
A PROBLEM DRIVEN APPROACH TO THE MINIATURIZATION AND 

AUTOtv1A TION OF ENZYME-BASED ASSAYS AND AN INVESTIGATION OF 

THE DISSIPATION OF CYANAZINE AND BROMIDE IN WETLAND 

MESOCOSMS 

by 

Yolanda Fintschcnko 

B.S. Trinity University, 1992 

Submitted to the Department of Chemistry and the Faculty of the Graduate School of 
the University of Kansas in partial fulfillment of the requirements for the degree of 

Doctor of Philosophy 

Date Submitted:_1~0~/~15_/~1'~:/: _____ _ 



To my family with all my love. 

II 



ACKNO\VLEDGEMENTS 

I deeply appreciate the guidance I have received from my advisor, Pro[ 

George S. Wilson. Additionally. I wish to thank Dr. E. Michael Thurman and Dr. 

Don Huggins for allowing me to work in their laboratories and for their helpful 

advice. I am grateful to Pro[ Peter Hesketh and the Micro Actuators Lab of The 

University of Illinois at Chicago for allowing me to use their microfabrication 

facilities. Finally. I would like thank the members of the Wilson. Thurman. and 

Hesketh research groups for their invaluable help, support and discussions. 

Ill 



TABLE OF CONTENTS 

I. General Introduction ................................................................................................. I 

2. CHAPTER 1: A STUDY OF THE IMMUNOLOGICAL EFFECT OF 

IMPLANT ABLE GLUCOSE SENSORS IN RA TS ..................................................... 3 

2.1. INTRODUC11ON ................................................................................................... 3 

2.2. THEORY ..... ·················•"·············································································· ....... 6 
l.l.1. Immunity ..................................................................................................... 6 

2.2.2. Enzyme Linked lmmunosorbent Assay (ELISA) ...................................... 12 

2.2.3. Antibody Titer ........................................................................................... 14 

2.2.4. lmmunogenicity ......................................................................................... 15 

2.3. EXPERJMENfAL ................................................................................................. 17 

2.3.1. Protocol for Sensor Preparation and Implantation .................................... 17 

2.3.2. Protocol for Immunization and Screening ................................................ 18 

2.4. RESULTS ........................................................................................................... 24 

2.4.1. Overvie\v of Objectives ............................................................................. 24 

2.4.2. Docs the sensor stimulate an immune response to glucose oxidase? ....... 25 

2.4.3. Arc there differences in the immune response as a result of immuni7_ation 

route? ................................................................................................................... 29 

2.4.4. Does the outer membrane have an effect on the immune response? ........ 29 

2.4.5. Does sensitization occur with repetitive injection/implantation? ............. 34 

2.4.6. Comparison of Screening Antigens ........................................................... 36 

2.5. DISCUSSION ...................................................................................................... 36 

2.6. CONCLUSION ..................................................................................................... 38 

2.7. FUTIJRE WORK .................................................................................................. 38 

2.8. REFERENCES ..................................................................................................... 40 

IV 



3. CHAPTER 2: A FABRICATION TEMPLATE FOR THE MASS PRODUCTION 

OF A MICRO FLOW CELL FOR FLOW INJECTION ANALYSIS 

IMMUNOASSAY (FIA-IA) ........................................................................................ 42 

3.1. INTRODUCTION .................................................................................................. 42 

3.2. THEORY .•.........................................................................................•..••.... · ........• 50 

3.2.1. Design Rationale ....................................................................................... 50 

3.2.2. Hydrodynamic ........................................................................................... 51 

3.2.3. Protein Immobilization .............................................................................. 54 

3.2.4. Electrochemical Detection ........................................................................ 55 

3.2.5. Intcrdigitated Array Electrode ................................................................... 55 

3.2.6. Final Micro Flow Cell Specifications ....................................................... 58 

3.2.7. Microfabrication ........................................................................................ 66 

3.3. EXPERl~1ENTAL ................................................................................................. 66 

3.3.1. Plexiglas™Model ...................................................................................... 66 

3.3.2. Microfabricated Flow Cell ........................................................................ 70 

3.4. RESULTS ........................................................................................................... 81 

3.4.1. Plexiglas™ Model ..................................................................................... 81 

3.5. DISCUSSION .................................................................................................... 101 

3.6. CONCLUSION ................................................................................................... 103 

3.7. FUTURE WORK ................................................................................................ 103 

3.8. REFERENCES ................................................................................................... 105 

4. CHAPTER 3: NON-CONSERVATIVE BEi-iA VIOR OF BROMIDE AND 

CYANAZINE IN WETLAND MESOCOSMS ......................................................... 107 

4.1. INTRODUCTION ............................................................................................... 107 

4.2. THEORY .......................................................................................................... 108 

4.2.1. Cyanazine ................................................................................................ 108 

4.2.2. Volume Tracers ....................................................................................... 109 

V 



4.2.3. Wetland Mesocosms ............................................................................... 110 

4.3. EXPERII\1ENTAL ............................................................................................... 112 

4.3.1. Materials and Methods ............................................................................ 112 

4.3.2. GC/MS Analysis ...................................................................................... 113 

4.3.3. Field Study ............................................................................................... 113 

4.3.4. Anion Analysis ........................................................................................ 115 

4.3.5. Preparation of Bromide Solution from Cattails ...................................... 115 

4.3.6. Bromide Analysis .................................................................................... 116 

4.4. RESULTS AND DISCUSSION .............................................................................. 116 

4.4.1. Disappearance and Re-appearance of Bromide ..................................... 116 

4.4.2. Dissipation ofCyanazine ........................................................................ 120 

4.4.3. Appearance and Fate of Cyanazinc Metabolites ..................................... 126 

4.5. CONCLUSIONS ................................................................................................. 136 

4.6. Flnl.JRE WORK .............•.................................................................................. 137 

4. 7. REFERENCES ................................................................................................... 138 

5. APPENDIX 1.1 ..................................................................................................... 140 

6. APPENDIX 2.1 ..................................................................................................... 158 

V1 



TABLE OF FIGURES AND TABLES 

Figure 1. I. Illustration of the non-specific immune response to invasion by a sensor. 7 

Figure I. 2. Sequence of events for the immune response ........................................... 9 

Figure I. 3. The general structure of immunoglobulin 0 ........................................... 10 

Figure I. 4. Illustration of the serum antibody response to multiple immunizations. 11 

Figure I. 5. Schematic of the sandwich ELISA for screening rat antisera to glucose 

oxidase ................................................................................................................. 13 

Figure 1. 6. Schematic of microtiter plate. Shaded area was coated first with 

apoGOx, the remainder with GOx. Dilution factors for the serial dilution of the 

1 :50 scra:PBS solution used for the titer is shown. Placement of the controls 

and blanks is also indicated ................................................................................. 23 

Figure 1. 7. Average rat scrum titer of SNM, SWM, and POS rats compared to the 

negative control scrum titer. The sera from the bleed on 1/25/94 were screened 

ab,ainst the holo glucose oxidasc ......................................................................... 28 

Figure 2. 1. Schematic of a generalized flow injection analysis set-up ................. 46 

Figure 2. 2. Illustration and dimension of Plexiglas™ model. ................................... 47 

Figure 2. 3. Schematic of a. Configuration I and b. Configuration II ....................... 48 

Figure 2. 4. Photograph of micropump connected to micro flow cell ....................... 49 

Figure 2. 5. Photograph of on-channel silver electrode and platinum interdigitatcd 

array electrode ..................................................................................................... 50 

Figure 2. 6. Illustration of flow profiles at a. Low Reynolds numbers and b. 

Re>5000 .............................................................................................................. 53 

Figure 2. 7. Mask for channels etched in a silicon wafer ........................................... 59 

Figure 2. 8. Diagram of the plane controlled anisotropic etch in <100> silicon ....... 60 

Figure 2. 9. Mask for inlet/outlet holes etched through the back of the silicon wafer 

,vith channels ....................................................................................................... 61 

VII 



Figure 2. 10. Photograph of the microflow cell with two channels from the back. 

The holes are the inlets and outlets to the channels ............................................ 62 

Figure 2. 1 I. Mask for the platinum interdigitated array electrode deposited on 

Pyrex™ ................................................................................................................ 63 

Figure 2. 12. Mask for silver electrode on the same glass wafer and same side as the 

platinum ............................................................................................................... 64 

Figure 2. 13. Close-up view of platinum interdigitated array electrode feature of 

platinum electrode mask ..................................................................................... 65 

Figure 2. 14. Drawing of the assembled micro flow cell ........................................... 66 

Figure 2. 15. Schematic of anodic bonding apparatus ............................................... 77 

Figure 2. I 6. View of channels etched in silicon throught the Pyrex top ( anodically 

bonded) ................................................................................................................ 85 

Figure 2. 17. Drawing of micropump ......................................................................... 89 

Figure 2. 18. Schematic of pump operation ............................................................... 90 

Figure 2. 19. Picture of two pumps ............................................................................ 91 

Figure 2. 20. Detection of peroxide using the micropump and micro flow cell. ....... 92 

Figure 2. 21. Evaluation of platinum intcrdigitated array .......................................... 94 

Figure 2. 22. Evaluation of gold interdigitated array electrode ................................. 96 

Figure 2. 23. Evaluation of gold interdigitated array using glucose and glucose 

oxidase labeled magnetic beads .......................................................................... 99 

Figure 2. 24. Injection of glucose oxidasc - labeled magnetic beads to a 4 mL 

electrochemical cell .......................................................................................... 100 

Figure 3. 1. Degradation pathways of cyanazine ....................................... l09 

Figure 3. 2. Schematic of mesocosm treatments ...................................................... I 14 

Figure 3. 3. The concentration of bromide (volume corrected) over the course of the 

study .................................................................................................................. 117 

Figure 3. 4. The return and disappearance of bromide in the emergent ponds fit to a 

a linear and b. exponential curve, respectively ................................................ 118 

viii 



Figure 3. 5. Plot of cyanazine concentration changes in all three submergent ponds 

(ONI. ON2. ON3) ............................................................................................. 121 

Figure 3. 6. Plot of cyanazine concentration changes in all three emergent ponds 

(ENI. EN2. EN3) .............................................................................................. 122 

Figure 3. 7. Plot of cyanazine concentration changes in all three treated tanks (TN I. 

