and limit transfer steps of the SPR sensor. Also, the setup of an 8 port vacuum system 

would be highly advantages. Currently, vacuum is applied to each outlet manually and in 

a linear fashion. Setting up of an eight port variable vacuum connection would allow for 

simultaneous flow through the channels at controlled volume flow rates. This would ease 

operational use of the device. 

2.6 CONCLUSIONS 

Microfluidics has been utilized as a method for surface patterning. Devices have 

been designed to be used in conjunction with SPR detection. A novel micro-scale metal 

patterning method was developed to achieve uncontaminated Au sensing regions for 

coupling to a microfluidic manifold. To achieve optimally sized Au sensing regions, 

consideration of the detection instruments optical system was necessary. Fluid paths 

were formed in PDMS using positive relief photoresist masters. This approach allowed 

for fast and inexpensive prototyping of designs and provided a versatile material 

compatible with a wide variety of solutions and biological fluids. 

Coupling metal patterned sensors to microfluidic channels required design 

elements for effectively linking narrow channels to larger detection regions. This was 

achieved using expanding and narrowing channel widths over the detection regions. Due 

to the large number of channels, evaluation of the resistance to flow was necessary to 

achieve uniform performance. Due to the sharing of a common outlet, resistance to flow 

calculations confirmed the importance of maintaining an equal cross sectional area across 

the full length of a fluid path. This was achieved by providing discrete waste channels 

converging on a common waste reservoir, thus providing equal resistance to flow and 

minimizing the number of reservoirs. 
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Along with a spotting device a low density channel device was fabricated that 

could be used for both patterning to a 4 channel Au patterned SPR sensor or as a novel 

SPR flow cell. By aligning the 4 channel bifurcated PDMS device to the Au pre-

patterned SPR sensors, up to 4 samples can be investigated against the patterned SPR 

sensor surface. The utilization of a multi channeled flow cell allows for greater sample 

throughput and a reduction of sample volume. 
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3.1 INTRODUCTION 

Protein adsorption and bimolecular interactions on solid surfaces are phenomena 

with significance in various research fields. Understanding of adsorption to various 

materials is important for in vivo implantation technologies, biological sensors, 

bioseparation and medical understanding of thrombosis (clotting). Protein adsorption is 

a complex and dynamic process involving many noncovalent interactions, including 

hydrophobic interactions, electrostatic forces, hydrogen bonding, and van der Waals 

forces.1 The adsorption process is affected by both protein parameters, including primary 

structure, size, and structural stability, as well as properties of the binding surface such as 

surface energy, roughness and chemistry.2' 3 In particular, surface chemistry greatly 

influences the type of protein adsorbed, quantity, conformation and stability.4" As an 

example, it has been shown that adsorption of fibronectin on different surfaces can alter 

protein structure and affect adhesion and spreading of cells.7 

To investigate protein adsorption to various surfaces, many reports have focused 

on the studying of surfaces formed by self assembled monolayers (SAMs) from solutions 

containing (0 - functionalized alkyl thiols8"12 on noble metal surfaces, predominately Au. 

Long chain alkanethiols, HS-(CH2)n-X, spontaneously form stable and well-organized 

monomolecular layers on gold.13' 14 They also possess the benefit of being quasi 

crystalline, stable and reproducible. The terminal X functional group allows for control 

of the surface structure and chemistry at a molecular level, thus allowing for tuning of the 

surface to a desired state. These surfaces represent model systems of homogeneity that 

have been extensively used for the systematic investigation of the affects of surface 

chemistry on protein adsorption and cell adhesion.15"17 

Sensitive surface detection methods are required for monitoring protein 

adsorption as the thickness of a fully formed monolayer coverage of adsorbed proteins 

has been reported in the range of 2 - 10 nm.6 Detection techniques such as ellipsometry,6 

total internal reflection fluorescence spectroscopy,18 quartz crystal microbalance,19 

00 00 0% OA 

atomic force microscopy and radioactive isotope labeling methods, ' have all been 

used previously for the monitoring of protein adsorption to alkanethiolates on gold. 

However, surface plasmon resonance (SPR) has recently emerged as the preferred 

method of monitoring protein adsorption to surfaces. " SPR provides a convenient 
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method for the in situ investigation of protein adsorption over time. It directly monitors 

surface binding events without the need for labeling of analytes, and allows for the 

determination of the kinetics of surface interactions in real time. 

SPR can be utilized as a spectroscopic method or imaging method. SPR 

spectroscopy monitors the angle shift of the SPR angle during binding events on gold 

surfaces. SPR imaging monitors changes in reflectivity, due to binding events, at a fixed 

angle. This allows for the monitoring of simultaneous adsorption events across a 

patterned surface in an array format. Much of the work involving protein adsorption 

studies with SPR has utilized SPR spectroscopy,9'29"31 this method allows for only the 

serial monitoring of adsorption to various functionalized surfaces. As such, this 

technique increases the number of experiments needed when investigating responses to 

various surface modifications, possibly influencing experimental comparisons as 

conditions may change from experiment to experiment. It has been reported that 

preparations of surfaces and conditions of mass transport significantly influence protein 

adsorption. Therefore, allowing for the simultaneous monitoring of binding events to 

different surfaces, in a controlled array format, can decrease the number of individual 

experiments and allow for easier comparison of results. 

Though there have been reports focusing on adsorption to many different types of 

surfaces, ' J ' J J many have focused on single concentrations. Surface adsorption studies 

have predominantly focused on single concentration analysis, both at low and high 

protein concentrations. While information can be gained from these studies, including 

specificity of adsorption and possible mechanistic information, focusing on the surface 

response to a single concentration, rather than examining a range of concentrations, may 

be providing only limited information. Through examination of a range of protein 

concentrations to adsorption on a surface, a Langmuir binding isotherm can be 

constructed and an adsorption coefficient (Kads) determined.34 This can be achieved by 

fitting the adsorption signal for various concentrations to the Langmuir adsorption 

isotherm; 

e_ A%R ^ Kads[Cj 

A%R^X 1 + K^iC] 
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where 6 is the fractional coverage of surface sites resulting from the ratio of A%R for 

each concentration to the maximum A%Rmax determined from the fit. Kads is the 

adsorption coefficient and [C] is the bulk solution concentration of the analyte. While 

not equivalent to binding association constants, Kads can be helpful in ranking binding 

strengths as they have been shown to be inversely related to dissociation constants.35 

When the fractional surface coverage is half the maximum coverage (0 = 0.5) the bulk 

concentration equals the inverse of the adsorption coefficient, [C] = Ka(js
_1- Therefore, the 

values of the adsorption coefficient are determined from the inverse of the bulk 

concentration corresponding to half maximum surface coverage. 

Proteins of interest for surface adsorption studies have usually focused on proteins 

providing a range of properties such as size, charge and shape.36'3? These studies can 

provide model responses for various surfaces to the differences in protein properties and 

have been utilized in studies interested in determination of antifouling surfaces. Other 

studies have focused on the adsorption of whole plasma or serum.38'39 This is important 

for biomedical fields when investigating the response of thrombosis to implanted 

surfaces. To the knowledge of this author there has yet not been a systematic study of the 

adsorption of the component proteins that make up human plasma. By decoupling the 

adsorption of individual proteins that make up the complicated and dynamic mixture of 

human plasma a baseline of response to specific surfaces can be achieved. 

The purpose of this work is to examine, by SPR imaging, the simultaneous real 

time adsorption of the protein components of human plasma to functionalized gold 

surfaces modified by alkyl thiols over a range of concentrations. The protein components 

of human plasma investigated are human IgG, IgA, IgiVI, fibrinogen and albumin. These 

proteins make up approximately >99% of the protein complement of plasma. Their 

adsorption was monitored to the alkyl thiol terminal functional groups; -NH2, -COOH, -

CH3 and -OH. These functional groups were chosen because they represented surfaces of 

opposite charges and hydrophobicities, thus providing a range of possible responses. 

3.2 EXPERIMENTAL 

Arrays were imaged using GWC Instruments SPRimager II (GWC Instruments; 

Madison, WI) as has been described in detail elsewhere.40 The array sensor was 
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constructed from the thermal evaporation of a 45 nm gold (Au) film deposited on SF-10 

glass (Schott; Toronto, ON, Canada) with a 1 nm adhesive chromium layer through a 

PDMS shadow mask, as described in Chapter 2.2.3. Alignment to a PDMS microfluidic 

manifold was achieved through the use of a homebuik alignment microscope, described 

in Chapter 2.2.4. Upon activation of the Au sensor regions with functionalized alkyl thiol 

chains the sensor was mounted within a flow cell through which solutions were 

introduced to the entire surface via a peristaltic pump. The flow cell was filled with 

running buffer for the determination of the SPR angle. This angle was maintained 

throughout the course of the experiment unless otherwise stated. A reference image was 

taken in the running buffer from the averaging of 30 individual images. 

Difference images were determined by subtracting the image taken after a binding 

event from the reference image taken prior to the binding event. Since the SPR angle 

was maintained, any differences between the images, as a result of binding from the 

incubation solution, appear as illuminated areas. The value of A%R (percent change in 

reflectivity), is obtained, as specified by the manufacturer, by A%R = 0.85(Ip/Is)-100% 

where Ip and ls are the reflected light intensities detected using p and s polarized light. 

3.2.1 REAGENTS AND SOLUTIONS 

All human serum proteins (IgG, IgA, IgM, albumin, fibrinogen) used were 

purchased in the highest available purity from Sigma Aldrich and used as received. 

Lyophilized proteins (IgG, IgA, albumin, fibrinogen) were dissolved in phosphate 

buffered saline (PBS; 10 mM Na2HP04, 1.5 mM KH2P04, 137 mM NaCl, 2.7 mM KCl) 

pH = 7.4 from which they were aliquoted to their appropriate concentrations determined 

from the measured weight and accurate molecular mass. PBS buffer was prepared as a 

stock solution using ultra pure, 0.2 u.m filtered, Milli Q de-ionized water and refrigerated 

until needed. Working buffer was prepared by lOx dilution with ultra pure water as 

needed. Concentrations for proteins provided as liquids (IgM) were determined by 

dilution, with PBS, of the received commercial antisera. 

11-mercaptoundecylamine hydrochloride was obtained from Dojindo 

Laboratories (Japan); 11-mercaptoundecanoic acid, 11-undecanethiol, 11-mercapto-l-

undecanol were all purchased from Sigma Aldrich. All thiols were prepared as 100 mM 
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stock solutions using anhydrous ethanol and stored in a freezer at -4° C. Working 

solutions were prepared as needed by dilution of the stock solution with anhydrous 

ethanol. 

3.2.2 INSTRUMENTATION 

SPRimager II (GWC Instruments; Madison, WI) was used for the surface 

sensitive detection of protein films on thiol activated Au sensor regions. A brief 

description of the instrumental setup and protocol will be given here. 

As described previously, Au patterned SPR slides were formed using thin PDMS 

shadow masks in a thermal evaporator. These SPR slides can then be reversibly and 

conformally bonded to PDMS cast microfluidic manifolds. These manifolds contain 

channel structures, for the delivery of solutions, and spotting regions, for alignment to the 

Au patterned spots. Upon deposition of solutions of interest to the Au spots, the 

microfluidic manifold is removed and placed on the SPR holder Au side down. The 

SPRimager II requires the sensor assembly be in the Kretschmann geometry.41 Here a 

thin metal film is evaporated on the base of a prism for which photons from incident light 

at angle d couple with the metal resulting in surface plasmon resonance at the Au film. 

To achieve this type of configuration, a glass prism is placed on top of the backside of a 

Au patterned SPR glass slide. To ensure no attenuation of photons through the 

prism/slide assembly the same type of glass, SF-10, is used for both pieces. This ensures 

a consistent refractive index. To compensate for the air glass boundary between the SPR 

slide and prism, a refractive index matching fluid is used to ensure a consistent index of 

refraction through the completed assembly. A single drop of matching fluid (~ 5 uL) is 

placed on the leading edge of the glass slide. The prism is then positioned at this edge 

and slowly lowered causing the matching fluid to spread evenly between the slide and 

prism. This ensures no trapped air bubbles. The index of refraction of the SF-10 glass 

and matching fluid is 1.720. 