TN2. TN3) ......................................................................................................... 123 

Figure 3. 8. Correlation of the volume corrected cyanazine concentrations to the raw 

cyanazine concentrations in Treated Tank I.. ................................................... 124 

Figure 3. 9. Average cyanazine amide values for each treatment (volume corrected).127 

Figure 3. 10. Volume corrected concentration of dcethyl cyanazinc for all trcatmcnts.127 

Figure 3. 11. Correlation plots of cyanazine amide and deethyl cyanazine for all 

treatments .......................................................................................................... 128 

Figure 3. 12. Plots of the averaged cyanazine concentration over time for all three 

treatments (volume corrected) .......................................................................... 129 

Figure 3. 13 ................................................................................................................ 131 

Figure 3. 14 ................................................................................................................ 132 

Figure 3. 15 ................................................................................................................ 132 

Figure 3. 16 ................................................................................................................ 132 

Table 1.1 ....................................................................................... 21 

Table 1. 2 ..................................................................................................................... 25 

Table I. 3 ..................................................................................................................... 26 

Table 1. 4 ..................................................................................................................... 31 

Table I. 5 ..................................................................................................................... 32 

Table 1. 6 ..................................................................................................................... 33 

Table I. 7 ..................................................................................................................... 35 

Table 2. I ........................................................................................ 82 

Table 2. 2 ..................................................................................................................... 84 

Table 2. 3 ..................................................................................................................... 88 

IX 



Table 2. 4 ..................................................................................................................... 94 

Table 2. 5 ..................................................................................................................... 95 

Table 2. 6 ..................................................................................................................... 96 

Table 2. 7 ..................................................................................................................... 97 

Table 3.1 ....................................................................................... 120 

Table 3. 2 ................................................................................................................... 125 

Table 3. 3 ................................................................................................................... 126 

Table 3.4 ..................................................................................... 135 

X 



1. General Introduction 

Analytical chemistry, as a discipline, has something of an identity crisis. Its 

role in the development of instrumental methods frequently relegates it into the 

category of a technology, while the curiosity-driven fundamental studies of the 

technology drive it into the category of a science. Fortunately, it is possible to do 

both science and technology simultaneously. Fundamental studies and innovation in 

technology lead to the same result, better analyses. For this reason, regardless of the 

strategy of the study, analytical chemistry at its best is problem driven research. This 

work reflects the approach that it is of paramount importance to answer fundamental 

and technological questions in the context of real world problems. 

Biological recognition clements have enjoyed popularity recently in analytical 

chemistry. Receptors such as antibodies have been demonstrated to achieve low 

limits of detection in diverse complex matrices from scrum to ground water. 

Enzymes arc an integral part of such bioassays, providing increased sensitivity as a 

result of the time dependence of their product production. The power of enzyme 

based immunoassays has been demonstrated since their introduction in 1971. 

However, enzymes alone have been shown to be valuable bioanalytical tools as 

exemplified by the plethora of research in the area of implantable ampcrometric 

glucose oxidase (GOx) based biosensors for glucose. 

Biosensors or biologically based analytical methods must continue to evolve 

to prove useful in the changing landscape. Recent trends in new drug development 

have made different demands on the analytical chemist. No longer arc simply good 

limits of detection, sensitivities, or high theoretical plates satisfactory for 

pharmaceutical companies. As thousands of combinatorial libraries queue up for 

analysis, speed and sample throughput have become increasingly important Joining 

drug companies are hundreds of supcrfund sites, with millions of complex, toxic 



samples to be analyzed in a limited time frame. New demands brought about by the 

political climate in hospitals are forcing clinical labs to consider innovations to 

improve the speed and cost effectiveness of routine screening. Other considerations. 

such as minimizing contact with biological fluids brought about by concerns over 

hepatitis and HIV, renew interest in fundamental research in sample handling and 

preparation. 

This work reflects the approach that it is of paramount importance to answer 

fundamental and technological questions in the context of real world problems. In 

Part One two related problems arc described. Chapter One demonstrates that the 

enzyme linked immunosorbent assay (ELISA) may be used to assess the 

immunogenicity of the immobilized GOx on an implantable glucose sensor. Chapter 

Two addresses the problem of how enzyme based analytical methods such as those 

used in Chapter One arc automated and miniaturized. 

Part Two presents in Chapter Three the results of the environmental analysis 

of pond water drawn from wetland mesocosms treated with a herbicide and a volume 

tracer. The significance of this work is two-fold. First. inherent in a field study of 

this scope is the analytical challenges associated with sampling. sample handling. and 

analysis specifically with respect to throughput. Explicitly. and more importantly, 

arc the valuable discoveries related to the non-conservative behavior of both 

compounds applied. 
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2. Chapter 1: A Study of the Immunological Effect oflmplantable Glucose 
Sensors in Rats 

2.1. Introduction 
Insulin dependent diabetes mellitus, a disease which results in abnormally 

high levels of glucose in the body, can be controlled by a combination of careful 

monitoring of blood glucose levels and subsequent injections of insulin. The 

monitoring of blood glucose requires that the diabetic draw a small amount of blood 

several times a day. The development of glucose sensors for long term implantation 

could remove this daily inconvenience. 

Implantable glucose sensors developed by G.S. Wilson et al .. have been 

undergoing human trials in France(/). These sensors are intended for implantation 

over a period of several days to a week. Once removed, new sensors arc to be 

implanted. Thus, it becomes necessary to evaluate the immunogenicity of the sensor, 

specifically, the response of the immune system to the glucose oxidase immobilized 

on the sensor. 

In order to establish safety for human use, the implantable sensors have been 

evaluated for biocompatibility (2). The modem definition ofbiocompatibility docs 

not require that an implant be inert, but rather that the efTect of implantation docs not 

impair the function of the device implanted nor impair the function of the organism 

or area into which it is implanted (3). Two types of defense mechanisms respond to 

implantation: specific and non-specific. The non-specific response docs not require 

receptor recognition of the foreign body, but rather invasion alone. Protein 

adsorption is the initial, immediate response. This can be minimized by the careful 

design of the foreign body surface structure and chemical composition (2). 

Inflammation begins, indicating the vasodilatation of capillaries and the exudation of 

multinuclear and phagocytic cells from plasma to the foreign body (Figure 1. I). 

These cells begin digestion of the surface of the foreign body. Some of these cells 

also serve as antigen presenting cells and will trigger a humoral and cell-mediated 
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response (-1). After about a week, an avascular, collageneous tissue encapsulates the 

site. Removing anchoring points on the surface of the sensor minimizes 

encapsulation (5). Several studies describe optimized sensor surfaces and shapes 

(2.5). 

The specific foreign body response requires the recognition of all or parts of a 

foreign body by a biological receptor. The specific immune response requires a large 

molecule ( >5000 Daltons) that is foreign at an appropriate dosage. The recognition 

clements associated with the humoral immune response, immunoglobulins or 

antibodies, will be found in large quantities once the subject has been challenged by a 

foreign body (Fig. 1.2 and Fig. 1.3) {-1,6). Already, it has been demonstrated that 

certain metals will cause an immune response (6). In the case of the implantable 

biosensors, metal is not accessible because it is coated with polymers. Tenenbaum 

has published evidence that antibodies arc produced in humans to cross-linked 

silicone in breast implants (1). Ziegler ct al. published results in 1994 while our 

study was on-going indicating that antibodies against a polymer component of the 

glucose sensor, cellulose acetate, were found, but not antibodies against the 

immobilized glucose oxidasc (8). Thus far, no one has demonstrated that GOx in the 

implantable glucose sensor is accessible to the body, and that it is present in a 

sufficient dose to induce a specific immune response. 

Glucose oxidase isolated from Aspergillw, niger is an enzyme with a 

molecular weight of 160,000 Daltons comprised of approximately 16% carbohydrate 

(9). It consists of two subunits with one mole of prosthetic group, flavin adenine 

di nucleotide, distributed in each mole of subunit('}, /0). 

The large size and complicated structure of this glycoprotein make glucose 

oxidase (GOx) an excellent immunogen. While it has been demonstrated that GOx is 

immunogenic, it has also been shown to be highly toxic in mice (I l,/2). However, 

the removal of the prosthetic groups, flavin adenine dinucleotide (FAD), from the 

holoenzyme by acid treatment results in the apocnzyme, which is not toxic or active, 
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but shares epitopes with the holoenzyme (12, 13). It has been shown that an animal 

immunized against the apocnzyme will produce antibodies that will cross react well 

with the holoenzyme (12). Since rats have been used to characterize the performance 

of the implantable glucose sensors in the past, rats were chosen as the system in 

which to characterize the immunological effects of the implantable sensors (1,8,1-1). 

Our hypotheses were as follows: 

1. Sensors with an outer membrane implanted in rats would not produce an 

immune response 

2. Sensors with no outer membrane would result in an increased immune 

response compared to the case where there is an outer membrane 

3. Rats injected with the soluble apoenzyme would produce antibodies with 

a high cross-reactivity to the native enzyme. 

·Three populations of six rats each were studied. Because of the toxicity of the 

native GOx in mice, the positive control rats were immunized against apoGOx 

(abbreviated POS). The second population of rats was immunized against two 

glucose sensors with no outer membrane separating the immobilized active GOx 

from the body, and the third group was immunized against two glucose sensors with 

an outer membrane (abbreviated SNM and SWM, respectively). The sera from seven 

rats unexposed to sensors or soluble apoenzymc was used as the negative control. 

The immunological effect of the three antigens introduced was evaluated 

using ELISA, enzyme-linked immunosorbent assay, and UV detection to determine 

the titer of the scra. The break in the titer is defined as the dilution of the scrum 

where the optical density is at half the maximum optical density. If the concentration 

of the lgG in the serum is known, the binding constant of each antibody binding site 

can be determined. However, for screening purposes, it is sufficient to know at what 

dilution the titer break occurs. This number can be compared within a population 

and with other populations. 
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What follows is a discussion of the theory behind immunity to provide 

background for the co_nclusions that will be presented later. Also in the discussion of 

theory will be a detailed explanation of the ELISA and titer detenninations to give 

clarity to the methods outlined in the Experimental section. The Results and 

Discussion section f ocuscs on if and how the results support our hypotheses, new 

questions raised, and a discussion of a new hypothetical model for the behavior 

observed. Also in this section is a discussion of the statistical methods employed. A 

summary of the results and hypotheses is found in the conclusion. 

2.2. Background and Theory 

2.2.J. Immunity 

As discussed above, immunity to invasion in mammals is conferred via two 

routes, non-specific or innate and specific or acquired. Non-specific immunity 

provides four types of barriers to foreign body invasion: mechanical, chemical, 

cellular, and inflammatory. Figure 1.1 provides a good visual aid in understanding the 

complex processes involved in innate immunity described below. 

The skin and mucous membranes mechanically prevent penetration. Ciliated 

endothelial cells, saliva, tears and mucous sweep away invaders. In addition, the 

above anatomic defenses use chemical weapons such as pH, antibacterial, and 

antiviral proteins that inhibit the proliferation of bacteria and viruses. 

Cells play a crucial role by actually ingesting extracellular macromolecules by 

cndocytosis or phagocytosis. Endocytosis can be non-specific, as in pinocytosis, or 

specific, as in receptor-mediated endocytosis. In the latter case, the macromolecule 

must first bind to a receptor on the cell surface, while in the fonner, no surface 

recognition is required. Once ingested, the endocytic vesicles fuse to each other and 

deliver their contents to a cellular garbage dump, endosomes, where they are 

digested. Phagocytosis ingests a particulate material, including whole pathogenic 
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microorganisms. No receptor recognition is required. but only specialized cells are 

capable of phagocytosis. while virtually all cells use endocytosis. Blood monocytes. 

neutrophils. and tissue macrophages. cells important in the specific immune response. 

are capable of phagocytosis. 

Figure 1.1 

TIie (Noa-specific) Forei1n 
Body 

Figure 1. 1. Illustration of the non-specific immune response to invasion by a sensor. 

Any tissue damage. whether caused by a wound or a microorganism. induces 

a complex series of events known as the inflammatory response. The cardinal signs 

of inflammation. redness, swelling. heat. pain. and loss of function correspond to the 

three major events of the inflammatory response: (I) increased blood flow, (2) 

increased capillary permeability and (3) influx of phagocytic cells. As the blood 

vessels from the affected area constrict. the blood flow increases, engorging 

capillaries and causing redness and heat. Increased capillary permeability facilitates 

an influx of fluid and cells from the engorged capillary to the surrounding tissue. 
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This fluid accumulates ( ca11ed exudate) has a much higher protein content than 

nonnal vascular fluid and contributes to tissue swelling. Severe swelling eventually 

leads to pain and loss of function. 

The migration of phagocytic white blood cells to the area is also facilitated by 

the increase in capillary permeability. The phagocytes first adhere to the endothelial 

wall of the capillary, then move through the wall into the tissue, then finally move 

through the tissue to the wound or infection. These phagocytic cells, as will be 

explained in more detail later, arc critical to the specific immune response. 

Acquired or specific immunity, unlike innate immunity, displays specificity, 

diversity, memory, and sclf/nonsclf recognition. However, acquired immunity docs 

not occur independently of innate immunity. The macrophages involved in the 

phagocytic response play a crucial role in activating the specific immune response. 

Conversely, soluble mediators and factors produced during the specific immune 

response enhance the activity of the phagocytic cells. Soluble mediators produced 

during the inflammatory response attract cells of the acquired immune system. The 

immune response serves to regulate the intensity of the inflammatory response. 

Consequently. both forms of immunity must be sound to protect a given organism. 

There are two major cell types involved in the acquired immune response, the 

B- and T-lymphocytes. Figure 1.2 shows a simplified list of the interactions of the 

two cell types. 8--cclls, the critical players in the humoral immune response, mature 

within the bone (B) marrow, expressing a unique antigen binding receptor called an 

antibody molecule. 
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Figure 1.2 

The Immune (Specific) Foreign Body 
Response 

The Acquired Immune Response Displays: 

llumoral Response 

B - cells activated 

Specificity 
Diversity 
Memory 
Self/Nonself Recognition 

Cell-Mediated Response 

T11 - cells activated 

T11 autostimulates T 11 - cell clonal expansion 
T11 - cells secrete lymphokincs 

Clonal selection Tc becomes CTL 
Memory and plasma cell proliferation 

'Figure 1. 2. Sequence of events for the immune response. 
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The basic structure of the antibody, or immunoglobulin G ( lgG), is shown in Figure 

1.3 

Figure 1.3 

Immunoglobulin G 

COO- COO-

Figure 1. 3. The general structure of immunoglobulin G. 

lmmunoglobulin G (lb,(:,) consists of two heavy polypeptide chains and two 

identical light polypeptide chains linked together by a several disulfide bonds. The 

amino-tennini of each heavy and light chain pair form the cleft for antigen binding. 

Once a B cell encounters the antigen for which it is lb,(• specific, the cell begins to 

divide rapidly producing memory B cells that have antilxxiy cells on the surface and 

secretory cells called plasma cells. This process, known as clonal expansion, is the 

basis of the seemingly lifetime immunity observed in animals surviving exposure to 

disease. Memory B cells have a long life span and only express membrane hound 
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IgG with identical specificity to the parent cells. The plasma cells secrete soluble 

antibody. The plasma cells live only a few days. but each cell is capable of producing 

more than 2000 molecules of antibody per second. The soluble antibody plays a 

crucial role in the secondary immune response. and also has been harnessed by 

analytical chemists in search of specific receptors for a variety of molecules. The 

results of clonal expansion can be observed by examining the difference between the 

primary and the secondary immune response diagrammed in Figure 1.4. 

Figure 1.4 

Primary and Secondary Immune Response 

Antigen A 

Primary anti-A 
response 

Antigen A 
+ 

Antigen B 

Time ( Days) 

Secondary anti-A 
response 

Primary anti-B 
··response 

Figure I. 4. Illustration of the serum antibody response to multiple immunizations. 

T cells. involved in the cell-mediated immune response. arise from the same 

bone marrow stem cells as B cells. but they mature in the thymus (T). Like 8-cells. 
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maturation results in the expression of a membrane receptor specific for an antigen. 

The T-cell receptor, unlike antibodies on the B cell, cannot recognize soluble antigen 

alone, but rather only in a complex with a major histocompatibility complex (Ml-IC) 

molecule. However, like the B-cell, once a T cell receptor associates with an 

antigen-MHC complex, the T cell clonally expands into memory T cells and effector 

T cells. 

Two sub-populations of T cells arc T helper cc11s ( Tu) and T cytotoxic cells 

(Tc). In response to antigen /MHC binding, the Tu cell secretes lymphokincs that 

activate B cells, Tc cells, and phagocytic cells. Tc cells that recognize antigen/Ml IC 

binding in the presence of TH lymphokines proliferate and differentiate into cytotoxic 

T lymphocytes (CTL) which eliminate any body cells that display antigen, such as 

virus-infected cells, tumor cells, and foreign tissue cells. 

While two distinct cell types operate, clearly they operate in concert. 

Lymphokines secreted from T11 cells stimulate the transformation of Tc cells to CTL 

and the clonal expansion and differentiation of B cells. I lowever, due to the nature of 

IgG secreted by plasma B cells, it is the humoral response that can easily be measured 

simply by analyzing the blood. One method for this determination, the ELIS/\, is 

discussed below. 

2.2.2. En..-yme /,inked lmrmmosorhcnt Assay (EUSA) 

The ELIS/\, introduced independently and simultaneously by two groups, 

Engvall and Pcrlmann, and Van Wcemen and Schuurs in 1971, revolutionized the 

analytical use of the immunoassay (15.16). The principle of the ELIS/\ depends upon 

using an enzyme label, rather than a radioisotope. Fi1:,rure 1.5 is a diagram showing 

the sequence of an sandwich ELISA /\s seen in the figure, the antigen is 

immobilized on the surface by adsorption, then the scrum containing antibody is 

introduced. The unbound antibody is removed by washing. In order to detect the 

amount of bound antibody, an enzyme labeled reporter antibody specific for an 
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epitope on the antibody bound to the antigen is added in excess. This binds to the 

antigen bound antibody. Detection is effected by adding the enzyme substrate. 

Conversion to product by the enzyme causes a measurable physical or chemical 

change, in most cases a color change in induced. The power of the enzyme label lies 

in the fact that the signa) magnitude depends on how long the enzymatic reaction is 

allowed to proceed. This makes possible assays with sensitivities in the nM to pM 

range without the haz.ards associated with radiolabeling ( I 5, I 6). 

Figure 1.5 

y 

A 

Sandwich Asay for Antibodies to 
Glucme Oxidase 

Rat 
Ouduef&G Solid Phase 

0 E~Labeled Glucme Oxidase 
Rabbit Rat 
l«G 

I Substrate 

• Product 

Figure I. 5. Schematic of the sandwich ELISA for screening rat antisera to glucose 
oxidase. 
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2.2.3. Antibody Titer 

Enzyme immunoassays can be used for the determination of antibody titer. 

Consider the titration of the binding sites of the antibody by an antigen where the 

antigen is immobilized and the concentration of the antibody is varied. The 

equilibrium equation can be written as follows: 

kr 
[Ab]+ [Ag] [AbAg] (1.1) 

kb 

where k,and kb arc the association and dissociation rate constants. respectively. The 

equilibrium affinity constant. K, is a measure of the affinity of the binding sites for 

the antigen and can be determined as shown below. 

K = kifkh = [AbAg)/(Ab)[Ag] (1.2) 

If at 0D 112m:i'.\ half the binding sites arc filled then 

[AbAg] = [Ag] ( 1.3) 

Then 

K = 1/[Ab] (1.4) 

In the case of po1yclona1 antibodies, where there arc antibodies with a variety of 

affinities for the antigen, this procedure determines the average or apparent affinity 

constant only. Where the exact concentration of antibodies cannot be determined, the 

dilution factor corresponding to 0D1nm.n can be used. The dilution volume becomes 

larger as the affinity increases. The dilution factor, 1/2\ can he compared between a 

positive and negative control to determine if the positive control has a specific 

response(./). 
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2.2.-1. Immunogenicity 
The amount of antibody found specific for a particular epitope is directly 

related to the immunogenicity of the molecule used for immunization. 

Immunogenicity is the measure of how well a particular molecule induces the 

specific immune response. Generally speaking, proteins arc the best immunogcns 

followed by polysaccharides. Nucleic acids and lipids are typically not immunogenic 

unless complexed to either proteins or carbohydrates. l lowever, immunogcnicity is 

less an intrinsic property of the macromolecule than the result of a combination of 

factors. Immunogenicity is largely determined by the size, foreignness, chemical 

complexity and composition, case of degradation, dose, and route of administration. 

Two closely related factors must be met for an organism to mount an immune 

response. First, the molecule must be large enough to be "seen" by the body, with 

molecules on the order of 100,000 Dalton (Da) being the best immunogens, and 

substances Jess than 5 to 10 KDa being poor immunogens. Glucose oxidase, the 

enzyme whose immunogenicity is being investigated, is a 160 KDa protein, and 

therefore meets this requirement. The second factor required is foreignness. The 

molecule must be recogni7..cd as nonself for an immune response to occur. Any 

molecule not presented during the critical phase of fetal development when the 

immature lymphocytes arc exposed to self components will be recognized as foreign. 

Generally speaking, proteins from phylogcnctically distant species arc recognized as 

foreign. As glucose oxidase is isolated from the one-ceJled organism, A.,pcrgillus 

niger, it is expected that all mammals will find it foreign. 

However, even with a molecule such as glucose oxidasc that is large and 

foreign, the chemical composition and heterogeneity still play a role in 

immunogenicity. For example, synthetic homopolymers (polymers that consist of a 

single amino acid or sugar) lack immunogenicity regardless of si7..c. The addition of 

aromatic amino acids increase the immunogcnicity of these synthetic polymers. 