Upon assembly, a two port (inlet and outlet) flow cell is mounted over the front of 

the SPR slide thus allowing for solution coverage of the Au regions. The flow cell 

consists of a 1.2 cm diameter 0.1 cm deep reservoir defined by a rubber o-ring. This o-

ring ensures a tight seal with the SPR slide and results in an approximate flow cell 

88 



volume of 100 uL. The diameter of the o-ring also defines the maximum viewable area 

for the SPRimager II. The flow cell is held in place with four mounting screws to the 

SPR holder. Solutions are passed through the flow cell through 1/16" tubing screwed 

into an inlet and outlet port on the fluid cell. The inlet port tubing is connected to 

peristaltic pump tubing (ID = 1/32") whose inlet is placed inside a vial of solution. The 

peristaltic pump drives solution flow through the fluid cell. The total volume of solution 

required to fill the pump tubing, fluid cell tubing and fluid cell is ~ 225 uL. The 

peristaltic pump was operated at a volume flow rate of ~ 100 u.L min"1. A schematic 

diagram of the SPR holder assembly is provided in Figure 3.1. 

1 Flow Cell —\ (— SPR Au patterned slide 

Waste Line-

Peristaltic 
Pump 

Sample 

Flexible Tubing 

Figure 3.1: Schematic diagram of SPRimager II holder assembly. The o-ring defines 
the size of the two port flow cell provided by the manufacturer. A peristaltic pump is 
used to drive solution through the flow cell. The total volume of the tubing, inlet port 
and flow cell is ~ 225 uL. 

3.2.3 PROCEDURE 

A 24 spot microfluidic spotting device was used for patterning of the sensor 

surface. A representative aligned SPR sensor and PDMS microfluidic manifold is shown 

in Figure 3.2. 

Activation of the Au sensors was achieved by incubation with 5 mM (0-alkyl 

functionalized thiol solutions in an anhydrous ethanoi solvent for 2 hours. Due to the 

interconnected nature of the channels spreading of the thiol solutions in ethanoi occurred 

quickly. Aliquots of 7 uL were pipetted into the outlet reservoir. Upon spreading of the 

solution throughout the interconnected channels due to capillary forces, each inlet 
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reservoir was capped with 3 |oL of appropriate thiol solution. As a result of the design and 

spreading of ethanol-based solutions, only 4 different functionalized alkyl thiols could be 

patterned on one device, with each thiol solution coating 6 Au spots. It is important to 

note that leakage was not observed for these ethanol solutions within our microfluidic 

device. This may be attributed to the relatively strong conformal interaction between 

glass and PDMS compared to Au and PDMS. Interfaces of Au and PDMS have been 

observed to leak with the use of organic solutions. 

After incubation with the 4 various thiol solutions, vacuum was applied to each of 

the four outlets for removal of the solutions. A washing step was applied, where 7 \ih of 

anhydrous ethanol was aliquoted to each inlet and removed by vacuum through the outlet. 

This was repeated three times for each inlet reservoir. On the final ethanol rinse, vacuum 

was applied until all channels were evacuated. Using fine tweezers the PDMS manifold 

was removed from the glass SPR slide and discarded. The thiol patterned SPR slide was 

then immediately mounted to the SPR holder and coupled to the prism, through index 

matching fluid, and subsequently to the two port flow cell (Figure 3.1). The assembled 
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unit was then placed into the SPR where inlet and outlet tubing was connected and buffer 

solution was immediately introduced to the flow cell. This immediate mounting and 

filling of the flow cell limited the exposure of the thiol patterned SPR slide to ambient 

laboratory conditions. 

Upon loading of the sample holder the SPR viewing angle was set. Once an 

appropriate angle is achieved it is maintained during the course of the experiment. At 

this angle a reference image is taken in a background of running buffer and is used for 

comparison to all subsequent images taken after binding events. 

PBS running buffer is pumped through the flow cell and over the surface of the 

activated Au spots of the SPR slides for ~ 10 minutes. This is a conditioning step, 

insuring a constant background response from the running buffer. After conditioning, an 

angle adjustment can be made if necessary (due to changes caused by conditioning), and 

a new reference image is taken (better representing the baseline response). Solution 

switching to an appropriate protein sample is achieved by using a pair of tweezers to 

move the inlet tubing from one vial to another. First the peristaltic pump is switched off. 

Then tweezers are used to constrict the tubing prior to removal from one solution and are 

released after the tubing has been placed into another solution. This limits the possibility 

of introduction and trapping of air into the SPR tubing and flow cell. Finally, the pump is 

switched on and the new solution begins flowing to the flow cell. All solutions are 

injected and pumped through the flow cell at a rate of 150 uL min4. 

Isotherm data is collected by introducing increasing concentrations of protein 

solutions to the flow cell for incubation with the functionalized thiol coated Au spots. 1 

mL of protein solution is injected into the flow cell. After injection of 1 mL of analyte 

the solution is allowed to incubate over the surface of the SPR slide for 60 minutes to 

allow for equilibrium. Between each protein solution a rinsing step corresponding to 3 

volume rinses of the flow cell with running buffer is done to ensure a proper solution 

background for image capture. After rinsing with running buffer an image is taken. A 

new protein solution of higher concentration is injected into the flow cell in the same 

manner and these steps are repeated for subsequently increasing protein concentrations. 

For each concentration of protein there is a corresponding SPR image, taken in 

background of running buffer, for the binding that occurs during the incubation. The 
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Figure 3.3: Determination of binding by use of difference images. All images taken 
at initially determined SPR angle. A. Raw initial SPR image taken in background of 
buffer prior to binding. B. Image taken in buffer after incubation with fibrinogen. C. 
Difference image of A and B showing signal changes due to binding. D. Bar graph 
illustrating average change in reflectivity for the various patterned rows. 
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binding that occurs during the incubation. The reference image is subtracted from the 

binding image to achieve an SPR image of the distinct binding that occurs for the analyte. 

Binding appears as areas of high intensity and areas of no binding appear as dark areas. 

For each concentration statistical analysis is applied to the 6 Au patterned spots. Figure 

3.3 shows the various types of SPR images taken and the resultant difference image. 

3.3 RESULTS 

3.3.1 HUMAN PLASMA PROTEIN ISOTHERMS 

Protein binding to solid supports is complex and can be affected by the interplay 

of a variety of factors such as buffer composition, pH and surface chemistry.9,42 Of these 

the non-specific forces arising from the substrates physicochemical characteristics have 

been shown to be an important factor.9 In this study, the affect of specific chemical 

functionalities on the binding of human plasma proteins was investigated using a set of 

well characterized, chemically functionalized surfaces of self assembled alkanethiolates 

on Au surfaces. 

Five human plasma proteins (IgG, IgA, IgM, albumin and fibrinogen), comprising 

> 99% of the protein composition of human plasma - the remaining < 1% consisting of 

low abundant IgD, IgE and regulatory proteins - were investigated. Langmuir binding 

isotherms were collected for each protein using SPR imaging over a concentration range 

of 1.5 to 200 ug mL"1. These isotherms were collected on SPR slides patterned with four 

rows of six Au spots. Each row of six spots was functionalized with a different Cn alkyl 

thiol SAM. Images were collected in PBS for each protein concentration after rinsing 

with buffer. A rinsing step is used to remove bulk refractive index changes due to the 

protein solution and any weakly bound species. A difference image for each 

concentration was generated by subtracting the reference image of the thiol patterned 

SPR chip in PBS. Average signal and standard deviation were determined from the six 

spots of each thiol patterned row. In this way isotherms for four thiol patterned surfaces 

could be constructed simultaneously. 

Figure 3.4 consists of the isotherms constructed for the various human plasma 

proteins investigated. They are plots of percent reflectivity change versus solution 

concentration. Each isotherm is formed from the incubation of 1.563, 3.125, 6.25, 12.4, 
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HUMAN IgA HUMAN IgM 

100 200 300 400 500 
[hlgA] (nM) 

50 100 150 
[hlgM] (nM) 

200 

Table 3.1: Fitting Parameters for Human IgA 

Surface 
NH2 

COOH 
CH3 

OH 

Kads(M-') 
8.1 (1.1) x 10' 
2.2 (0.2) x 107 

2.1(0.7)xl07 

2.0 (0.4) x 107 

ARmax 
25.8 (0.4) 
26.3 (0.3) 
20.1 (1.0) 
24.1 (0.7) 

R2 

0.9941 
0.9986 
0.9837 
0.9934 

Table 3.1: Fitting Parameters for Human IgM 

Surface 
NH2 

COOH 
CH3 

OH 

Kads(M'1) 
4.2 (0.4) x 10' 
1.1 (0.3) x 107 

1.5 (0.4) x 107 

6 .5 ( l . l )x l0 6 

ARmta 
33.0(0.4) 
26.3 (1.8) 
30.9(1.9) 
36.0(1.7) 

R2 

0.9989 
0.9929 
0.9904 
0.9983 
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Table 3.3: 

Surface 

NH2 

COOH 
CH3 

Fitting Parameters for HSA 

Kads(M
1) 

3.8 (0.9) x 109 

5.7 (3.0) x 10s 

4.0 (3.7) x 108 

" ^max 

6.0 (0.2) 
5.1 (0.6) 
3.7 (0.8) 

R2 

0.9879 
0.9834 
0.9708 

Table 3.4: 

Surface 
NH2 

COOH 
CH3 

OH 

Fitting Parameters for Human IgG 

Kads W1) 

1.6(0.6)xl07 

3.7 (0.2) x 106 

5.5(1.3)xl06 

1.3(0.4)xl06 

ARmax 

39.0 (1.6) 
42.3 (0.4) 
41.6(1.5) 
54.8 (4.3) 

R2 

0.9727 
0.9997 
0.9922 
0.9940 

Figure 3.4: Isotherm plots for A. Human IgA, B. Human IgM, C. HSA and D. Human 
IgG on • -NH2 • -COOH • -CH3 • -OH thiol functionalized surfaces. Tables show 
the calculated fitting parameters from the Langmuir fits. 
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Human Fibrinogen Isotherm on HS-(CH2)n-X 
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Figure 3.5: Surface adsorption plot of Human fibrinogen on T -NH2 A -CH3 

• -COOH • -OH thiol functionalized surfaces. Two plateau regions are observed 
at low and high concentrations. 

25,50,100, 200 jig mL"1 of the corresponding protein. The curve through the data points 

is the Langmuir fit for protein binding to each type of surface chemistry. Fitting was 

achieved using Origin 8 analysis software from OriginLab Corp. (Northhampton, USA). 

While binding curves have been constructed for protein binding to various SAM surfaces 

in literature reports, they are often of one protein to one type of model surface.34 There 

are also limited examples of these binding curves in the literature, where surface 

adsorption experiments are often conducted at one concentration for comparison. To the 

best of the author's knowledge, these are the first binding curves to be reported for 

simultaneous adsorption to various surface chemistries for a specific class of proteins. 

This allows for direct comparison of adsorption results both for the behavior of the 

surface chemistry and the various components comprising human plasma. 

It is important to note that for SPR imaging detection the A%R signal determined 

for adsorption events to the surface is only linear with surface concentration for 
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approximately 10% or less reflectivity change. While the Langmuir fits for the data 

shown (Figure 3.4) exceed the 10% maximum limit for a linear response to adsorption 

events it is still useful in examining the relative binding behavior between the various 

surfaces and proteins investigated. 

As SPR is a surface sensitive technique, these isotherms further confirm the 

observation that surface concentration of adsorbed proteins can be controlled by varying 

their concentration in solution.34'43 This can be achieved to a maximum saturation point 

dependent on the type of surface. These isotherms also demonstrate that for human 

plasma proteins, it is the physiochemical property of the substrate surface that affects 

their non-specific adhesion to the surface. Since the protein conditions of pH, 

concentration, buffer composition and temperature are identical for each data point, 

differences of adsorption, for these experimental conditions, must be due to differences 

between the surface. 

For each plasma protein investigated -NH2 surface exhibits the greatest sensitivity 

to adsorption and greatest degree of protein adhesion compared to -CH3, -COOH and -

OH. Observations of greater adsorption to amine functionalized surfaces is consistent 

with literature reports for peptide, protein and cell adsorption on aliphatic amine 

functionalized and poly-L-lysine surfaces.44 However, this is the first systematic study 

of plasma protein binding across various surface chemistries showing -NH2 surface as 

the preferred binding surface when compared simultaneously to -CH3, -COOH and -OH 

functionalized surfaces. This effectively shows the absolute greater degree to which 

these proteins can physisorb to an -NH2 terminated monolayer. 

The greater degree of adsorption to an -NH2 monolayer may possibly be 

explained by the electrostatic interactions of the protein and monolayer that arise at pH 

7.4. For the proteins investigated here the reported pi values are as follows; human 

fibrinogen 5.5,45 human albumin 5.4 - 5.8, IgG 6.6 - 10.0,46 IgA and IgM 4.5 - 6.5.47 

The pKa value of an terminal end amine group of an alkyl chain is approximately 10 

(taken from the reported pKa value of the side chain amine group of the lysine amino 

acid; reported as 10.53). Therefore at a buffer pH of 7.4 the amine surface will be 

dominated by positive charges from protonated amine functional groups, while the 

proteins will be dominated by negative charge. This situation can lead to an increase in 
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electrostatic interaction of the negatively charged proteins to the positively charged 

surface, resulting in increased binding sensitivity and overall saturation of the amine 

surface. 