Finally, topological organization, from the primary level to quaternary level in 
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proteins, affect the structural complexity and the resulting immunogenicity. Glucose 

oxidase contains many aromatic amino acids, and has topological complexity as well. 

No matter how large, foreign, and complex an antigen, it must be degradable so it 

can be presented in association with the MHC. If it is resistant to degradation by 

proteolytic enzymes, this cannot occur, and the T11 cells will not stimulate the B cells 

and Tc cells. For example, mammalian enzymes recognize only L-amino acids. A 

large polymer of D-amino acids will not be immunogenic. Glucose oxidase is 

composed of L-amino acids, and has no special protection against proteolysis. 

Therefore, it should be immunogenic. 

The biological system of the animal to be immunized plays a heavy role. 

Species differences as well as animal to animal variations piny a role. For example, it 

has previously been shown that the holocnzyme, glucose oxidase with its tlavin 

adenine dinucleotide prosthetic group, is toxic in mice. However, the removal of that 

group makes it an excellent immunogen. Similarly, the dose is crucial. Another way 

to immunize with the native glucose oxidasc is to use a low dose with slow release. 

The route of administration affects which part of the body is involved in the response. 

Intravenous injection carries the immunogen first to the spleen, while subcutaneous 

injection goes to the local lymph nodes. Differences in the lymphoid cell populations 

in different areas determine the difference in the intensity of the subsequent immune 

response. Additionally, the addition of adjuvants, materials which enhance the 

immunogcnicity of the molecule used for immuni1.ation, improves the immune 

response. The mechanism for this increased immunogcnicity is unclear, but 

mechanisms that seem to play a role arc increasing persistence, creating an antigen 

precipitate, and activating macrophages directly. 
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2.3. Experimental 

2.3. /. Protocol for Sensor Preparation and Implantation 

2.3.1.1. .Materials 

All solutions used were mixed w/v except where otherwise indicated. 

Cellulose acetate (CA) (39.8 acetyl content) and Nation (5% solution (wt/wt)) in low 

aliphatic alcohols) were purchased from Aldrich. Polyurethane (PU) (SG 85A) was 

from Thennedics Inc. (Woburn, MA). 

All in vitro measurements were conducted in 0.1 M pl I 7.4 phosphate buffer 

containing 0.15 M NaCl and 0.1 g/L NaN3 prepared from deionized distilled water. 

5% CA solution (wt/wt) was prepared by dissolving CA in 1.2 : I acetone:ethanol. 

5% PU (wt/wt) was made in 98% tetrahydrofuran (Tl-IF) and 2% dimethylfonnamide 

(DMF) stirring over 15 hours at room temperature. Glucose sensors were prepared 

from a Teflon coated Pt-Ir wire obtained from Medwire Corp. (Mount Vernon, NY) 

with a wire diameter of0.17 mm and overall diameter of0.25 mm. Silver wire of 

0.05 mm (o.d.) from Aldrich was used to fonn coil Ag/AgCI reference electrode. The 

reference electrode was coated with an external polyurethane membrane. 

2.3.1.2. Procedure 

A Teflon coated Pt/Ir wire was cut into 8 mm in length to which a sensing 

cavity was created at one end by making a circular cut and then moving the Teflon 

tubing toward the tip. A cavity of 3 mm in length was thus created. The extra 3 mm 

Teflon tubing at the tip was then cut and discarded. 

The sensor cavity was dip-coated in a 5 % CA solution followed by a loop-

coating ofNafion. The same process was repeated one more time and the sensor was 

air dried. 

Enzyme was immobilized by delivering 0.4 µl freshly prepared enzyme 

solution with a microsyringe to the cavity. The solution contained 4 % glucose 
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oxidase. 0.1 % glutaraldehyde and 1 % bovine scrum albumin, respectively. Two 

drops of the enzyme solution were needed to fill the entire cavity. The enzyme 

loading was approximately 3 U in each sensor (assuming that activity was preserved 

after the cross-linking). A total of 0.016 µg of glucose oxidase was deposited on the 

electrode. 

The outer membrane of the sensor was coated on the entire sensor with a loop 

and immediately soaked in phosphate buffer to ac{1uire desired membrane 

permeability. The sensors were kept in buffer for one week and washed in pure water 

before drying for sterilization. Sensors without the outer membranes were also 

fabricated similarly except that the step for outer membrane coating was eliminated. 

The sensors were sterilized in ethylene oxide gas for over ten hours at 1 atm pressure 

and thoroughly degassed before implantation. 

2.3.2. Protocol for lmm1111i=atio11 and Screening 

2.3.2.1 •. Materials 

Glucose oxidase from aspergillus niger (I.U.B. 1.1.3.4; 250,000 U/g) used in 

both the native or apocnzymc form was obtained as the native enzyme from Biozyme 

Laboratories International, Ltd. (San Diego, CA.; Lot 218 A). Both Freund's complete 

and incomplete adjuvant were purchased from GIBCO Laboratories (Grand Island, 

NY). The antibody-enzyme conjugate, Fe - specific horseradish peroxidase - labeled 

goat anti rat IgG(GTxRT -Fe specific -HRP), was purchased from Pierce (Rockland, 

IL; Lot #920521004 ). HRP substrate consisting of a one to one solution of 3,3 • ,5,5' -

tetramethylbenzidine (TMB) and hydrogen peroxide was purchased in combination 

from Kirkegaard and Perry Laboratories, Inc. (Gaithersburg. MD). The wash buffer 

and diluent was prepared using reagents from Fisher Scientific (St. Louis, MO). 

Bovine scrum albumin and Tween 20 was obtained from Sigma Chemicals (St.Louis, 

MO). All buffers were made using I 8 MO. filtered water from a Barnstead 

NanoPure system. 
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The rats used for the immunization experiment were male Sprague-Dawley 

rats approximately 350 gin weight purchased from Sasco. Inc. (Omaha. NE). 

2.3.2.2. Equipme11t 

All ELISAs were performed using Coming nonstcrile 96 well polystyrene flat 

bottom plates from Coming Glass Works (Coming, NY). Plates were read using a 

Molecular Devices Kinetic Microplate plate reader and accompanying sofiwarc 

(Menlo Park, CA). Apoglucose oxidase was centrifuged in a Beckman J-21 B 

centrifuge at low temperature. 

2.3.2.3. Procedures 

2.3.2.3.1. Preparation of the Apoenzyme 

Apoglucose oxidase was prepared according to the method of Swoboda with 

some modifications from the method used by Wimalasena (/2,/3). The apoenzyme 

was prepared by adding a 20 mg/mL solution of glucose oxidase (20 mg/mL in 0. l M 

PBS pH 7.4) to 20 mL of a saturated solution of ammonium sulfate, pl I 1.4, at 

-3 °C with stirring. It was then centrifuged at 20,000 rpm (48384 x g) for 15 min at -

5 to+ 10°C (for Batch II apoGOx 20000 x g was used). The yellow supernatant fluid 

was discarded and the white solid pc I let was resuspended in a 0°C 2.5 M sodium 

acetate solution. The resuspended pellet was treated with the acidified ammonium 

sulfate solution. centrifuged, and neutralized as described above. A total of three 

acidification cycles were completed. After the last acidification cycle was completed 

the pellet was resuspended in a 90% saturated solution of ammonium sulfate and 

centrifuged as above. The resulting solid was dissolved in 2 mL 0.1 M PBS, pH 7.4, 

and dialyzed against the same for two days replacing the buffer with fresh solution 

three times during this period. The removal of the FAD was determined by observing 

no absorbance at 450 nm, the absorbancc maximum for FAD (13). The dialyzed 

solution was then concentrated under vacuum about 5 hours to a final volume of 
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approximately 4 to 6 mL. Protein concentration was detennined by the 

BCA(bicinchoninic acid) protein assay which is based on the biuret reaction (Pierce; 

Rockland, IL). Batch I apoGOx was identical to Batch II apoGOx except that Batch I 

was passed through a 0.2 micron Coming nylon membrane filter, greatly reducing its 

concentration (Coming Glass Works, Coming. NY). Consequently, the filtering step 

was omitted for Batch II. 

2.3.2.3.2. The Immunization Protocol 

The six rats serving as the positive control were initially injected in IO to 14 

sites subcutaneously with 71 micrograms Batch I apoGOx per site in a solution of I :3 

apoGOx to Freund's complete adjuvant ( 1.4 mL total volume injected). The rats were 

boosted 14 days later with a 1 :3 solution of Batch II apoGOx in Freund's incomplete 

adjuvant. A total of one hundred micrograms per rat of Batch II apoGOx was 

injected subcutaneously divided equally among four sites. The rats were rcboosted 

28 days from the first injection with all conditions identical to the boost injections. 

The 18 rats were reboosted as above 120 days afier the first injection. The rats were 

anesthetized with halothane throughout all the injections. All injections were 

perfonned using a sterile 22 gauge needle. 

Similarly, the 12 rats implanted with sensors were anesthetized with 

halothane while two sensors were completely embedded subcutaneously through a 21 

gauge needle requiring no stitches. The same procedure was repeated for all 

subsequent implantations, or boosts, which followed the same schedule as the 

positive control rats. The sensors were not removed once they were implanted. 

Therefore, there were eight sensors in each rat aficr the completion of the 

immunization schedule. The rat immunization schedule is shown in tabular form 

(Table 1.1 ). Seven randomly selected ral., were untreated with either soluble 

apoenzyrne or sensors. These rats were used as negative controls and were 

designated NEG. 
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2.3.2.3.3. The Bleeding Protocol 

One rat from each group was bled 41 days after the first injection and then 

again 64 days from the first injection. All eighteen rats were bled 76 days (1/25/94) 

from the first injection and again 98 days (2/19/94) from the first injection. The 18 

rats were then bled again 119 days (3/9/94) from the first injection and implantation. 

They were reboosted with either Batch II apoGOx or with the appropriate sensor on 

day 120. They were then bled nine days later at 128 days (3/19194) from the first 

injection. 

Blood was taken from the tail of an anesthetized rat. Approximately 0.500 

mL of blood per rat was obtained in this fashion. The blood was then coagulated and 

spun down. The scrum remaining was screened by ELISA. 

Table 1. 1 

Designation Treatment Number Boosts Bleeds 

(Days from Initial (Days from Initial 

lmmuni1..ation) lmmuni1..ation) 

NEG no treatment 7 NIA NIA 

POS apoGOx 6 14. 28, 120 76, 98, 119, 128 

SWM Sensors with 6 14,28, 120 76. 98, 119, 128 

an outer 

membrane 

SNM Sensors with 6 14, 28. 120 76, 98, 119. 128 

no outer 

membrane 
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2.3.2.3.4. The ELISA Protocol 

All solutions of antigen for coating microtiter plates were 10 microgram/ml 

in 0.1 M carbonate buffer. pH 9.5. The wash buffer was 0.0 J M PBS. pH 7.4. 0.05% 

Tween 20. The block buffer was identical to the wash buffer except that it also 

contained J % bovine scrum albumin. Between each coating the plates were washed 

with wash buffer 4 times then patted dry unless otherwise indicated. Prior to addition 

to the plate, all sera were diluted 1 :50 in 0.1 M PBS, pH 7.4. Each plate was coated 

with apoGOx on the first half(rows A-E) and native GOx on the second half (rows F-

H). Two rats were assigned per plate and were scn..-cned against both the apo- and 

holocnzyme with a repetition of two wells per rat. Each plate for the positive control 

rats used column I 1 as the negative control with 100 ~tL of scrum from a negative 

control rat in each well. Each plate for the sensor rats had column 10 as the positive 

control and column 12 as the negative control. Both controls were prepared I :50 in 

0.1 M PBS, pH 7.4. A schematic of the plate and the corresponding contents and 

dilution factors is shown in Fig. 1.6. 

Nine microtiter platl.'S were coated with both Batch II apoGOx and native 

GOx (Lot#2 I 8) with 48 wells per antigen per plate and I 00 JtL antigen per well. The 

plates were incubated at 37°C for 90 minutes. All wells were blocked with 200 ~tL 

of block buffer and incubated for I hour at 37°C. To each well. 100 µL of block 

buffer was added. A serial dilution of the rat scrum across the plate was achieved by 

adding 100 µL of diluted scrum to the first wells. The results dilutions of this 

procedure is shown in Figure 1.6. The solution was then mixed in the pipette and I 00 

µL from the first well was delivered to the second well. The mixing and delivering 

steps were repeated across the plate leaving the last column (column 12) as a blank. 

The plates were incubated for 60 minutes at 37°C . The horseradish peroxidase 

antibody-enzyme conjugate, GtxRt-Fc specific-HRP. was diluted 1 :35,000 in block 

buffer, and 100 µL was added to each well and incubated as previously. Finally, 100 

µL of a I: 1 TMB and hydrogen peroxide solution was added to each wc11 and 
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incubated for I 5 minutes at room temperature. The reaction was stopped by the 

addition of SO µL of IM HCl to each well. The plates were rad at 450 nm. 

Because the titers for all negative coatn>ls were about 22 and the negative 

control well on the plate at the highest concentration gave an optical density of 

essentially zero. a negative control titer experiment was not nm with or subtracted 
from any screening of the three groups. 

Fipre 1.6 

I 2 3 4 S 6 7 8 9 10 11 12 

A 

B 

C 

D 

E 

F 

G 

H 

I -

ApoGOx 

(-) = Negative control 
( +) = Positive control 

- BL .. 

,. 

GOx 

BL =Blank 

Yapre I. 6. Schematic ofmicrotiter plate. Shaded area was coated first with 
apoGOx. the remainder with GOx. Dilution factors for the serial dilution of the 1:50 
sera:PBS solution used for the titer is shown. Placement of the controls and blanks is 
also indicated.. 
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2.4. Results 

All three populations of rats were screened against apoGOx and the 

holocnzyme, but the highest affinity for all three populations was for the holocnzyme. 

Only these results are considered here. 

The optical density for each dilution ,vas averaged and plotted versus the 

dilution factor ( l/t1:) for each rat. Plots for each bleed were consolidated onto one 

plot for each population and can be seen in the Appendix. From measuring the 

dilution corresponding to the optical density at half the maximum the dilution factor 

which corresponded to a titer break ,vas <lctem1ine<l for each rat. The titer is said to 

be higher representing a higher concentration of antibodies as the dilution factor 

decreases. 

Toxicity due to the THF, DMF, or glutaraldehyde has already been eliminated. 

Studies in 1991 by Zhang and Wilson demonstrated that the five day conditioning 

step removes the small molecules used to dissolve the polymers, as welt as the 

enzyme cross-linker (17). This ,vas confinned by an American Society for Testing 

and Materials (ASTM) standardized toxicity test pcrfonned with confluent 

fibroblasts, which was negative afier five days. Therefore. there arc no measurable 

toxic effects due to small molecules leaching out of the sensor (/7). 

2..1./. Overview of Objectives 

The objectives were to answer the following questions: 

1. Docs the sensor stimulate an immune response? 

2. Do different immunization routes produce a difference in the immune 

response? 

3. Docs the outer membrane have an effect on the immune response? 

4. Docs sensitization occur ,,ith repetitive injection/implantation? 

There are three methods of evaluating the results: 1. Descriptive~ 2. 

Graphical; and 3. Statistical. The above questions will be answered using all three of 

24 



these methods where necessary. Since the questions we arc asking require asking 

whether a particular treatment results in a measurable ditTerencc, statistics will be 

used only to give confidence at a specified confidence level that the differences arc 

most likely a result of the treatment and not to chance alone. 

2.-1.2. Does the sensor stimulate an immune re.'ip<mse to r,lucose oxidase? 

The titers of the negative control rats shown in Table 1.2, arc unifonnly low, 

at 22• The titers of the treatment groups, POS, SNM, and SWM, arc given below 

(Table 1.3). The mean titers for the positive control were high (about 27) compared to 

that of the negative control scra (less than 22>, ·n1c two groups immunized against 

the sensors also produced titers that were significantly higher than the negative 

controls (25 to 28) except for two rats that had titers around 2J. 

Tablet. 2 

Titers of Negative Control Rats ( X I 0--1) 

Rat Identity Titer given as dilution factor 

NA 40 

NB 30 

N319 40 (2l) 

N320 70 (2·) 

N32l 40 (22) 

N324 30 (2·) 

N325 30 (22) 
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Table 1. 3 
Titer Breaks Gh·cn as (Dilution Factors)-1 

Rat POS POS ros POS Rat s~~f S!\~f S!--~f s~~f Rat SV..1.f SV.'M SWM SWM 
1/25194 2116m 31919.& 3/16194 1/25.'9.& :!/161'}.& 3,'9.'9-& 3116.'9.£ 1125194 2116/94 3/9,'94 3/16194 

2• 2' 2'·• 2• 7 23 26 26 2'~ 13 23 23 26 2' .. 

2 29 2' 26 26-7 8 26 26 27 2' 14 2' 26 2' 2' 

3 2' 27 26 2' 9 2' 27 2' 2~ IS 26 2' 26 26-7 

4 2' 29 26 10 2' 2' 26 2' 16 2' 2' 27-8 2•-9 

4 2• 26-7 26 2' II 26 2' 2' 17 2' 2' i3 23 

6 2' 2• 26 26 12 2'·' 2' 26 2' 18 26 2' 2' 26•7 



Simply by inspecting the data and comparing the titers of the negative 

controls to the rats immunized by various methods, it is obvious that an immune 

response occurred in the POS, SWM, and SNM rats. The POS group gave slightly 

higher titers than the SNM group and both groups gave less variable results within the 

group as compared to the SWM group which has rats with both very high and very 

low concentrations of anti-GOx antibodies as indicated by their titers. 

A graphical representation of the data also shows that all the treatment groups 

give an immune response compared to the negative control. Figure 1.7 shows a 

representative plot. It is a graphical comparison of SWM,SNM.POS, and NEG rat 

populations screened against holoGOx. The average titers with error bars arc shown. 

Not only do the negative controls (NEG) give a low response, but the resrxmse docs 

not display any concentration dependence. In contrast, as the dilution increases, the 

SWM, POS, and SNM rats all show a titer plateau, followed by a dc.-creasc. This is 

characteristic of the presence of specific antibodies to the screen antigen, glucose 

oxidase. The titers from each bleed plotted by treatment can be viewed in Figures 1.8 

to L 19 in Appendix LL 
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Figure 1.7 
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Figure 1. 7. Average rat scrum titer of SNM. SWM, and POS rats compan .. -d to the 
negative control scrum titer. The scra from the bleed on I /25/94 were scn .. -cned 
against the holo glucose oxidase. 

While statistical analysis is not R--quired to conclude that all glucose oxidasc 

treatment,; produced an immune response, an analysis of variance ( ANOV A) wa,; 

used to verify the above observations. The one way ANOVA at the 95% confidence 

level comparing all four groups showed that there was a significant difference. 

However, this test does not establish where the difference lies. A series of follow-up 

two way ANOV A tests comparing each treatment group to the negative control group 

proved that there wa,; a significant difference between each group and the negative 

control. The A NOVA tables arc found in the Appendix. The next question deals 

with differences in the degree of immune response. 
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2.-1.3. Are there differences in the immune response llS ll result of imm1111i=t1tion 
route? 
A visual inspection of the data in Table 1.2 shows that the titer of the POS 

does appear to be higher than both SNM and SWM by one to two orders of 

magnitude. Additionally. the variation from animal to animal appears to be less 

pronounced in the POS group. Based on these observations, it could be concluded 

that there is some difference. However. due to the within group variation from animal 

to animal it is useful to consider using a statistical method. analysis of variance. or 

ANOVA, to determine if there are true differences between groups. In the Appendix 

a more detailed explanation of ANOVA is given. 

The null hypothesis that was tested can then be stated as the following: 

There is no significant difference ~tween the mean titer produced by rats immunized 

using apo-GOx, sensors with no outer membrane, and sensors with the outer 

membrane. This hypothesis was tested using ANOV A. ·n,e result was then 

compared to what is expected from simply looking at the data. 

The results of the overall A NOVA comparing the mean titers of three 

populations, SWM, SNM, and POS, gave an F ratio a.: 1.30 which was less than the 

critical F number, 3.28, at the 95% confidence level. Thus, the null hypothesis is not 

rejected. suggesting that the differences observed between treatments arc due to 

chance atone. The observation that the mean titers in the SWM and SNM group arc 

lower than the POS group suggeslc; that this may not be true. Also, since the variance 

in the SWM group was so different, the validity of the test ,vas questioned. The 

source of the variation could be explained in two ways: the variation in the animal 

immune response or the variation in the sensors themselves. 

2.-1.-1. Does the outer memhranc have an effcxt 011 the imm1111e respo11se? 

Since the rats with the lowest titers in the SWM group consistently display a 

low titer throughout the study (Table 1.3), it seems reasonable that part of the source 
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of variation is due to the differences in the animals themselves These variations in 

the randomly assigned rats could not be corrected for by experimental design. 

Although the rats were all of the same breed, sex, approximate weight range, and 

housed in the same room there were several variables that could not be controlled 

that could have affected the immune response of the animals. Among these were the 

somatic mutations in the antibody hypcrvariable region and the concentrations of 

interleukins (8). 

However, unpublished data from our lab indicate that while the sensor inner 

membrane is reproducible from sensor to sensor, the outer membrane, presented only 

to the SWM rats, is highly variable. It is possible that there is nn cfTcct of the 

membrane that could depress or enhance the immune response. For this reason, it is 

not justified to label low titer rats as outliers and exclude them from the study. 