The least amount of adsorption monitored was predominately on the -OH 

terminated thiol surface. This observation is consistent with literature reports of the anti-

fouling nature of -OH alkyl thiol SAMs4 and is consistent with the observation that 

electrically neutral hydrophilic surfaces that contain hydrogen bond receptors adsorb the 

least amount of protein.9 IgM and IgA adsorption isotherms exhibited behavior where -

OH terminated SAM layer allowed for adsorption greater than or equal to other 

functionalized SAMs. This situation will be discussed below. 

Silin et al.30 looked at hlgG adsorption to -CH3, -COOH, -NH2 and -OH surface 

chemistries individually using thiol SAMs on Au and found adsorption decreased CH3 > 

COOH > NH2 > OH at a single point concentration of 500 nM. These experiments 

utilized SPR spectroscopy detection and were performed under the same conditions of 

buffer and pH. While adsorption to NH2 was weak, this is likely due to the use of 2-

aminoethanethiol (HS(CH2)2NH2) as the SAM. Thiols with alkyl chains less than 10 

carbons long tend to form disordered heterogeneous surfaces with pin hole defects,48 

presenting a lower density of amine groups. This may ultimately limit the effectiveness of 

an -NH2 surface to adsorb proteins when compared to a long chain amine SAM. Methyl 

and carboxyl terminated thiols were 15 carbons long while hydroxyl terminated thiol was 

16 carbons long. These similar length SAMs exhibited the same order of hlgG 

adsorption as determined in this study. 

The isotherm of human fibrinogen adsorption to SAMs presenting -NH2, -

COOH, -CH3 and -OH terminal groups is shown in Figure 3.5. The adsorption of 

fibrinogen on various surfaces has been studied extensively.49"51 The adsorption order for 

fibrinogen in this study is -NH2 > -CH3 > -COOH > -OH. This trend is consistent with 

previous studies.31 Although fibrinogen is a large protein with regions of both positive 

and negative charge, the overall charge of the protein at pH = 7.4 is negative.45 As stated 

previously, the largest amount of adsorption is observed at the -NH2 terminated SAM 

due to the electrostatic interaction between the protein and surface. Fibrinogen is also 

known to adsorb very readily to hydrophobic surfaces (-CH3) through its hydrophobic (3 
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sheets. ' This adsorption results in a denaturing of the protein and increase in its 

molecular area as compared to adsorption on hydrophilic surfaces (-COOH) which 

results in molecular reorientation rather than denaturation.53 Since the hydrophobic 

interactions of the methyl terminated SAM and fibrinogen are largely irreversible, and 

the weaker electrostatic interactions between the carboxyl surface and fibrinogen are 

more reversible, a greater degree of adsorption would be expected after subsequent 

rinsing steps. This type of preferential adsorption to hydrophobic surfaces compared to 

hydrophilic surfaces has been reported extensively in the literature.33,49 

The shape of the isotherm for fibrinogen is also unique when compared to the 

isotherm of the other human plasma proteins. There are two plateau regions for the 

adsorption to the SAM surfaces. Up to approximately 100 nM concentration of 

fibrinogen a lower plateau of adsorption is reached. Above 100 nM a clear transition 

occurs, and a second plateau is reached at approximately 600 nM concentration of 

fibrinogen. This behavior is observed for all four functionalized surfaces. While 

fibrinogen has been used as a model protein in a wide variety of studies investigating 

protein adsorption to various surfaces, these studies have focused on a single 

concentration analysis for investigation of suitable surface chemistries minimizing 

adsorption.9' 54 Few reports have been published recently examining the adsorption 

properties of proteins over a wide concentration range. Those reports that do cover 

adsorption at various concentrations tend to focus on large protein concentration ranges 

in the mg mL"1 range.49 However, literature reports of fibrinogen adsorption over wide 

concentration ranges do exist for studies focusing on the structural nature of fibrinogen 

upon adsorption to surfaces. These studies have also reported plateau levels of the 

fibrinogen adsorption isotherm on various surfaces.51'55 

One study by Ward et al.55 has described plateau levels found at concentrations of 

~ 4 mg mL"1 for the lower plateau and 8 mg mL"1 at the higher plateau. These are 20 to 

40 times higher solution concentrations than reported here. These solution concentrations 

are much higher than is possible to measure with SPR imaging. However, our reported 

concentration ranges for the lower and higher plateau levels have been described 

previously by Nygren et al.51 They investigated the adsorption of fibrinogen, over a 

similar range as this study, 0.1 - 1000 nM, on hydrophilic Si(>2 and hydrophobic 
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hexamethyl treated Si surfaces. They reported similar low concentration and high 

concentration plateaus at ~ 100 nM and ~ 600 nM, respectively. They also reported 

greater adsorption of fibrinogen to the hydrophobic surface compared to the hydrophilic 

surface. By using SEM images of the patterned surfaces they concluded that during 

packing on the surface the proteins undergo a compression. The higher concentration 

plateau may be explained by the further packing of the molecules on the surface into 

aggregate structures that have been reported previously.45'56 It has been shown that the 

structure of fibrinogen adsorbed to surfaces can alter at higher concentrations to 

supramolecular structures of large aggregates having various shapes and sizes greater 

than 1 urn.57 

As has been shown in previous studies, examining the adsorption of fibrinogen 

over a wide concentration range rather than single concentration points, can lead to 

interesting findings about the behavior of protein adsorption onto surfaces. Here the 

plateau nature of the isotherm may be attributed to the supramolecular structures of the 

adsorbed fibrinogen layer. As mentioned, other studies have examined the adsorption of 

fibrinogen at much higher concentrations and noticed similar behavior. It may be that 

there exist multiple concentrations for fibrinogen at which various states of aggregate 

packing can occur. 

Human serum albumin isotherm, Figure 3.4, shows an adsorption affinity to the 

different SAM surfaces in the following order, -NH2 > -COOH > -CH3 > -OH. HSA 

has a net negative charge of -10 at pH 7.4. This leads to a strong affinity for the positive 

charge of the protonated amine surface at pH 7.4. In contrast, as mentioned above, 

hydrophilic surfaces such as OH are associated with low levels of albumin adsorption. 

Despite the hydrophilicity and negative charge at pH 7.4 the -COOH terminated SAM 

surface exhibits the second highest affinity for HSA adsorption. Tidwell et al.24 observed 

the same adsorption behavior on similar surfaces for bovine serum albumin (BSA). 

However, Silin et al.30 reported albumin adsorption in the order of -CH3 > -COOH > -

OH terminated surfaces. They explain the adsorption of BSA to the hydrophobic surface 

as following the expected trend for hydrophobic surfaces. Hydrophobic surfaces are also 

usually associated with changes in albumin conformation during adsorption,58 leading to 

denaturation of the protein. Dent et al.59 have described the adsorption process of 
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albumin on hydrophobic surfaces as being a multistep process initiated by hydrophobic 

interactions of the surface and protein, followed by multipoint interactions due to the 

protein denaturation. This type of mechanism may ultimately limit the total amount of 

protein capable of binding to the surface. 

Albumin can however, also bind to negatively charged surfaces (-COOH), via 

cationic counter ions acting as an electrostatic bridge59 between the negative charged 

albumin and carboxyl surface. Since on hydrophilic surfaces adsorbed proteins can 

maintain their native structure the adsorption to the surface can potentially be highly 

oriented, retaining its native form. Upon adsorption denaturation will be minimized 

because of the few points of attachment resulting in a greater total amount of protein 

binding to the surface. 

To the author's knowledge, the adsorption isotherm of IgA and IgM (Figure 3.4) 

to various SAM surfaces are the first reported. Both IgA and IgM exhibit the greatest 

adsorption affinity and sensitivity to the -NH2 terminated SAM surface. As stated 

previously this results from the electrostatic interaction of the net negative charge on IgA 

and IgM with the positive charge of the protonated amine terminated SAM surface at pH 

7.4. Aside from sharing a similar strong affinity for the amine terminated surface, the 

surface adsorption pattern is quite different between the two immunoglobulins. 

IgA shows an overall adsorption decreasing in the order -NH2 > -COOH > -OH 

> -CH3. It should be noticed that at low concentrations the differences between the 

adsorption on the -COOH, -OH and -CH3 surfaces are minor, with differences in 

adsorption increasing at higher concentrations. IgM exhibits an overall adsorption 

affinity decreasing in the order -NH2 > -CH3 > -COOH ~ -OH. Both immunoglobuins 

have reported pi values of 4.5-6.547 therefore they possess net negative charge at the 

experimental pH of 7.4. As was observed for all other plasma proteins investigated in 

this study, the strong affinity towards the amine terminated surface can be explained by 

the electrostatic interaction between the negatively charged protein and positively 

charged protonated amine surface. 

Surface protein adsorption can be caused by electrostatic, van der Waals forces, 

hydrophobic and Lewis acid-base interactions. Also, portions of the protein structure are 

amphiphatic and consequently exhibit pronounced surface activity. Thus, it is important 
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to examine the structural nature of IgA and IgM when considering the nature of their 

adsorption affinities to various surfaces. 

IgA is considered the most heterogeneous immunoglobulin possessing two 

isotypes, serum IgA and secretory IgA (S-IgA).60' 61 Serum IgA is mainly present 

(>80%) in the monomeric form with a 6 - 10% carbohydrate composition. The remaining 

IgA in serum and all S-IgA are mainly found in the dimeric form, with monomers 

connected by disulphide bonds and linked by an additional polypeptide called a J chain. 

The J chain has a molecular weight of ~ 16 kDa and its composition is 8% carbohydrates. 

The J chain is also present in IgM, which mainly exists in the pentameric form, and plays 

a role in the polymerization of the IgA and IgM isotypes.62 S-IgA also contains an 

additional unit over serum IgA, called the secretory component (SC). It is a highly 

glycosylated (22%) glycoprotein with molecular mass of ~ 70 kDa. Its function is to aid 

in the transport of the IgA protein through epithelial cells. For this study S-IgA was used 

from human colostrums (Sigma Aldrich #11010). 

The glycan moiety of IgA has been studied in detail.62'63 It has been reported 

that there is considerable O- and N-glycosylation of the IgA protein. Interestingly, unlike 

the corresponding N-linked glycans in the IgG protein, which is confined to the space 

between the two heavy chains, the glycan units of IgA are directed away from the protein 

backbone and are highly sialylated.63 With this configuration, the glycans are thought to 

confer a greater degree of hydrophilicity and net negative charge to the IgA molecule. 

Considering specifically S-IgA, the total carbohydrate content is considerably higher than 

that of serum IgA because both J chain and SC are rich in carbohydrates. It has also been 

reported that both the J chain and SC are sialylated.64'65 This adds significantly to the 

hydrophilicity and negative charge of S-IgA. 

The increased sialylated glycosylation of the J chain and SC help explain the low 

pi value, and net negative charge, of IgA and IgM. As stated previously this accounts for 

the selective affinity towards the positively charged amine surface at pH 7.4. The 

increased hydrophilicity resulting from the greater degree of glycosylation can reasonably 

explain the reduced affinity of IgA towards the hydrophobic -CH3 terminated SAM 

surface compared to the increased binding to the hydrophilic -OH and -COOH 

terminated SAM surfaces. With increased surface hydrophilicity from the glycosylation 
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of the IgA J chain and SC, hydrogen bonding and dipole binding would dominate over 

hydrophobic surface interactions. 

Unlike S-IgA, IgM is a pentameric protein only containing the J chain which aids 

in the polymerization of the polymeric molecule. This pentameric structure adds 

increased size and hydrophilicity to IgM potentially causing greater interaction of the 

hydrophobic residues with the -CH3 terminated surface, thus leading to increased 

binding. Due to the increased hydrophilicity of the IgM structure the adsorption towards 

the polar -COOH and -OH terminated SAM surfaces is comparable. 

3.3.2 THIOL REFRACTIVE INDEX CHANGES 

SPR is a surface optical technique sensitive to changes in refractive index caused 

by surface binding events. In SPR imaging these changes in refractive index are 

measured between an initial state and a final experimental state due to surface binding. 

To achieve the largest linear range of response the initial baseline signal is set to the SPR 

angle, where reflectivity of the surface is minimal. By maintaining the angle constant 

during binding, reflectivity increases allowing for the determination of signal change 

from the initial to final state. For multi component analysis it is important to achieve a 

consistent baseline signal for each component, to ensure an equal dynamic signal range 

for each surface type being monitored. 

To the author's knowledge these are the first studies to simultaneously observe 

binding events to -NH2, -OH, -COOH, -CH3 functionalized alkyl thiol SAM surfaces 

using SPR. While work has been done observing binding to these, or similar, surfaces, 

reports have focused on discrete experiments for each surface. Our experiments resulted 

in a direct comparison of not only the binding to these surfaces, but of the SAM surfaces 

themselves. 

In examining the adsorption of proteins to various functionalized alkyl chain 

thiols it was consistently observed that the baseline signal for the various SAMs, prior to 

protein adsorption, was higher for the amine functionalized surface than -CH3, -COOH, 

or -OH. Figure 3.6 shows the different SPR responses between the -NH2 and -CH3, -

COOH, -OH functionalized thiol SAMs in a background of phosphate buffer. 
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Figure 3.6: Representative SPR response for -OH, -CH3, -COOH and -NH2 

thiol functionalized surface. A. SPR image taken in a background of PBS. B. Bar 
graph showing the average reflectivity for each patterned surface. The amine 
surface exhibits -30% increase in reflectivity at the hydroxyl, methyl and 
carboxyl SPR angle. 

As shown in Figure 3.4 -NH2 terminated alkyl thiols are the most sensitive to 

surface protein adsorption compared to -CH3, -COOH and -OH SAMs. It was first 

considered that ambient adsorption to the amine surface during surface preparation may 

account for the angle differences as organic contaminants may have preferentially 

adsorbed to the more sensitive amine surface. To test this SAMs of -CH3, -COOH and -

OH were first formed on an SPR slide. The slide was mounted into the SPR flow cell 
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and amine thiol was introduced. After an incubation time of 2 hours the amine thiol was 

rinsed with ethanol, then water and finally PBS. This procedure would limit the exposure 

of the amine SAM to ambient conditions. This experimental procedure resulted in 

similar responses as shown in Figure 3.6. The patterned amine thiol consistently 

exhibited greater reflectivity, larger SPR angle, even with limited exposure to ambient 

laboratory conditions when compared to the -CH3, -COOH and -OH surfaces. 

By measuring the intensities of each line of patterned SAMs at various angles a 

characteristic SPR curve can be constructed.40 The SPR angle is determined at the point 

of minimum reflectivity, and is an intrinsic property of the surface sample. Figure 3.7 is 

the reflectivity response at varying angles for patterned -NH2, -CH3, -COOH and -OH 

SAMs. 
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Figure 3.7: SPR response curve for • -NH2 • -COOH • -CH3 • -OH C n alkyl 
thiol functionalized surfaces in a background of H2O. The amine surface exhibits a 
larger SPR angle, 0.15° greater than -OH, -CH3 and -COOH, which exhibit a similar 
response. At the SPR angle for hydroxyl, methyl and carboxyl the amine signal is 
-30% greater. 
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As the angle is adjusted the reflectivity of the patterned spots decreases until the 

SPR angle is reached. As the angle is adjusted past the SPR angle the reflectivity 

increases again. For the -CH3, -COOH and -OH functionalized thiols the SPR curves 

are similar resulting in similar SPR angles. The -NH2 functionalized thiol curve is 

shifted to the right and has a SPR angle -0.15° greater than -CH3, -COOH and -OH 

thiols. Therefore, when the angle is set to the minimum reflectivity of -CH3, -COOH 

and -OH thiols the -NH2 thiol reflectivity is greater due to its greater SPR angle. This 

situation of differing SPR angles among the -NH2 and -CH3, -COOH, and -OH thiols 

results in the response observed in Figure 3.6. 

The thiols used throughout this study are Cn alkyl thiols whose only differences 

are the functional end groups. For the four thiols studied, only 1-dodecanethiol (-CH3) 

refractive index is known, n20 = 1.458. Due to the similar SPR curves of the -COOH and 

-OH thiols they must possess similar refractive indexes. To compare the affect that the 

various end groups have on refractive index a refractometer was used to measure each 

thiol's refractive index at increasing thiol concentration. Figure 3.8 is a graph of 

refractive index at various concentrations of-NH2, -COOH, -CH3 and -OH thiols. 
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Figure 3.8: Refractometry measurements of • -Nhfe • -COOH • -CH3 T -
OH functionalized Cn alkyl thiols. Refractive index changes are greater for the -
NH2 compared to the -OH, -CH3 and -COOH functionalized thiols. 

Each thiol was dissolved in 100% anhydrous ethanol to the appropriate 

concentration. Amine, carboxyl and hydroxyl thiols are solids while methyl thiol is a 

liquid. To eliminate potential interferences from un-dissolved solids, each concentration 

solution was centrifuged and filtered through a 0.2 um filter. The refractive index 

response determined from refractometry shows that the amine terminated alkyl thiol 

diverges greatly from the refractive index response of -COOH, -CH3 and -OH at 

increasing concentration. While refractometry measures the concentration dependence of 

refractive index of a liquid thiol attd SPR measures the difference in reflectivity caused 

by refractive index on a surfaced immobilized SAM, both methods illustrate the affect 

that the -NH2 functionalized end group has on refractive index compared to -CH3, -

COOH and -OH thiols. This type of observation was only elucidated because of the 
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ability to simultaneously pattern different functionalized alkyl thiols through microfluidic 

device developed through this study. 

3.4 CONCLUSIONS 

Investigated in this study is the non-specific binding of the human plasma 

proteins, IgG, IgA, IgM, fibrinogen and albumin to four model self assembled alkyl thiol 

monolayers with the following functional groups; -NH2, -COOH, -CH3 and -OH, 

representing polar, nonpolar and neutral groups. While many studies have investigated 

the binding of proteins at single concentrations, here isotherm binding curves were 

determined for each protein investigated. This allowed for the determination of the 

binding behavior of the investigated proteins over a range of concentrations. The 

isotherm binding curves were successfully constructed utilizing the SPR imaging 

technique and could be used to determine the relative binding strength of proteins on 

various surfaces. 

By using a proof of concept PDMS microfluidic device and Au patterned 

substrate surface, various model alkanethiolates in organic solvent were immobilized on 

the surface of an SPR sensor. When coupled with the multi component detection system 

of an SPR imaging instrument, these patterned surfaces allowed for the simultaneous 

investigation of the binding behavior of various human proteins. This simultaneous 

detection of binding to various model surfaces increases throughput, provides for 

standardized and reproducible experimental conditions, and allows for easier 

unambiguous comparison of binding results. 

From the binding curves constructed the -NH2 surface exhibited the greatest 

sensitivity and degree of saturation for all proteins investigated. This is attributed to the 

electrostatic interaction of the positively charged amine surface to the negatively charged 

proteins at the investigated pH of 7.4. The fibrinogen isotherm confirms previous reports 

of various regimes of surface binding at low solution concentrations and further supports 

the proposition of supramolecular fibrinogen structures. Binding isotherms of IgA and 

IgM were also constructed, and are thought to be the first reports of binding to 

functionalized alkane thiols. They exhibited binding behavior markedly different 
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compared to other proteins investigated, and this was associated with their oligomeric 

structures resulting in greater hydrophilicity. 

Also, due to the ability to monitor the simultaneous binding to various surfaces 

under the same experimental conditions, differences in the properties of the thiols used 

were noticed. Specifically, the -NH2 terminated thiol exhibited a greater refractive index 

compared to the -COOH, -CH3 and -OH terminated thiols. This was confirmed by 

refractometry and SPR sensitivity curves. Since the only difference between the 

structures of the various thiols used was the end functional groups, the difference of 

refractive index is thought to result from the -NH2 group. 
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4.1 INTRODUCTION 

Protein microarrays have the potential to become even more useful in clinical 

diagnostics than DNA arrays. In recent years, considerable effort has been directed at 

research for the development of rapid and convenient methods for the fabrication of 

protein microarrays. Much of this work in the development of protein microarrays has 

focused on the transfer of technologies and techniques from DNA microarrays, however, 

a number of barriers remain along the road to successful development. Detection by 

fluorescence is much less convenient than for DNA, due to the challenges of protein 

labeling leading to multiple labels and the potential of those labels interfering with 

binding sites. Non-specific adsorption of proteins is much more significant than for 

DNA, due to the aliphatic nature of proteins. Also, the complexity of immobilizing 

proteins in a preferred orientation and conformation can be challenging compared to 

homogeneous DNA molecules and their associated immobilization techniques. These 

difficulties along with the demands for high throughput and massively parallel analyses 

for proteomics, have lead to a variety of fabrication and reading methods of protein 

microarrays.1"3 

The most common and extensively used format to perform binding assays for 

diagnostic purposes is the enzyme linked immunosorbent assay (ELISA). This method 

involves the coating of plastic wells with ligands and then blocking the wells with bovine 

serum albumin (BSA) to prevent non-specific adsorption in subsequent steps. Typically, 

the volumes used for each rinse and exposure step of ligand or analyte are ~ 100 uL and 

requires 1 hour to overnight incubation times. The binding between the ligand and 

analyte is detected by either fluorescence labeled or enzyme conjugated antibodies. 

Delamarche et al.4 examined the use of microfluidic devices as an alternative format for 

immunoassays. By creating rows of microfluidic channels cast in polydimethylsiloxane 

and bonding the polydimethylsiloxane to a glass slide they were able to pattern ligands 

through microfabricated channels. These patterned surfaces could then be exposed to 

analyte solutions through another set of polydimethylsiloxane channels. Using 

fluorescence detection, they showed the advantages for using microfluidics to consume 

nanoliter quantities of potentially precious reagents and decrease incubation times. This 

methodology of patterning and fabricating protein microarrays has been successfully used 
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by others.5'6 However, limits exist to the number of usable channels for patterning and 

detection that can be fabricated on one device, as well as being limited in the number of 

binding events detected per exposure. These drawbacks exist as potential hurdles to the 

widespread application of this technique. 

In the area of biosensor technology a label free technique, surface plasmon 

resonance (SPR) imaging has been found to be compatible for immunodiagnostic and 

other protein assays.7"9 By immobilizing one component of a bio-specific pair to Au 

coated glass slides, detection of its counterpart can be monitored in real time by changes 

in optical properties that occur during binding. This results in a label free method of 

detecting spatially resolved binding events on a 2 dimensional surface. This has made 

SPR imaging a very attractive alternative for the detection of the protein and 

biomolecular arrays. Improving the contrast and precision of SPR imaging read protein 

microarrays, and developing convenient fabrication methods for protein microarrays are 

two of the challenges of this methodology addressed in this work. 

A widely used method for microarray fabrication is robotic pin printing which can 

allow for increased surface density of ligands and throughput. ' " These advantages 

are complementary with the use of SPR imaging. Corn et al.13 have shown the potential 

in using pin printing with SPR imaging. However, drawbacks include the relative 

expense of pin printing systems, the surface evaporation of printed small volume droplets 

and the difficulty in printing organic solutions. The use of microfluidics for 

immobilization onto discrete regions can potentially overcome drawbacks associated with 

pin printing. Microfluidics can provide an environment of low surface area to volume 

ratio per channel, thus limiting evaporation, while simultaneously allowing 

immobilization to occur in the bulk solution. Channels can be formed which allow for 

the manipulation of solution streams to discrete areas localizing immobilization of 

ligands to specific areas. 

To expand on the work of miniaturized bio-diagnostics for small laboratories and 

point of care instrumentation, we have investigated the use of microfluidics with label 

free SPR imaging detection. The method explored here employs polydimethylsiloxane 

microfluidic networks for both the immobilization of discrete spots of proteins and as a 

flow cell for multicomponent analysis of surface binding events. The label free binding 

115 



of the fabricated protein arrays was monitored by SPR imaging. Since SPR is a 

nonspecific detection method, discrete detection elements were fabricated by Au 

patterning. Thus, signal is only observed at these sensing regions. This limits the 

number of surface treatments required for blocking, since non-patterned Au regions 

produce no signal. Demonstrated here is the use of microfluidic networks and SPR 

imaging for the facile fabrication of antigen arrays capable of yielding qualitative and 

quantitative binding information. Methods outlined in this work can be applied to 

various other types of proteomic and genomic arrays. As an example, initial work is 

presented on the development of IgE immunoassay arrays using SPR detection for allergy 

testing. 

Current methods of testing for allergy sensitivities include the skin prick method 

and radioallergosorbent test (RAST). These methods are used for testing of low levels of 

specific IgE, since radiological assay tests are extremely sensitive and skin prick tests 

assess patients inherent allergy sensitivity. 