To get more detailed statistical information and to correct for experimental 

bias, such as the biological factors that will make each rat's immune system vnry, the 

analysis of covariance can be applied (ANCOVA). In certain ANO VA situations 

there is a need to remove potential bias due to the fact that categories difTer in their 

values of a covariate X (/8). In the case of this experiment, the covariate is the 

physiological condition of each animal. The measure of this was the titer value 

before the boost on 3/19/94. The means prior to the boost arc adjusted based on the 

assumption that the titers should not be different if differences in individual animal's 

physiology is taken into account. If the null hypothesis is rejected, than it is more 

likely the variation is due to the sensors themselves or some other factor, since the 

ANCOVA adjusts the means to account for differences in titer. 

The adjusted means are listed in Table 1.4. ll1cy were calculated using 

standard methods (/8). Note that for the POS, SWM, and SNM groups the adjusted 

means arc very close, while the observed means were not. For case in manipulation 

all titers were multiplied by 104 and then the statistical test was applied. 
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Table 1. 4 

Adjusted Means for the Dependent Variable (Titer Post Intervention) 

Factor Code Observed Mean Adjusted Mean 

Group POS 2.474 5.891 

Group SWM 7.542 5.228 

Group SNM 9.083 7.980 

The results of the ANCOVA of all three treatments, SWM, SNM, and POS, 

arc listed in Table 1.5. The ANCOVA of the adjusted means rejected the null 

hypothesis at the 95% confidence level. 1l1is overall ANCOVA only shows that the 

null hypothesis is rejected, it docs not give enough infonnation to determine for 

which pair or pairs of data this occurs. 
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Table 1. 5 
Results From ANCOV A 

of All Three Groups(POS, SES, SN.'.\1-17 subjects) 

a=0.05, average squared correlations for both pre-and post-intervention variables are 1.00000 

source of variation sum of squares degrees mean square F Sig. 

freedom off 
Pre 695.76-& I 695.76-& 21S.78 0.000 
Group 2H87 :? I~ ~44 3.797 0.050 

(sig.) 
npLlincJ 7:0.251 3 ::uoos.; 74.457 0.000 
rcsiJl.141 41.918 13 3.224 . -
lot.al 762.169 16 47.636 . -



A follow-up series of two-way ANCOV A tests of the same hypothesis 

comparing only two groups simultaneously is seen in Table 1.6. In Table 1.6. the 

significance of F, expressed a,; a probability, rather than the F ratio is used to accept 

or reject the null hypothesis. If the significance of F is less that the a value (0.05), 

the null hypothesis is rejected. This is only true in the comparison between the mean 

adjusted titers ofSWM and SNM (Significance of F = 0.02). Therefore, the pre-

boost results, arc adjusted for the covariate (animal bias as measured by the titer), 

these two groups still differ significantly in their response to the last boost at the 95% 

confidence level. This supports the hypotheses that the titer is innuenced by the 

presence or absence of the outer membrane. 

Table 1. 6 

ANCOVA Between Two Groups 

a=O.OS 

(uses same raw data and adjusted means as above) 

Source of Variation Sum of Degrees Mean F 

Squares Freedom square 

Within Cells 41.92 13 3.22 -
Regression 592.81 1 592.81 183.85 

Btw. POS & SWM 1.04 1 1.04 .32 

Btw. POS & SNM 10.87 1 10.87 3.37 

Btw. SWM & SNM 22.54 1 22.54 6.99 
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2.4.5. Does sensiti=ation occur with repetitfre injectiorz'implantation? 

The t-test for paired data tests data that involves multiple or repeated 

measurements on the same subject. for example before and after the injection of the 

apocnzyme. The t-test tests the null hypothesis, I~), that there is no difference 

between the pairs (before and after injection). Simply put, 110: µ = 0, whereµ is the 

mean of the difference in titer before and after treatment. lltis test is useful in 

determining if immuniz.ation boosts affect the titer. 

In order to determine if the boost was affecting the titers within the three 

groups, the hypothesis that the difference between the titer at Time I and Time 2 

within each group equals zero was tested by the t-test. The results arc given in Table 

I. 7. The null hypothesis was only rejected for the SWM group suggesting that the 

addition of more sensors changed the titer while in the other groups the boost had no 

effect. This is consistent with the titers observed for days 3/9 and 3/16 (Table 1.2). It 

is seen that the titers for all rats in the SNM group and 3/5 of the rnts in the POS 

group have decreased or stay the same. In the SWM group only two animals had 

titers that remained the same. 
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Table 1. 7 
Dependent t-Tests \Vithin Groups Comparing the Means at 3/9/94 and 3/18/94 

Group Date # of cases Mean Mean t value Degrees 2-tail 

Difference Freedom Prob. 

POS 3/9/94 5 3.0800± 
1.363 4 0.230 

.6060 
POS 3/18/94 5 2.4740± 1.41 

1.187 
SWM 3/9/94 6 9.9500± 

12.510 2.87 5 .035 
2.4083 

SWM 3/18/94 6 7.5417± 
10.724 

SNM 3/9/94 6 8.500± 
3.523 0.50 5 .637 

0.5833 
SNM 3/18/94 6 9.0833± 

3.288 



2.-1.6. Compari.-.on o/Scree11i11g Anlige11.'; 

Both native GOx and apoGOx were used as screen antigens for the ELISAs of 

all rat sera. These results arc sho\\11 in the Appendix. Figures 1 .8 to 1 .19. The native 

enzyme in every case gave a much higher maximum optical density and higher titers. 

A similar experiment using mouse monoclonal antibodies produced by injecting 

apoGOx into the spleen reported by Wimalasena (/ 2) showed different resulL~. In 

every case, the native and apocnzymc gave the same results. This may reflect 

differences in mouse and rat anatomy, as well as the difference in immunization 

route. Subcutaneous injection ofGOx would result in lymphocyte response from 

local lymph nodes, while the direct injection into the spleen results in lymph activity 

from the spleen. These differences had no adverse effects on the experiment. but nre 

worth noting here for future workers. 

2.5. Discussion 

The presentation of the antigen, glucose oxidase. on the surface of a sensor 

protected by an outer membrane and on the surface of a sensor with no outer 

membrane effectively generated an immune response. In some cases. the 

presentation of the antigen on the sensor with the outer membrane generated a better 

response than the presentation of the apocnzyme in solution. In one-third of the 

animals of the SWM group there is essentially no immune response. In the case 

where there is no outer membrane, the immune response is lower than the positive 

control but with less within group variation than the SWM group. Finally, the SWM 

group still sho,\'·ed effects of the third boost. while the other groups appeared to be 

sensitized by this time. 

The presumed effect of the outer membrane has multiple explanations. 

According to Ziegler's work, cellulose acetate alone. not polyurethane or glucose 

oxidase, produced an immune response (8). Perhaps the observation that the SNM 

36 



group had less within group variation reflects that the outer membrane protected the 

GOx layer from exposure to the body somewhat. but variations in the outer 

membrane conferred different levels of protection. Conversely. one might propose 

that some outer membrane - GOx conjugate produced increased immunogcnicity to 

the GOx in some animals. However. Ziegler's experiments do not indicate that the 

polyurethane ( 12 % w/v in DMF) is immunogenic (8). Recall that the outer 

membrane used on the sensors SWM is a 5 % JXllyurethane membrane. 

Comparisons to Ziegler's study should be made with caution. The first reason 

is that this study used male Sprague-Dawley rats. while his study used female Lewis 

rats. The second reason is that he did not report the titer of the animals. rather only 

the optical density at one concentration. This could be significant. because without 

evidence that the titer of the positive controls is high, it is possible that the dilutions 

that Ziegler used were inappropriate (8). The high dose hook effect sometimes 

observed in sandwich assays can contribute to the suppression of apparent antibody 

response at high doses (20). Since the titer was not detennined, there is no evidence 

that they were working at optimized dilutions lo prevent this kind of phenomenon. 

There arc several possible explanations for the fact that antibodies to glucose 

oxidasc immobilized on the sensors were observed. The apocnzymc was presented 

with Freund's adjuvant facilitating the immune response by both irritation and slow 

release of the antigen. but it was eventually cleared. The sensors. on the other hand. 

were not implanted with an adjuvant but hydrogen peroxide is produced at both types 

of sensors and the sensors were not excised. Consequences of this are the stimulation 

of macrophage migration to the site ac; a result of irritation by hydrogen peroxide and 

the continued availability of antigen. In addition. in the case of both types of 

sensors, the degradation of the inner or outer membrane could serve as an irritant and 

a slow delivery system. 

Sensitization can be explained ac; well. Self proteins could adsorb to the 

outer membrane. denaturing them and causing an immune response against altered 
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self proteins. thus decreasing the immune response to the glucose oxidase. The 

continual slow release of glucose oxidase did not lead to tolerance in both sensor 

groups. as was expected. This could be related to the heterogeneity of the outer 

membrane from sensor to sensor. 

The absence of the outer membrane in the SNM group may enhance the 

effects of denaturing of self protein. thus the results would have less variability from 

animal to animal as observed in the SNM group. It is reasonable that the SWM 

sensors, because of the variable outer membrane, would produce slightly different 

self-membranes with every implantation, while the more homogeneous SNM sensors 

will lead to the scnsiti7..ation faster. POS, of course, has little variation from 

immuni1..ation from immuni1..ation, but is dosed much higher than either sensor group. 

Both dose and availability can contribute to sensiti1..ation. 

2.6. Conclusion 

Clearly the immobili1 .. ation of glucose oxidase on an electrode covered by an 

outer polyurethane/silicone membrane was an effective method of generating 

antibodies to glucose oxidase. Moreover, there was a significant difference in the 

immune response tied to the presence or absence of the outer membrane. Therefore, 

it can be concluded that the presentation of the holocnzyme on the glucose sensors 

was as effective in some animals as the injection of the apoenzymc in generating an 

immune response to the holocnzyme and the presence of the polyurethane/silicone 

membrane was critical to this response. 

2.7. Future \Vork 

The role of the outer membrane is unclear at this point. Further work to 

characteri7..e the immune response to the membrane materials themselves must be 

done to fully assess the role of the outer membrane and permanent implantation in 

the immunogenicity of this method of antigen dcli,·ery. This would include 

implanting whole sensors and implanting the membranes alone. The membranes 
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currently used for human trials are a mixture of polysiloxane and polyurethane. This 

polymer mix1urc and the sensors with this mixed polymer as the outer layer should be 

tested in a parallel experiment. Another approach would be to try and make a soluble 

glucose oxidase-polymer conjugate. and determine if this combination is 

immunogenic. This would be useful in determining if the polymer must be presented 

as a membrane. or if the polymer building blocks themselves can enhance 

immunogenicity. 

Additionally, improvements could be made in carrying out the animal study. 