The skin prick is performed by pricking the skin of a patient with a needle tip 

containing small amounts of allergen and observing that local area's physiological 

response. The severity of the response is associated with a standardized scale and 

interpreted by the tester. While inexpensive and fast it suffers from interpretation errors 

of the tester and the possibility of severe side effects such as anaphylactic shock in 

patients with unknown sensitivities. 

Due to the high sensitivities of radiologic labels, RAST is used for specific 

quantification of IgE levels in atopic patients. While suitable for determining low levels 

of IgE, radiological labels possess short shelf lives and require special equipment and 

handling. With these considerations, work was initiated in assessing the applicability of 

using label free SPR detection for IgE determination in human plasma. 

4.2 EXPERIMENTAL 

Arrays were imaged using GWC Instruments SPRimager II (GWC Instruments; 

Madison, WI) and has been described in detail elsewhere.14 The array sensor was 

constructed from the thermal evaporation of a 45 nm gold (Au) film deposited on SF-10 

glass (Schott; Toronto, ON, Canada) with a 1 nm adhesive chromium layer through 
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polydimethylsiloxane shadow mask, as described in Chapter 2.2.2.2. Alignment to a 

PDMS microfluidic manifold was achieved through the use of a homebuilt alignment 

microscope, described in Chapter 2.2.4. Upon activation of the Au sensor regions two 

methods of mounting the sensor to the SPRimager II were employed, depending on the 

experimental setup: 1. the sensor was mounted within a two port (inlet and outlet) flow 

cell to which solutions were introduced to the entire surface via a peristaltic pump. 2. the 

sensor bound to the polydimethylsiloxane microfluidic manifold was mounted directly 

into the SPRimager II holder, thus using the microfluidic channels as the flow cell. In 

both methods the sensor surface would be incubated with running buffer for the 

determination of the SPR angle. A reference image was taken in the running buffer from 

the averaging of 30 individual images. Difference images were determined by 

subtracting the image taken after a binding event from the reference image taken prior to 

the binding event. Since the SPR angle was maintained, any differences between the 

images, as a result of binding from the incubation solution, appear as illuminated areas of 

higher reflectivity. 

4.2.1 REAGENTS AND SOLUTIONS 

All proteins used were purchased in the highest available purity from Sigma 

Aldrich and used as received. IgE was purchased from Athens Research (Athens, GA). 

Lyophilized proteins (human IgG, sheep IgG and BSA) were dissolved in HEPES 

buffered saline (HBS; 10 mM HEPES, 150 mM NaCl) pH = 7.4 from which they were 

aliquoted to their appropriate concentrations determined from the measured weight and 

accurate molecular mass. HBS buffer was prepared as a stock solution from 4-(2-

hydroxyethyl)piperazine-l-ethanesulfonic acid > 99.5% (Sigma Aldrich) using ultra pure, 

0.2 [Am filtered Milli Q de-ionized water and refrigerated until needed. Working buffer 

was prepared by lOx dilution with ultra pure water as needed. Concentrations for liquid 

anti serum proteins were determined by the dilution, with HBS, of the received 

commercial antisera. 

11-mercaptoundecanoic acid, l-ethyl-3-[3-dimethylaminopropyl]carbodimide 

hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were all purchased from Sigma 

Aldrich and stored in a freezer between use. 11-mercaptoundecanoic acid was prepared 
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as 100 mM stock solutions using anhydrous ethanol and stored in a freezer at -4°C. 

Working solutions of 5 mM were prepared as needed by dilution of the stock solution 

with anhydrous ethanol. EDC/NHS were prepared as fresh solutions prior to their use. 

Solutions were formed by dissolving the solids in 0.2 urn filtered ultra pure Milli Q de-

ionized water. Polydimethylsiloxane (PDMS) was purchased from Dow Corning under 

the formulation Sylgard 184. It is packaged in a two component kit with an elastomer 

and a hardener to be mixed in the ratio of 10:1, respectively. 

4.2.2 CHIP DESIGN AND FABRICATION 

Two chip designs (discussed previously in Chapter 2) were used during this study; 

the 20 spot and 4 channel microfluidic arrays. Their design and fabrication was detailed 

in Chapter 2.4. Briefly, the Au patterned sensor regions for both the spotting and channel 

devices were formed on pre-cut 1.8 x 1.8 cm SF-10 glass using a thin membrane of 

PDMS as the shadow mask layer during metal deposition. Deposition of 45 nm of Au on 

a 1 nm Cr adhesion layer was carried out using a thermal evaporator (Torr International 

Inc., NY, USA) operating at a pressure of 10"7 torr. Upon metal patterning of the 

substrate glass the PDMS shadow masks were removed and the sensors stored in a 

vacuum desiccator until needed. When needed the Au patterned glass substrates were 

removed from the desiccator and washed with ultra pure 0.2 um filtered Milli Q water, 

N2(g) dried, washed with 100% anhydrous ethanol, N2 dried and placed in a ozone cleaner 

for 10 mins. 

PDMS fabrication of the microfluidic devices used during this study follow the 

description given in Chapter 2.2.2. Briefly, PDMS devices were formed from the thermal 

curing of a 10:1, elastomer to hardner, mixture of PDMS over a positive relief photoresist 

master. The photoresist master was formed on a Si wafer as previously described in 

Chapter 2.2.1. Upon curing of the PDMS a scalpel was used to cut the microfluidic 

devices from the bulk material. Each device was cut to a size of 1.8 x 1.8 cm matching 

the dimensions of the SPR glass sensor substrate. Access holes were formed by using a 

16 gauge needle whose tip had been flattened and sharpened in a lathe, resulting in inlet 

and outlet reservoirs of approximately 1 mm diameter. Organic extraction with refluxed 
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hexane was performed on each cured device using a Soxhlet setup to eliminate uncured 

low molecular weight monomers. 

Assembly of the microfluidic spotting and channel arrays was achieved through 

the use of a homebuilt alignment microscope, described previously in Chapter 2.2.4. 

Briefly, the SPR sensor substrate is mounted on a translation stage capable of moving in 

the x, y, z and 9 directions. The PDMS manifold is held stationary above the substrate. 

A single objective microscope is used to position the SPR sensor substrate relative to the 

PDMS manifold. Upon alignment the glass sensor substrate is raised in the z direction 

for reversible or irreversible bonding to the PDMS. Reversible bonding is achieved 

through the native conformal contact between PDMS and glass. Irreversible bonding is 

achieved through plasma oxidation of the PDMS manifold prior to contact with the SPR 

glass sensor. 

4.2.3 SPR IMAGING 

Surface plasmon resonance imaging is an optical technique that can monitor 

differences in reflectivity of incident light from changes in refractive index due to 

adsorption to a noble metal thin film, silver or Au. In this study a SPRimager II (GWC 

Instruments; Madison, WI) is employed for all SPR imaging measurements. It is shown 

schematically in Figure 4.1 and has been described extensively previously.15 
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Figure 4.1: A schematic representation of a SPR imaging instrument used 
throughout this study. Light from a collimated polychromatic source passes through 
a polarizer and reflects on a prism/Au sample assembly at a specific angle of 
incidence. The reflected light passes through a narrow band interference filter and 
is detected by a CCD camera. The prism/Au sample assembly is mounted on a 
rotation stage so that 9j can be changed for determination of the SPR angle. A 
liquid flow cell is attached to the assembly allowing for in situ adsorption 

Briefly, light from a collimated polychromatic source passes through a polarizer 

and impinges on a sample cell at a specific angle near the SPR angle. A rotation stage 

holds sample cell in the path of the polarized light and allows for manipulation of the 

incident angle. The light interacts with the glass prism-Au sensor substrate interface, 

generating surface plasmons on the metal interface, which attenuate the light reflected 

from the surface. The light reflected from the Au substrate then passes through a narrow 

band interference filter propagating towards the detector. The detector in the SPRimager 

II is a CCD camera, which captures an image of the entire optical field of the chip 

surface. Image capturing from the CCD camera and subsequent analysis are done with 

the provided software from GWC Technologies. 
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The glass prism-Au sensor substrate-flow cell assembly is arranged in the 

Kretschmann geometry,16 as described previously in Chapter 3.2.2. Briefly, to achieve 

this type of configuration a glass prism is placed on top of the backside of the Au 

patterned sensor glass slide. To ensure no attenuation of photons through the prism/slide 

assembly the same type of glass, SF-10, is used for both pieces. This ensures a consistent 

refractive index. To compensate for the air glass boundary between the sensor slide and 

prism a refractive index matching fluid is used to ensure a consistent index of refraction 

through the completed assembly. A single drop of matching fluid (~ 5 uL) is placed on 

the leading edge of the glass slide. The prism is then positioned at this edge and slowly 

lowered causing the matching fluid to spread evenly between the slide and prism. This 

ensures no trapped air bubbles. The index of refraction of the SF-10 glass and matching 

fluid is 1.720. The two flow cells used during this study were the manufacturer's 

provided two port (inlet/outlet) flow cell and the developed PDMS microfluidic channel 

flow cell (Chapter 2.4). 

The two port flow cell allowed for complete coverage of the sensor surface with 

one analyte solution. The flow cell consisted of a 1.2 cm diameter 0.1 cm deep reservoir 

defined by a rubber o-ring. This o-ring ensures a tight seal with the SPR slide and results 

in an approximate flow cell volume of 100 uL. The flow cell is held in place with four 

mounting screws to the SPR holder. Solutions are passed through the flow cell through 

1/16" tubing screwed into an inlet and outlet port on the fluid cell. The inlet port tubing 

is connected to peristaltic pump tubing (ID = 1/32") whose inlet is placed inside a vial of 

solution. The peristaltic pump drives solution flow through the fluid cell. The total 

volume of solution required to fill the pump tubing, fluid cell tubing and fluid cell is ~ 

225 u,L. This arrangement is useful for single analyte investigations over the whole 

sensor surface. However, the two port flow cell requires a large volume of sample 

solution, for filling the tubing and subsequent rinse steps. It also suffers from the 

disadvantage of allowing only one analysis per experiment. By using the PDMS 

microfluidic channel manifold, reversibly and conformally bonded to the glass sensor 

surface, 4 analyte solutions can be investigated simultaneously. Also, the maximum 

volume of each channel is 250 nL. 
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4.2.4 PROCEDURES 
Proteins used during this study were covalently attached to the SPR Au sensor 

regions through amine coupling, using the well characterized EDC/NHS attachment 

chemistry.17 The basic reaction scheme is given in Figure 4.2. Briefly, EDC reacts with 

carboxyl groups forming an amine reactive intermediate. This intermediate can react 

with amine functional groups on the surface of proteins forming a stable covalent amide 

bond. 
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Figure 4.2: EDC/NHS reaction scheme for surface immobilization of proteins 
through covalent amine coupling. EDC reacts with a carboxyl group forming an 
amine reactive O-acylisourea intermediate. The intermediate is susceptible to 
hydrolysis, making it unstable and short-lived in aqueous solution. The addition of 
NHS stabilizes the intermediate product by converting it to a NHS ester which acts as 
a good leaving group for protein amine coupling. From http://www.piercenet.com 
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Formation of a carboxyl terminated SAM layer, to act as the seeding layer for the 

covalent surface attachment of proteins, was achieved through the complete immersion of 

the SPR Au patterned substrate in a 1 mL solution of 5 mM 11-mercaptoundecanoic acid 

(HS-CHn-COOH) in anhydrous ethanol. The SPR slide was allowed to incubate in this 

solution for 2 hours to overnight to allow for the complete formation of a SAM 

terminated in -COOH. Upon activation of the Au sensor regions with a -COOH 

terminated SAM, the slide was removed and rinsed with copious amounts of ethanol to 

remove any unbound thiols, and dried under a stream of N2(g> The sensor slide was then 

ready for alignment and attachment to the microfluidic manifold, as described in Chapter 

2.2.4. 

The formation of a succinimide layer results in a very sensitive surface chemistry 

and was used immediately for amine coupling. Therefore, EDC/NHS activation of the 

carboxyl terminated SAM was performed within the microfluidic channels after bonding 

between the glass sensor substrate (coated with -COOH SAM) and the PDMS 

microfluidic manifold. This limited the exposure of the succinimide layer, after 

formation, to ambient room conditions. EDC/NHS was prepared at concentrations of 0.4 

mM and 0.1 mM, respectively. Reagents were dissolved in degassed 0.2 ^m filtered ultra 

pure Milli Q water. A co-solution, used for reaction with the carboxyl SAM surface, was 

formed through 1:1 mixing of each individual solution. 

EDC/NHS was introduced to the microfluidic channels by pipetting 7 uL of 

solution into each inlet and appling vacuum at the outlet. Vacuum was removed once the 

solution covered the entire Au sensors. After activation of the -COOH SAM by 

EDC/NHS the solution was removed by vacuum. Immediately following the drying of 

the channels by vacuum, 7 uL of protein solution of interest was pipetted to the inlets and 

vacuum applied to the outlet to transport the protein solution to the Au sensor regions for 

amine coupling to the freshly formed succinimide surface. Once incubation of the 

protein solution was completed each channel was rinsed with 100 uL of HBS, to remove 

excess and unbound protein. A blocking step to deactivate un-reacted succinimide 

groups on the surface was achieved by addition of 0.01% BSA to each channel. A final 

rinse with 100 uL HBS per channel was used to remove excess and unbound BSA. 
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The activated SPR glass slides with covalently coupled proteins on the Au sensor 

regions were used in two configurations with the SPRimager II. If the sensor was to be 

used for a single analysis over the whole surface the PDMS microfluidic manifold was 

removed and the glass SPR slide was mounted with the 2 port flow cell provided by the 

manufacturer. For multi sample analyses, the PDMS manifold was left on the glass SPR 

slide in the case of the 4 channel device. In the case of the 20 spot device, it was replaced 

with the 4 channel PDMS device. The replacement was achieved by alignment and 

conformal bonding using a homebuilt alignment microscope. 

4.3 RESULTS 

Two devices were utilized for this study of coupling microfluidics and SPR 

imaging detection for protein microarrays. A 20 spot and 4 channel device were 

fabricated in PDMS as outlined previously in Chapter 2.4. These microfluidic devices 

were designed to align to Au patterned SPR sensor slides and are pictured in Figure 4.3. 

The Au patterned sensor areas provide the discrete active surfaces for protein 

immobilization and SPR detection. The dimensions of the Au patterned pads were 

determined from a combination of ease of visualization with the SPR imager and 

coupling with the PDMS microfluidic manifolds. For the 20 spot device the Au pads are 

500 x 300 urn and for the 4 channel device the Au pads are 700 urn wide by 

approximately 5 mm long. 
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Figure 4.3: Microscope photographs of aligned SPR slides and PDMS microfludic 
manifold devices used during this study. A. 20 - 500 x 300 urn Au spot SPR sensor. 
B. 4 - 0.7 x 5 mm channel Au patterned SPR slide. 

Previous reports for SPR detection for protein arrays have utilized simple physical 

adsorption of binding pairs to the metal surface prior to measurement.9' 18"20 While 

demonstrable of the technique there are drawbacks to direct surface adsorption of ligands. 

Direct adsorption is not suitable for proteins which can undergo denaturation when in 

contact with surfaces. Also, protein films formed by direct adsorption do not give well 

defined and stable adsorption layers as they can be susceptible to desorption by changing 

solution environments or exchange processes occurring between the adsorbed film and 

other solutes in solution. These exchange processes can lead to undefined films of mixed 

solutes difficult to characterize due to their changing composition based on changing 

reagent solutions. The ideal situation is a stable covalent bond of the ligand to the 

surface for the repeatable analyses to its binding partner. This can be achieved by a 

variety of covalent binding protocols involving either direct coupling of proteins to a 
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surface through amide linkages, various attachment chemistries, such as amine, carboxyl 

or thiol binding, or through the use of other binding intermediaries such as biotin/avidin. 

In this work amine coupling through the use of EDC/NHS is utilized to achieve a 

covalent bond for protein surface immobilization. The basic reaction mechanism by 

which the covalent attachment occurs have been explored and utilized extensively and 

shown schematically in Section 4.2.4. 

The amine coupling immobilization procedure used was adapted from Johnsson et 
17 

al. Examination of the subsequent incubation times necessary for the effective amine 

coupling of proteins was achieved by monitoring the immobilization sequence in real 

time. The time dependent change of the SPR response to the covalent coupling of 

proteins to the surface is measured in relative intensity units (RIU). Figure 4.4 is the 

response curve for the covalent attachment scheme employed. 
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Figure 4.4: Time series reaction profile for EDC/NHS covalent amine coupling 
of an antibody protein to the surface of an SPR sensor. Each line profile 
represents a different region of interest monitored on the sensor surface during the 
time series. Between each solution injection a buffer rinse was performed. A 
minimal buffer rinse after EDC/NHS incubation was used to ensure minimal 
hydrolysis of the activated NHS surface. 

Prior to covalent protein immobilization, the Au patterned SPR slides are 

activated by the self assembled monolayer created by adsorption of 11-

mercaptoundecaonic acid. This results in a SAM surface terminated in carboxyl groups. 

Activation was achieved by immersion of the SPR Au patterned slide in a 1 mL 5 mM 

thiol solution in ethanol for 2 hours. Contact angle measurements on a Au coated SPR 

slide were used to confirm the formation of a carboxyl terminated surface. The contact 

angle for a clean bare Au surface was 81 ±3°. The -COOH SAM layer exhibited a pH-

dependent contact angle ranging from 11 to 35°. This conforms well with reported 

contact angles and their pH sensitivities for aqueous droplets on carboxyl terminated 

surfaces 21,22 
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Once mounted into the SPR, signal changes were monitored upon exposure of the 

SAM surface to the various reagents. EDC/NHS was first introduced and the 

characteristic large increase in signal was observed. This sudden and dramatic increase is 

due to the bulk refractive index change associated with changing the solution from 

running HBS buffer to EDC/NHS. Incubation of the solution over the sensor surface was 

maintained for 15 minutes followed by removal of EDC/NHS by buffer solution and 

incubation with 667 nM anti human IgG antibody protein. This results in a dramatic 

decrease in signal intensity followed by a steady rise in signal, as protein covalently binds 

to the succinimide surface formed during EDC/NHS activation. To allow for maximum 

protein coverage, incubation is maintained for 20 minutes, followed by a 5 minute buffer 

rinse to remove excess and unbound protein. A subsequent dip in signal is monitored. A 

blocking step is used to deactivate any remaining succinimide groups through incubation 

with 0.01% BSA for 10 minutes. Finally, a rinsing step with buffer was performed 

resulting in a stable response. The signal difference is associated with the amount of anti 

human IgG bound to the sensor surface through covalent attachment. There is a minimal 

difference between the signal after antibody attachment and BSA blocking, indicating 

that most attachment points on the surface were occupied by antibody protein rather than 

BSA. This binding approach leads to a stable and reusable surface that requires no 

modification of the protein sample for attachment. It should be noted that this attachment 

protocol does result in proteins bound in a random orientation (binding occurs at any free 

surface amine group) and does require extra steps when compared to physical adsorption. 

This surface activation protocol for covalent bonding of proteins is utilized throughout 

this study to fabricate protein microarrays on SPR sensors using microfluidic devices 

formed in PDMS.. 

The 20 spot microfluidic spotting device allows for the selective patterning of 

predefined Au spots. By being able to selectively pattern to certain spots, activation of 

each spot with various samples is possible; potentially allowing for increased sample 

density and sample variety per unit of area. To initially test single spot addressability 

with this device two different proteins were patterned, human IgG and BSA, followed by 

monitoring of their antibody binding response. To adequately fill the channels, 

reservoirs and cover the Au spots, 5 uL of solution was required. Figure 4.5 shows an 
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SPR difference image and accompanying sensorgram for the immunoassay response of a 

hlgG and BSA patterned sensor slide to anti hlgG. 

Anti Human IgG Assay against BSA and 
Human IgG 

13RIU 

NaOH 
0 500 1000 1500 2000 2500 3000 3500 

Time (sec) 
BSA hlgG 

B. 

^ ~ ^ = human IgG immobilized spots = BSA immobilized spots 

Figure 4.5: Time series reaction profile for the sequential adsorption of anti human 
IgG on covalently attached human IgG and BSA surface. A. Time series profile 
monitoring solution injections over human IgG and BSA patterned sensor surface. 
B. SPR difference image showing the selective binding of anti h-IgG on 
immobilized h-IgG compared to the immobilized BSA spots. 

Covalent attachment of hlgG was performed on 12 spots while BSA was 

covalently attached to 8 spots. Upon amine coupling of the proteins to the surface the 

PDMS microfluidic manifold is removed and the patterned slide is mounted into the SPR 
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imager for exposure to 130 nM anti hlgG. The recorded sensorgram shows the average 

response for each immobilized protein towards anti hlgG. The response to anti hlgG is 

52 ± 6 RIU for the hlgG patterned spots. The BSA patterned spots record no signal 

response to anti hlgG. This is consistent with BSA serving as an effective blocking agent 

in many biochemical protocols. Since the glass slide is Au patterned, signal is only 

recorded for those regions. Thus, there is no bulk background effect and visualization of 

individual spots is made easier. The protein patterned surface was then regenerated 

through the exposure of the surface to 10 mM NaOH for 5 minutes. This regeneration 

step disrupts the non-covalent binding between the antibody and antigen and removes the 

bound antibody. Buffer is introduced to remove NaOH and recondition the protein 

surface. The BSA surface is regenerated back to its initial signal and the hlgG patterned 

spots exhibit a regenerated signal response of 6 ± 2 RIU. While effectively removing 

most bound anti hlgG the signal does not return to the pre-exposure conditions. This 

shows that some remaining anti hlgG is still bound to the surface. A second exposure to 

130 nM anti hlgG is run exhibiting similar response from the hlgG and BSA patterned 

surfaces. The measurements of the second exposure are taken against the new baseline 

created after the first regeneration step. Regeneration is achieved again with exposure to 

10 mM NaOH and again the BSA patterned surface returns to its pre-exposure condition 

while the hlgG surface retains residual antibody binding. More effective regeneration of 

the surface may possibly be achieved by using higher concentration NaOH or increasing 

the exposure time. However, care must be taken in choosing regeneration conditions that 

are not harsh enough to disturb the integrity of the covalently attached protein layer. 

For sensitive and accurate quantitative binding analysis it is crucial to ensure, that 

the background signal remains low following antibody exposure. Since detection will 

only occur at the Au surface the bulk background retains a 0 RIU signal response. The 

SPR difference image with zero signal background shows the effectiveness in using 

patterned Au sensor regions for increasing sensitivity and ease of visualization while 

eliminating patterning steps to reduce non-specific adsorption. As described this method 

has allowed for the microfluidic enabling of addressable protein spotting and required no 

background surface modifications for blocking non-specific adsorption. 
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The fabrication of a two protein microarray utilizing a 20 spot microfluidic 

manifold is overkill, as the 20 spot device is more cumbersome than it needs to be for the 

application: 1. filling of multiple inlet reservoirs, 2. using three separate outlets per 6 or 8 

inlets and 3. monitoring small detection areas. While research into large protein libraries 

is vast, it is also necessary to evaluate protein characteristics individually or against fewer 

comparative samples. To this end, a lower sample density channel array was developed 

that maintained the benefits of limited drying and fewer bulk surface modifications 

necessary to minimize non-specific adsorption while easing microarray fabrication, 

patterning and ease of detection visualization. A channel array device was fabricated as 

outlined previously, Chapter 2.4, which comprises 4 Au patterned sensing regions 

coupled to an aligned four channel microfluidic manifold cast in PDMS with one inlet per 

channel and a bifurcated outlet design to one waste reservoir (Figure 4.3). This design 

and protein patterning procedure differs from that described by Delamarche et al.4 in that 

vacuum pressure is applied at only one outlet due to the bifurcated design to drive fluid 

flow. This type of design allows for the incorporation of rinsing steps directly within 

each channel. This design also differs from work by Kanda et al.18 since protein 

immobilization is achieved through covalent attachment chemistry with immobilization 

only occurring at localized Au patterned regions. This eliminates the need for bulk 

background blocking with BSA or ethylene glycol. This design also provides increased 

Au sensing regions, allowing for easier quantification of signal. Finally, due to the Au 

patterning, strong adhesion between the PDMS microfluidic manifold and SPR glass 

substrate can be achieved either by conformal contact or 0 2 plasma treatment for 

irreversible bonding. This allows for the introduction of solutions with high organic 

content without leakage. 

Patterning of the four channel array involved pipetting approximately 5 |xL of 

solution per channel at the inlet reservoirs. This volume was sufficient to fill the 

channels and reservoirs and cover the Au sensor regions. BSA, sheep IgG (slgG) and 

hlgG were covalently immobilized to the surface using amine coupling and the 

previously described immobilization protocol. Upon fabrication of the protein 

microarray on the Au sensors, the PDMS channel manifold was removed and the slide 

was mounted into the SPR using the single inlet/outlet flow cell. Figure 4.6 shows the 
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SPR difference images and sensorgrams for the sequential exposure of the four channel 

microarray to 130 nM anti hlgG and anti slgG. 