It would be advantageous to screen each rat prior to the immunization. This would 

provide another negative control measure. and could be used to determine any 

immune response bias prior to immuni1.ation. Moreover, it would be of interest to 

use the holocnzyme as the positive control and compare these results to that obtained 

using the apoenzyme. This would be useful in further characterizing the mt as a 

model animal for immune response tests to this sensor system. 

It is clear that there is much work yet to be done. Nevertheless, the impact of 

this study is the suggestion that the evaluation of the biocompatibility ofhiosensors in 

the future should include the detennination of the specific immune response to all 

the bioscnsor materials. 
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3. Chapter 2: A Fabrication Template for the Mass Production of a Micro 

Flow Cell for Flow Injection Anal)·sis Immunoassay (FIA-IA) 

3.1. Introduction 
The miniaturization of analytical instrumentation for separations such as 

liquid chromatography and capillary electrophoresis has been driven by a desire for 

increased throughput, decreased separation times. and increased theoretical plates 

and resolution. Considerations such as portability, decreased reagent consumption. 

and decreased waste production arc secondary benefits. Finally, by using silicon 

processing technology the entire package can be mass produced as a functional chip 

similar to integrated circuits. 

For h .. -chniqucs such as flow injection analysis (FIA) miniaturi7..ation offers the 

option of making channel arrays to increase throughput. As described in Chapter I, 

enzyme based assays such as the sandwich ELISA nre powerful tools for screening. 

I lowcver, when faced with multiple samples, it is tedious, time consuming, and error 

prone. 

Flow injection analysis automates the reagent and sample introduction steps. 

as well as reagent separation steps effectively, but only one sample at a time. 

Moreover, the binding kinetics of the immobilized molecular recognition clement 

(MRE) is limited by the diffusion distance. Therefore, the development of a 

microfabricated, miniaturized flow cell array for the automation of enzyme based 

assays was of primary interest. 

The challenges in constructing such a device stem primarily from the 

decreased dimensions. Mixing becomes diffusion controlled, the surface area of the 

channel limits the amount of MRE that can be immobilized, and spcciali7.cd detectors 

must be employed. 

At dimensions of about 100 µm the flow through these miniaturized channels 

is exclusively laminar with Reynold's numbers on the order of I or less. This means 

that mixing docs not occur readily. Workers such as Brody and Yager{/). and 
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Ruzicka (2) have exploited this ability to segregate flowing streams. Brody's and 

Yager's device uses a low-Reynolds-number tlow to extract molecules and particles 

by their diffusion coefficient differences (I). Ruzicka ct al. use flow restriction to sort 

cells (2). However. the ability to induce mixing is a requirement for any useful 

chemical interaction such as immunocomplex formation. enzyme-ligand, and phase 

partitioning. Yager and Brody have proposed channel designs to solve this problem 

(3). 

Along with the scaling eITects on the tlow rate and flow profile. 

miniaturization introduces another complication by decreasing the surface area. 

Typically. in a flow cell reactants nre immobilized on the surface of the channel (-1). 

When the length of a tubular channel is dc:creased by a factor of 2, the surface area is 

decreased by the same factor. But when the diameter is decreased by a factor of 2. 

the surface area is decreased by the square mot. Several workers have compensated 

for this loss in surface area by increasing the channel length (-1,5)~ however. this then 

requires either a longer analysis time or much faster flow rates. Another strategy is to 

actually change the surface to a porous structure. l..aurcll ct al. (6) have demonstrated 

that a glucose oxidase based biorcactor that uses a porous silicon surface has a I 00-

fold increase in activity. However. it is limited in that the flow rate is not 

sufficiently fast to replenish oxygen at the enzyme layer surface. Additionally. the 

length has to square not merely double. Moreover. regeneration of the biomolecule is 

still an issue. 

A more attractive solution is to actually manipulate particles in a flowing 

stream. On these particles. protein or other rcagenLc; may be immobilized. Egodagc 

has already demonstrated a ten-fold increase in surface area by using a magnetic 

particle based immunoac;say compared to a routine microtiter plate surface (7). A 

new surface is provided for each assay. so regeneration is not a problem. 

Additionally. Poltema and Ruzicka have described a bead based flow injection assay 

using both optical and electrochemical detection using their patented ring jet cell 
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(8,9). 

The concept of flow injection renewable surface immunoassay (FIRS() for 

mouse lgG was introduced in 1994 by Pollema and Ruzicka (8,9). An optimized 

volume of beads is held by a ring jet cell in the path of a microscope focused 

fluorescence detector and functions as a renewable fluidized bed reaction zone for 

each analysis. Because the beads can he easily expelled. on-line regeneration between 

samples is eliminated. The analyte and conjugate arc introduced and react with the 

beads allowing the detection of the total amount oflahcl present. The free label is 

then washed off and the corresponding signal is that resulting from the bound label 

only. The flow is reversed and the layer of beads is flushed to waste for on:tine 

regeneration. The flow is stopped for 25 sec. for the incubation of the analyte und 

conjugate with the heads. A new aliquot of heads is injected for the next sample. The 

linear range of this assay is limited, 1-5 µg/ml (6.3 nM to 31 nM). However, real 

time antibody binding kinetics have been measured using this technique (9). The 

total assay time is two minutes, a time advantage offered hy the elimination of on-line 

regeneration. One limitation of the method is the need to keep the heads suspended 

(8). 

A possible second strategy would be to use a now cell configuration similar to 

Liu el al .. They used a replaceable membrane with high surface area to covalently 

attach protein (JO). The channel was fonncd by using a spacer mcmhranc out of 

which a 0.15 cm wide, 0.0 I cm thick. and 2.5 cm channel is cut. This was 

sandwiched against the immunomcmbrane between two clear Plexiglas TM pieces. 

However, while this was demonstrated using a Plexiglas TM flow cell for 

chemiluminescent detection, it had not been demonstrated with either 

electrochemical detection nor with a microfabricated silicon structure. 

The manipulation of particles, introduction of a membrane, modification of 

the channel surface, and potential applications of a hiorcactor flow cell with 

microdialysis as a sampling method makes mechanical pumping necessary. 
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Electrophoretic pumping has been very popular for miniaturized systems because it 

requires no moving parts (1 I). However. any disruption of the zeta potential of the 

channel wall changes the clectroosmotic flow. Several miniaturized 1m .. -chanical 

pumps have been described in the literature ( I 2). and one recently developed at the 

University of Illinois - Chicago has been demonstrated with the biorcactor described 

here. 

Electrochemical detection offers a simple, sensitive detection method. Thin 

film metal deposition is a technology long used in the intcgrated circuit industry. nnd 

it has lx..-cn applied to electrochemical research(/ 3, I -I, I 5). Current research utilizes 

optical detection which can require expensive coherent light source due to the 

window dimensions. As a result, optical detectors arc relatively large and expensive, 

often the most expensive component of the miniaturized system. 

This chapter describes the design. fabrication, and chamcteriz.1tion of u flow 

cell made for flow injection enzyme-based assays like immunoassnys. Proposed here 

is a generalized fabrication method 1<1r the high yield production of a novel 

micro fabricated flow cell for FIA-IA with on-channel electrochemical detection. The 

proposal is general enough to sustain major changes in channel design and geometry, 

and also electrode material choice. The flow cell represents one module of the 

generalized FIA-IA system sho\\•1l in Figure 2.1. Also demonstrated is the 

miniaturized flow cell with miniaturized versions of the remaining components of the 

gencrali7.cd FIA-IA scheme ( Figure 2.1 ). TI1is is a signi Ii cant contribution to the 

drive toward a micro total analysis system or ~tTAS. 
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Figure 2.1 

Sample Handling 
7..one 

Flow Injection Anal~is Components 

Tnmducer 

Reaction 7..one 

Dettttion 7.A>ne 

Figure 2. I. Schematic of a generali:1.cd now inJcction analysis set-up. 

The strateb'Y employed wa.o; to first construct a Plexiglas TM model of a 

microfabricatcd now cell to dctenninc the feasibility of using a replaceable 

immunomembrane. Figure 2.2 shows the dimensions of the channels carved into the 

PlexiglasTM plate. Figure 2.3 shows the model now cell in two configurations. The 

details of these figures will be discussed in later sections. 
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Figure 2.2 
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Figure 2. 2. Illustration and dimension of PlcxiglasTM model. 
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Figure 2.3 

•• 

b. 
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-I 

I 

Flow Cell Conf aguration I - End View 

Total of 4 
Screws 

a - channels c ·· Teflon gasket 
b = MRE membrane d aluminum brackl.1 

e ·- Pt and Ag/ AgCI electrodes 
Q ~- direction of sample flow 

l•low Cell Confiiuration II - io:nd View 

Total of 4 
Screws -I 

I 
a= channels c -cc Teflon gasket 
b = MRE membrane d "" aluminum bracket 

e =- Pt and Ag/ AgCI electrode 
8 = direction of solution flow 

Figure 2. 3. Schematic of a Configuration I and b. Configuration II. 
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Based on this evaluation. a miniaturued sandwich flow cell was constructed 

from three inch diameter silicon and glass wafers. A picture of the operating flow 
cell is shown in Figure 2.4. 

Figure 2.4 

Micro Flow Cell to Micropump 

Figare 2. 4. Photograph of micropump connected to micro flow cell. 

The flow cell incorporated thin film technology for the deposition of 

electrodes on the glass. which was anodically bonded to a silicon wafer with channels 

chemically etched into it. The two electrode system was on~hannel. and a picture of 

the two electrodes in the channel is seen in Figure 2.5. 

49 



Figure 2.5 

Two Electrode On-<~hannel Detector 

l•i~ure 2. S. Photograph of on-channel silver electrode and platinum interdigitated 
array electrode. 

The integration of the vanous matenals and fahncat1on methods fi.lr this type 

of application is a matter of interest to engineers and chemists working m this area. 

This is discussed in some detail. Both the model system and microfahncated system 

were evaluated using hydrogen peroxide and glucose as test analytes Finally. 

recommendations for the next level of research in this area arc discussed. 

3.2. Theory 

3.2. I. /)c.<.tj!n Ratuma/(' 

The final design of the microfabricated flow cell wa,; determined using a two--

pronged strategy. The first wa,; to evaluate the use of an immunomemhranc in a 
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channel array that consisted of two plates that could be clamped. lbis was 

accomplished using a Plexiglas™ model prior to any micro fabrication (Figures 2.2 

and 2.3). The performance of and n.'Commcndations based on this model arc given in 

the first section of the Results and Discussion. The second prong was the evaluation 

of the dimensions required for the flow cell using the thc.-ories governing fluid 

mechanics, protein immobilii.ation, and electrochemical detection. The theories, 

equations, and results arc presented below. 