Upon injection of anti hlgG the largest signal increase occurs on the hlgG 

immobilized surface (47 ± 4 RIU). A significant signal (15 ± 5 RIU) is also observed for 

the slgG patterned surface due to cross reactivity with the anti hlgG. Minimal signal 

change is observed for the binding of anti hlgG to the BSA patterned surface. A rinsing 

step with buffer to remove excess and unbound binding antibody, is performed, resulting 

in the slight decrease in signal prior to the dramatic drop in signal upon regeneration of 

the surface with 10 mM NaOH. After buffer stabilization of the surfaces it is observed 

that the NaOH regeneration was very effective for the BSA and slgG surfaces however 

resulted in an increase in the new baseline signal of the hlgG surface. As noted 

previously, regeneration after significant binding may require higher concentration NaOH 

or longer incubation times. Injection of 130 nM anti slgG results in an increase in the 

slgG patterned surface (55 ± 6 RIU) as well as substantial cross reactivity to the hlgG 

surface (17 ± 5 RIU). Again BSA results in limited signal change. 

The antibodies used here are polyclonal immunoglobulins directed against whole 

IgG and will bind light chain sites common among immunoglobulins. This leads to the 

observed cross reactivity between various antibodies and antigens. Since the hlgG and 

slgG covalently bonded to the surface were absorbed from identical solution 

concentrations of 200 u.g ml/1, the surface density of antigens will be similar. Therefore, 

the observed difference in antibody binding to the various surfaces accounts for the 

specificity difference each antibody has to different IgGs. 

While based on similar design features, Au patterning, aligned PDMS 

microfluidic manifolds and shared outlets, the spotting and channel array devices each 

prove useful for different purposes. However, when combined in conjunction with each 

other a powerful array assembly emerges. Figure 4.7 outlines the combination of the two 

devices. 
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Figure 4.6: Cross reactivity time series profile for anti hlgG and anti slgG against 
BSA, hlgG and slgG. A. Time series showing sequential injection of anti hlgG and 
anti slgG. Significant cross reactivity of the antibodies can be observed. B. SPR 
difference images at time, 1321 s and 3015 s. Air bubbles trapped in flow cell cause 
areas of zero signal on sensing regions. 
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Patterning of SPR Au 
spots with spotting 

device. 

Alignment of spots 
with channel flow cell 

for incubation. 

Figure 4.7: Schematic representation 
of combined spotting and flow cell 
protocol. A. SPR sensor with Au 
patterned spots. B. Patterning of Au 
spots with microfluidic spotting 
device. C. Alignment of patterned Au 
spots using the microfluidic flow celL 
D. Photography of aligned Au spots 
with 4 channel flow cell for 
individual incubation. 

The spot array provides for the 

patterning of multiple targets on the Au spots. 

Upon immobilization of the targets the spot 

array is replaced with the channel array, 

which allows for the alignment of the spots to 

the center of the cast PDMS channels. The 

combined device, Au spot patterned SPR slide 

with aligned PDMS channel manifold, is then 

mounted into the SPR imager for detection. 

In this configuration the channel array is used 

as a four channel flow cell providing 

simultaneous investigation of multiple 

samples against multiple immobilized targets. 

Compared to the single port flow cell used in 

Figure 4.5 and 4.6, this results in fewer 

individual experiments and chips for the same 

number of samples. 

A widely determined and important 

protein characteristic is the binding strength of 

protein interactions.23 SPR imaging has been 

demonstrated as a means to measure binding 

isotherms and determine adsorption 

coefficients (Kads) which can be related to 

binding constants.24 As an illustration of the 

benefit of this combined approach for 

reducing the total number of experiments 

necessary to collect experimentally important 

observations, binding isotherms and cross reactivity binding curves were collected. 

Figure 4.8 is the anti hlgG binding isotherm against immobilized hlgG determined from 

only two injections. Also presented are the associated Langmuir fitting parameters and 

SPR difference image. 

134 



B. 

Anti Human IgG Isotherm against BSA and 
Human IgG 

1 -
0 100 200 300 400 500 

[anti h IgG] /nM 
• hlgG • BSA 

OnM 

600 

32 nM 

64 nM 

97 nM 

Table 4.1 
IgG Bind 

Surface 

hlgG 

: Fitting Parameters for Anti human 
ing Curve 

Kads(M'1) 

1.02 (0.19) xlO7 

A RlUmax 

78.3 (2.5) 

R2 

0.9942 

Figure 4.8: Anti hlgG isotherm formed from utilizing the combination of a 
microfluidic spotting device and 4 channel microfluidic flow cell. A. Isotherm plot for 
anti hlgG binding to surface immobilized hlgG and BSA. B. SPR difference images 
after incubation with anti hlgG. Spots immobilized with hlgG exhibit binding to anti 
hlgG which increases with increased concentration. Spots immobilized with BSA 
exhibit little binding to anti hlgG. Each channel is incubated with different 
concentrations of anti hlgG. hlgG is patterned on all spots to the left of the dividing 
line, BSA is patterned to the right. Langmuir fitting parameters are shown in Table 4.1. 
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Using the spotting device each row was covalently patterned with BSA (0.01%) 

and hlgG (200 u.g mL"1). Three spots were patterned with BSA and hlgG for the outside 

rows and two spots were patterned with each for the inner rows. Replacement of the 

spotting device with the four channel array device allowed for the incubation of the 

surface with four different concentrations of anti hlgG simultaneously. The 

concentrations investigated were 0, 32, 64, 97, 129, 161, 322 and 645 nM. Sets of four 

concentrations were incubated twice for a total of 16 data point, 8 for each type of 

surface, hlgG and BSA. The SPR signal due to anti human IgG binding reached a steady 

state value in approximately 10 minutes. Each point in Figure 4.8 was collected after an 

incubation time of 20 minutes. Average signal and standard deviation, reported in 

reflected intensity units (RIU) was determined from regions of interest (ROI) selected 

around the boundary of each spot. The general shape of the isotherm is consistent with 

literature reports of antibody binding and fits a Langmuir description which is 

commonly used for the description of protein binding.18'25'26 The curve through the data 

points of the graph is the Langmuir fit and results in a Kads for anti hlgG binding to hlgG 

of 1.02(0.19) x 107 M1 with a R2 of 0.9985. Our Kads value compared well to that 

determined by Kanda et al.18 (1.1(0.1) x 107 M'1) for bovine IgG binding to adsorbed anti 

bovine IgG on mercaptoundecylamine hydrochloride SAM. However, experimentally 

our value was determined from eight measurements taken over two incubations, while 

Kanda et al. used six measurements taken over six incubations. Minimal adsorption, over 

the concentration range studied, was observed for immobilized BSA. Immobilized BSA 

was used as a reference background for determination of non-specific adsorption. 

Along with specific isotherm binding information for an immunogenic pair, a 

cross reactive comparison of antibody binding, illustrating the antibody's relative binding 

strengths to various antigen patterned surfaces, can be determined. This type of multi 

component analysis procedure benefits from the ability of the spot and channel array 

devices to reduce the total number of experiments performed. It has been shown 27 that 

Kads values can be used to rank binding strengths in similar systems, even though Kads 

values determined from Langmuir fits are not equivalent to binding association constants. 

Cross reactivity is investigated for polyclonal anti human IgG against hlgG and sheep 

IgG. Figure 4.9 shows the binding curves collected in two incubation steps for binding 
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between anti human IgG and three pre-patterned proteins, hlgG, slgG and BSA. Six data 

points are collected over the concentration range of 0 to 645 nM of anti hlgG. Sets of 

three concentrations were incubated twice for 6 data points for each patterned surface. 

Antibody solutions were incubated for 20 minutes and ROIs of each spot provided signal 

average and stand deviation. 

Using the spotting microfluidic manifold, three different proteins were covalently 

patterned at 200 u.g mL"1; BSA, slgG and hlgG. Since the two inner rows only contained 

spots of BSA, and only one of the IgG antigens, these rows were exposed to the same 

concentration of antibody solutions. The data collected fit a Langmuir isotherm 

description and the curve through the data points is the Langmuir fit. The determined 

fitting parameters are shown for hlgG and slgG. It is observed that slgG significantly 

binds anti human IgG. slgG has a determined maximum saturation of approximately 

50% that of hlgG. BSA again is used as a reference for non-specific adsorption and is 

relatively inert towards binding of anti human IgG. As was seen in Figure 4.6 for the 

single concentration binding of anti human IgG to slgG, this isotherm over a large 

concentration range shows the full extent of slgG cross reactivity towards anti hlgG in 

two incubation experiments. The determined Kads for hlgG are slightly lower compared 

to that of Figure 4.8, however, they are within experimental error of each other. This 

difference may be attributed to differences arising due to the random nature of the 

covalent attachment protocol used for protein immobilization. 
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Figure 4.9: Cross reactivity and anti hlgG isotherms formed from utilizing the 
combination of a microfluidic spotting device and 4 channel microfluidic flow cell. 
A. Determined isotherm plot for anti hlgG binding to surface immobilized hlgG, BSA 
and sheep IgG. B. SPR difference images after incubation with anti hlgG. Each 
channel is incubated with different concentrations of anti hlgG. Langmuir fitting 
parameters are shown in Table 4.2. 
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4.4 IgE ASSAY DEVELOPMENT 

The easiest method of detecting an analyte of interest in a sample is direct capture 

of that analyte by a complementary binding partner and measuring the binding event. In 

SPR the binding event is measured as changes in the refractive index of the surface. 

Figure 4.10 is an SPR time series for the binding of human IgG antibody and antigen to 

surface immobilized human IgG antigen and antibody, respectively. It illustrates the 

importance of protein orientation in immunoassays for SPR imaging. 

As in other work,18 immobilizing the antibody on the surface for analyte capture 

results in less binding compared to surface immobilizing the analyte. This may be due to 

the random orientation of the covalent attachment resulting in fewer exposed Fab binding 

sites of the antibody. Since polyclonal antibodes were used the orientation of surface 

bound antigens was less critical. Thus, detection of IgE by surface bound anti IgE would 

prove to be difficult. A straightforward IgE capture experiment with surface immobilized 

anti-human IgE resulted in relatively low signal for a comparably large concentration (50 

jxg mL"1) (Figure 4.11). 
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Figure 4.10: The 4 channel microfluidic device is covalently patterned from top to 
bottom with 100 |ig mL"1 BSA, hlgG, anti hlgG and BSA. The surface is exposed to 
20 (J.g mL"1 of hlgG then anti hlgG. The difference image was taken at 2750 s. 
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Figure 4.11: Reaction profile for 50 |ig mL/1 h IgE on immobilized anti human IgE. 

Considering the high cost of human IgG, further direct binding experiments of 

IgE immunoassays was conducted using a Biacore 3000 SPR from the University of 

Alberta Institute for Bimolecular Design. This instrument allows for minimum analyte 

injections of 30 |iL, thus significantly reducing the amount of sample used per analysis 

compared to the large volumes necessary to fill the GWC-SPR imager flow cell. Also, 

the Biacore 3000 SPR posses' greater measurement sensitivity. Increased measurement 

sensitivities are achieved within the Biacore instrument partly through the use of a novel 

proprietary carboxymethyl dextran matrix for antibody immobilization. This surface 

treatment results in a 3 dimensional polymer structure which allows for a higher density 

of surface immobilizations compared to the 2 dimensional immobilization of the SPR 

imager sensor. 

Immobilization of anti human IgE followed by exposures with varying 

concentrations of human IgE resulted in a calibration curve with a limit of detection 

(LOD) of 34 ng mL"1 (Figure 4.12). 
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Figure 4.12: Calibration curve generated using the Biacore 3000. Each data point is 
composed of 3 separate measurements. LOD is determined from 3 times the signal 
of a blank injection. 

While the observed LOD is within the clinically relevant range of detection, 

rarely are samples tested as pure analytes. Consideration must be made to the sample 

matrix of the collected sample. Thus, the degree of non-specific adsorption (NSA) of 

human blood plasma was investigated. 

As discussed previously (Chapter 1.5) blood plasma is a complicated mixture 

composed of may proteins in a variety of concentrations. Because of the large amounts 

of proteins found in blood plasma, dilutions are often performed to reduce the quantity of 

background elements. This also has the affect of reducing the concentration of the 

species being tested for. 

Considering the NSA of blood plasma, injections of diluted plasma were 

monitored in both the Biacore and SPR imager. The Biacore showed significant NSA at 

1:25 dilution over a surface of covalently immobilized anti human IgE. 
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Figure 4.13: Sensograms of 1:25 human plasma injected over A. covalently attached 
anti h IgE and B. -OH control surface. C. Competitive binding with carboxymethyl 
dextran salt added to the plasma slightly reduces the NSA. 

The signal for IgE binding at 1 |ig mL1 was ~ 37 RIU (Figure 4.12) compared to 

~ 2000 RIU for non-specific adsorption with a 1:25 plasma dilution. The control channel 

of -OH terminated surface showed little NSA. To see the affects of adding a competing 

binding agent to the plasma sample, carboxymethyldextran salt was added at a 

concentration of 10 mg mL"1. While this reduced the NSA by a third, signal intensity was 

still high. 

Similarly, the NSA behavior of human plasma was investigated in SPR imaging 

using the 4 channel PDMS microfluidic flow cell. Here 3 different surfaces were 

patterned for exposure to different dilutions of human plasma. Covalently immobilized 

BSA, anti sheep IgG, and -CH3 terminated thiol surfaces were prepared on the sensor 

surface. Figure 4.14 is the dilution curve collected for NSA of human plasma to different 

surfaces. 
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Considering the low signal of IgE binding shown in Figure 4.11 and the 

maximum signal observed for ideal binding patterns such as hlgG and anti hlgG (Figure 

4.10) further work is needed to minimize the NSA of human plasma to achieve detection 

of real world samples. 

Future work of developing SPR IgE assays can focus on increasing the specificity 

of IgE capture by changing binding pairs from antibodies to aptamers or specific 

allergens. Methods of reducing non-specific adsorption should be investigated such as 

pre-cleaning of the plasma sample to remove excess HSA and fibrinogen the highest 

concentrated proteins. Also, allowing for pre-concentration of IgE in plasma may 

increase its relative concentration after plasma dilution. 

4.5 CONCLUSIONS 

This work has demonstrated a straightforward method for the preparing and 

detection of antigen microarrays, allowing for the determination of antigen isotherm 

binding and cross reactivity. From this the development of facile and convenient 
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customizable protein arrays can be envisioned through a combination of microfluidic 

platform and label free detection schemes. It has been demonstrated that a microfluidic 

network coupled with SPR imaging detection can be a viable method in reducing sample 

consumption of analytes while minimizing total number of experiments in an easy to 

setup detection scheme for protein microarrays. Binding isotherms for hlgG and cross 

reactivity isotherms for slgG against anti human IgG were developed in two experiments 

on the same antigen array. Having a plurality of array elements and analyte binding 

channels allows for a greater number of binding interactions leading to fewer 

experiments. Covalent patterning of proteins onto Au with PDMS microfluidic networks 

provides an easy and effective means of fabricating protein arrays for SPR imaging 

detection. These microfluidic networks have been demonstrated in 20 spot and 4 channel 

configurations for the easy covalent patterning of protein arrays. The 4 channel 

configuration allowed for the simultaneous detection of 4 different analyte samples and 

provided a means by which to increase the total number of detectable surface binding 

events. Although a low density of array elements was demonstrated in this work, this 

methodology easily lends its self to scaling. Fabrication of higher density arrays, with 

greater number of addressable spots, and increased analyte channels for measuring many 

more simultaneous interactions would be possible.28 Through the use of patterned Au 

sensor surfaces and microfluidic networks, controlling solution flow, customizable 

surface patterns and densities can be created. Coupled with the use of label free SPR 

imaging detection, these fabricated substrates create a background of zero signal 

intensity, increasing image contrast and ease of detection. 
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5.1 INTRODUCTION 

The following summarizes the research presented in this thesis and proposes 

improvements and considerations required for the further development of the presented 

work. 

5.2 CONCLUSIONS 

Functioning, proof of concept, microfluidic devices for SPR imaging have been 

designed, fabricated and experimentally tested. These devices are fabricated in PDMS, 

formed from casting against a thick positive photoresist masters. PDMS was selected 

because of its biocompatibility, inexpensive cost, and ease of fabrication and prototyping. 

Two distinct microfluidic flow manifolds were fabricated: 1. a spotting device capable of 

immobilizing samples to defined locations and 2. a channel device capable of low density 

arrays and use as an integrated flow cell for SPR imaging detection. Various 

considerations were made in the design of these devices to allow for easy usability and 

compatibility with the detection system. Considering the increasing interconnectivity of 

future higher density devices, modeling of the channel resistances to flow through the use 

of PSpice will prove to be of more importance in order to minimize production costs and 

time. While marginally used during this study, future work should more readily rely on 

modeling software, as an indication of the possible performance of designed devices. 

For the minimization of protein array steps, a method of Au patterning using thin 

film PDMS shadow masks was developed. This method proved a versatile and easy, 

once developed, micron-scale surface patterning procedure for metals. Here it was 

utilized to form arrays of Au spots, on glass substrates, used as sensing regions for SPR. 

This gold patterning technique was shown to be effective in limiting the use of blocking 

chemistries in microarray fabrication, increasing image contrast by providing zero 

background signal and allowing for a more secure glass PDMS bond between the 

microfluidic manifold and SPR sensor. 

By utilizing Au patterning and a microfluidic channel manifold studies of surface 

protein adsorption and novel protein array experiments were achieved. In considering the 

protein adsorption studies, simultaneous patterning of the gold surface with different thiol 

SAMs was achieved. This allowed for the simultaneous investigation of the affect of 

various surface chemistries on the adsorption of proteins. Furthermore, novel protein 
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arrays were demonstrated combining the various devices designed here. These 

experiments illustrate the potential for increased throughput and decrease in the number 

of experiments necessary to perform certain analyses. These demonstrable results allow 

for further progression and consideration of the possibility and potential of easy, 

customizable and robust biochemical analysis platforms for point of care and diagnostic 

use. 

5.3 ON-GOING WORK 

While shown as a proof of concept, the approach of fabricating protein arrays 

using microfluidic devices, outlined in this work, faces several hurdles which need to be 

further developed for this method to be fully viable. Outlined here is where further effort 

should be concentrated. 

5.3.1 CHIP DESIGN 

Currently all solution flow through the various devices is achieved by the 

application of negative pressure at the outlet, drawing predefined volumes of solution 

through the channels pipetted at the inlet. Two factors make this method impractical. 

First, the vacuum application is achieved by hand and second the maximum amount of 

solution that can be loaded in the channels is limited by the size of the punched reservoir 

well. This results in an unreliable method of flow control and is impractical, for easy, 

well defined or possibly automated use of the device. More significantly it limits the use 

of the various devices to a stop flow method for protein immobilization and incubation. 

Here solution is drawn to the Au sensor regions and stopped by the removal of the 

applied vacuum. Incubation is allowed to occur in stagnate solution, where adsorption is 

diffusion limited. After sometime, the solution is removed and the surface rinsed. This 

method does not allow for the investigation of the affect of flow rate on protein 

adsorption, which has been shown to result in increased surface adsorption of proteins.1 

Furthermore, the lack of inlet and outlet ports does not allow for time series experiments 

to be conducted when the device is used as a flow cell integrated into the SPR. Time 

series experiments can potentially be important in monitoring surface protein adsorption 

behavior over time with changing incubation solutions. 

To alleviate these problems it becomes necessary to develop a port system 

capable of allowing for the easy connecting of flexible tubing to be attached to the inlets 
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and outlets. This would result in reliable seals for the application of vacuum or pressure, 

allowing for movement of solution streams by connecting to external tubing providing 

continuous supply of samples to the inlet from solution vials. Since inlet tubing would be 

continuously switched from various solutions (samples and running buffers), and flow 

control would be achieved by either applying negative or positive pressure, there would 

be a need for a versatile port capable of handling the strain on the tubing. 

There exist multiple methods for coupling tubing connections to microfluidic 

devices. Nanoports (Upchurch Scientific) are used commonly for connection to glass 

microfluidic devices, and are commercially available. Unfortunately, both cost and large 

size limit their use in the work presented here. Capillary coupling is a facile inexpensive 

method of coupling microfluidic channels to external sources.2 However, considering the 

cross sectional size of the current device's channels, appropriate matching would be 

necessary. Also, alignment of the PDMS channel manifolds and sensor substrates would 

not be possible with capillary tubing protruding from the device. Using a form of tubing 

adapter at the inlet and outlet would be ideal. Figure 5.1 is a schematic outline for the 

fabrication of such a device. 
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The tubing adapter could be formed from the tips of various size plastic pipette 

tips. This allows for the formation of virtually any sized tubing connection. Upon 

punching of access holes in the PDMS these tips could be fastened to the reservoirs, via 

glass, and serve as connections for plastic tubing. By selecting the right size of tip and 

tubing, self sealing would be possible. To achieve a strong fit between the tips and 

PDMS a glass connecting layer would be necessary. Epoxy glues have been tried for 

sealing against PDMS however this method results in weak adhesion. PDMS glass 

bonding has been extensively studied and characterized.3 This type of bond is very 

strong and versatile. Also, epoxy bonding between plastic tips and glass is very strong. 

This combination of PDMS-glass-epoxy should prove to be a strong connection method 

of fastening tubing adaptors and has been demonstrated previously in the literature.4 

Ultimately, this type of connection, coupled with a sensitive flow controller, such as a 

syringe pump, would allow for easier and more precise control of flow through these 

devices, for both surface protein immobilization and solution incubation when using the 

device as a microfluidic flow cell. 

Devices designed in this work do not need to be used as templates for future 

devices and applications. Illustrated in this work, of importance, is the design features 

that these devices incorporate and which could be used for any future devices. Designs 

could be customized to the desired application but retain the same basic features, of Au 

patterned sensor regions aligning to a microfluidic manifold. A situation which might 

better benefit from a different microfluidic design is an increased number of discrete 

channels for investigation of multiple surface chemistries or immobilized surface 

proteins. These channels would align to Au patterned areas and provide for a greater 

number of solutions to be exposed to the Au sensors. Furthermore, the pre-patterned Au 

sensor areas could be further aligned with a microfluidic channel system incorporating a 

greater number of channels for use as a flow cell. Ultimately, the only limit to the design 

of subsequent devices is the optical system of the SPR imaging detection instrument. 

Figure 5.2 shows a schematic outline of such designs. 
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The design of all devices presented in this work has been in PDMS which has 

been used for a variety of bio-analytical applications. However, it is known to avidly 

adsorb proteins.5'6 Within the context of the work presented here no consideration was 

given to the possibility of protein adsorption to the PDMS walls or the possibility of 

protein bleeding from subsequent washing steps. For sensitive applications, or low 

concentration samples, these considerations may need to be explored for their affect 

when using SPR imaging detection. As an initial step, investigating the compatibility of 

biopassivation coatings7 on PDMS devices for integrated SPR imaging detection should 

be undertaken. 

5.3.2 PROTEIN ADSORPTION STUDIES 

As was explored in Chapter 3 that many fields are concerned with, and many 

researchers have investigated, the behavior of protein adsorption to various types of 

surfaces. This work presented here has shown the ability for the first time to effectively 

monitor the simultaneous adsorption of proteins to different thiol SAM surfaces without 

the need for blocking steps and utilizing a label free detection method. By utilizing the 
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design features developed in this work it is possible to increase the number of different 

surface coatings investigated simultaneously. Here only four patterned surfaces were 

investigated at once. By designing a device with increased array elements investigation 

of many various surface chemistries is possible. By ensuring discrete channels per 

spotting region or group of spotting regions (Figure 5.2) mixing of various surface 

treatments is not a consideration. This could allow for in situ reactions for the formation 

of various types of surface chemistries, such as the EDC/NHS reaction scheme. By 

allowing for single component surfaces and multi component reaction schemes in the 

channels, surfaces for both physical and covalent adsorption studies could be developed 

on the same chip and investigated. Also, various types of covalent adsorption schemes 

could be investigated. This would allow for the simultaneous monitoring of adsorption 

behavior. The only consideration necessary, would be to ensure matching SPR responses 

to the various types of chemistries immobilized on the surface. This would allow for 

easy comparison (Chapter 3.3.2). 

Another area of protein adsorption that is of interest and could be investigated 

using the methods outlined in this work, is the protein properties of conformation and 

orientation upon adsorption to surfaces. Monoclonal antibodies have been used to 

investigate the conformation of proteins on surfaces upon adsorption. While conceivably 

possible within this outlined method, work would need to be done to interpret results 

obtained from these types of experiments. Physical adsorption proved to be vastly 

different on different types of surfaces. This type of result would make it difficult to 

achieve a consistent background for antibody binding to the surface. Antibody 

investigation of adsorbed protein layers may only be easily performed, and the results 

properly interpreted, if the surfaces exhibit approximately the same initial response. 

Also, surfactant elution studies of absorbed proteins have been used to investigate 

conformation and orientation changes of surface adsorbed proteins.8 This method could 

easily be incorporated into investigating and characterizing the surface induced changes 

of proteins adsorbed to various surface chemistries. 
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