3.2.2. Hydrodynamic 
Several considerations were evaluated prior to determining the final channel 

dimensions. In order of importance, these parameters were: 

1. Pressure drop, AP, across the channel 

2. Reynolds number, Re 

3. Flow profile 

4. Mixing 

The most important considemtion, &I>, resulted from the desire to eventually 

use the flow cell with a miniaturized pump. ·111c maximum back pressure that could 

be pumped with this device was 5 KPa. In order to detcnninc the appropriate 

dimensions (width, height. and length), Poiseuillc's equation was employed. The 

equation is as follows: 

(2.1) 

where Tl is the kinematic viscosity, u is the linear velocity.Lis the length, and nr2 is 

the cross-sectional area. 111c cross-sectional area of a v-shapcd channel and a circular 

pipe arc within ten percent of each other, therefore, for this and all following 

calculations a circular pipe is assumed. 

The dependence of &P on channel diameter and channel length was tabulated. 

In an effort to standardize devices, a channel \\;dth of 100 µm was chosen. Based on 
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preliminary etching results. we determined that for a J 00 i1m wide feature, the etch 

depth was 50 to 70 µm. From this, a length of 9 cm was determined to give a AP of 

4.7 KPa if the diameter used was 60 Jtm. 

The Reynolds number was calculated for the .. ideal channel" proposed above. 

The equation is as follows: 

Re""' pulJ11 (2.2) 

where the parameters arc density, velocity, diameter, and kim:matic viscosity, 

respectively. 

The Reynolds number is significant because it predicts the type of flow in a 

tubular channel. Reynolds numbers below approximately 2300 indicate laminar. 

non-turbulent flow. The flow profile is parabolic (Figure 2.6). Between 2300 and 

approximately 5000, there is a transition between laminar and turbulent flow. This 

region is to be avoided, as the flow profile will not he reproducible. Above 5000 the 

flow is turbulent, and the flow profile is plug (Figure 2.6 ). 
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Figure 2.6 

a. 

b. 

•·igure 2. 6. Illustration of flow profiles at a. Low Reynolds numhers and h. 
Re>5000. 

For these channels. the Reynolds number was on the order ofO. I to JO 

depending on flow rate. Clearly. the flow would he solely laminar. Because of this. 

it is impossible to induce turbulence within the 90 ° turns used to fit several channels 

onto one silicon wafer. Therefore, the mechanism for mixing would be diffusion. 

Based on the linear velocity calculated for a I 00 µm wide, 70 µm deep, and 9 

cm long channel. the approximate time for a molecule to move through the channel at 

a flow rate of I µUmin was 16 seconds. The time for a small molecule at the center 

of the parabola to travel to the wall ( maximum distance. / = 50 µm) based on a 

diffusion constant. D. of IOs cm2s·1 is 2.5 seconds. approximately one-sixth the total 

time required for the channel length to he traversed (Equation 2.3). 

(2.3) 
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Based on the considerations discussed above, the final dimensions of a 

channel etched in silicon were determined. ll1ese dimensions were I 00 ~tm wide by 

70 µm deep by 9 cm long. 

3.2.3. Protein lmnwbili:ation 

The results from the model now cell indicated that it was not feasible to 

proceed ,..,ith a removable immunomembrane in the final design. The use of high 

temperature anodic bonding to seal the now cell n:quircd that either the MRE must 

be immobilized on the channel wall after the now cell is scaled, or the MRE must be 

introduced on an alternative solid substrate. If the protein was to be immobilized on 

the wa11, the surface area available was of paramount importance. 

The typical microtiter plate well adsorbs l pmol of antibody per square 

centimeter. Using this as the maximum possible amount of active antibody 

immobilized on the wall of the channel, the maximum amount of antibody in the 

channel would be 0.15 pmol. ·n,e LOD is usually three orders of magnitude below 

the amount of antibody immobili1.cd (IO). A factor of ten would bring up the amount 

of antibody in the channel to that found on the microtiter plate. Surface roughness 

created by etching in CsOll doubles the surface area. Other approaches such as 

oxidative treatments in nitric acid and I IF gave a ten fold increase in surface 

roughness on planar structures. 

An additional issue introduced was that of regeneration. lmmobili1.ation in 

the channel rather than on a replaceable membrane required that the now cell 

become either disposable or reusable. An increase in surface roughness did not 

address the issue of regeneration of the immobilized antibody. For this reason, it was 

proposed to test the micro flow cell using protein immobilized on I µm magnetic 

particles. This offered several advantages: I. Increased surface area. 2. Th..--crcascd 

diffusion distance, 3. Renewable surface. 
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3.2.-1. Electrochemical Detection 

Our requirements for an on-channel two-electrode amperometric detector 

were good signal-to-noise ratio (SIN}, flow rate independence, rapid response time, 

and electrical insulation between rcfcn:ncc and working electrodes. The electrical 

insulation was provided by passivating the silicon wafer onto which the electrode 

contacts and leads would be pressed in the sandwich configuration with n thin ( 150 

nm) layer of silicon dioxide. To achieve the remaining parameters, the intcrdigitatcd 

array was chosen as the geometry for the Pt working electrode. To prevent limiting 

the current by the surface area of the reference electrode, Ag/AgCI, was designed so 

its surface area was four times that of the working electrode. Below is a detailed 

discussion of the determination of the working electrode dimensions. 

3.2.5. lnterdiJ!,ilated Arra~, Elcclmde 

In order to determine the dimensions of the electrode, several calculations 

were made. An explanation of the theories employed, and a summary of the results is 

presented below. 

lnterdigitatcd array electrodes arc useful in situations where a relatively high 

surface area and relatively small total electrode area or volume is required. 

Supposedly, the SIN advantage derived from a microclcctrodc array results from the 

signal current arising from the geometric and surface active area, while the noise 

arises from the surface active area only (/6-/8). A better explanation is that in the 

situation where diffusion is nonlinear, the diffusion layer is hemispherical. This 

occurs when the electrode has a characteristic comparable dimension to the thickness 

of the diffusion layer. At large-area continuous electrodes, diffusion is generally 

linear. At an interdigitated array of microclectrodcs, each electrode has a 

hemispherical diffusion layer, and therefore, improved mass transport. l lowcvcr, the 

noise arises from the charging current, which depend~ only on the surface active area 

of the electrode. The noise then, is the same for both the array and the large 

electrode, but mass transport at the array electrode is improved, therefore the array 
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gives a higher SIN than the large elt.."Ctro<le. An added advantage of the array is that 

mass transport is so efficient by the time the sample plug has reached the end of the 

array. the sample has been completely depleted by the elt.."Ctro<le. As a consequence. 

electrode response is relatively independent of flow rate. An analogous situation is a 

porous electrode, or electrode sponge. Because of the high surface area and transport 

efficiency. the sample is in intimate contact with the electrode as it travels through 

the sponge. Accordingly it is completely electrolyzed. It is immaterial if the flow 

through the sponge is fast or slow. 

In order for a micro electrode array to provide thr.!sc benefits, howl.!vl.!r, several 

conditions must be met. Assuming the thicknl.!ss of the metal clcctrodl.! is sl.!vernl 

hundred angstroms, and therefore negligible.!, the.! diml.!nsions of the array must he 

considered. For example, the individual electrodes in the array have to be small 

enough to guarantee hemispherical diffusion. SL"Condly. the gaps between the 

electrodes have to be spaced such that no shielding takes place. Shielding occurs in 

situations of prolonged electrolysis where the diffusion layers of two closely spaced 

electrodes overlap. In that case, one electrode depletes the other's depletion zone, 

and the net result is a signal smaller than if the array were n macroclectro<le of the 

same total area. This requires a fairly accurate estimate of two things: I. Diffusion 

layer thickness and 2. Electrolysis time. For all estimations and calculations a flow 

rate of 1 JtU minute and a channel width of JOO Jtm arc assumed. A Reynolds 

number, Re. has been estimated for both a circular and elliptical channel, and it falls 

below the critical number in both cases. therefore laminar flow is assumed. 

The diffusion layer thickness was estimated using the relationships that 

follows in Equations 2.4 . 

(2.4) 

Using D;::: 10·5 cm2s"1 and v ;:::Jff2cm2s·' Eq. 2.4 simplifies to Eq. 2.5: 
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(2.5) 

where 6 is the diffusion layer thickness and 611 is the thickness of the hydrodynamic 

layer. The hydrodynamic layer is defined as the layer within which all velocity 

gradients occur. This can be estimated as the width of the flowing stream defined by 

the physical boundaries of the structure it flows through (/9). 

Based on a flow rate of 1 Jlll minute in an elliptical channel of dimensions 

100 (width) by 30 Jlm (depth}, the linear velocity is 0.11 mis. Assuming that om: 

electrode in the array is IO µm in width (Ix I 0-5 m }. then a IO Jltn segment of the 

sample plug will be past the electrode in I microsecond. If the sample plug were to 

broaden so it occupied a length of 6 cm, the total electrolysis time is approximately 7 

milliseconds. According to Huangxian et al., if the electrolysis time is less than 

3x 10·5 seconds, the mass transport is by semi-infinite linear diffusion, and the 

diffusion layers do not overlap (20). l lowcver, with nn increase in electrolysis time, 

the radial term or edge effect cannot he neglected and the diffusion layer thickness is 

calculated from the following equations: 

0' 0 , Dt/Wc2 (2.6) 

6 = We/{ (nOT1'2 + 0.97 ccc_ 1.10 exp l-9.9/ I In ( 12.370'} I I} (2.7) 

where D = 7.1 10-6 cm2s"1• t e= electrolysis time, and 6 = diffusion layer thickness. 

A diffusion layer thickness of 3.8 µmis dctcm1incd from Eqs. 2.6 and 2.7. 

TI1is was determined for the worst case scenario - a molecule with a large diffusion 

constant. Based on this calculation there ,vould be no partial overlap and shielding 

would not occur if the gap dimension is IO Jtm (20). 

In order to determine if the thin film electrode will provide enough current, it 

was important to evaluate the current density for the electrode. The current density is 

given by the following equation (2/): 
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j == i/A (2.8) 

where i is the steady state current. and A is the surface area. 

The steady state current can be calculated from the following equation (21): 

(2.9) 

where n is the number of electrodes.Fis Faraday's constant. D., is the diffusion 

constant. o is the diffusion layer thickness, and c•., is the bulk concentration of 0. 

The current density for the array was calculated using 6,, - 3.8 Jlm. The 

current density was calculated to be 5.6 AM"1cm·2• It was determined that a 32 

electrode array with 10 µm wide and 20 Jlm long digits and IO Jllll gaps would 

provide the appropriate geometry so that radial diffusion would occur at each 

electrode without overlapping. An array of 32 pairs provided a surface area of 0.013 

cm 2, giving a predicted total maximum current of 730 JlA for a 1 M solution. 

3.2.6. Final Aficm Flow Cell Specifications 

A summary of the final flow cell specifications for microfobrication me 

presented here. The dimensions given arc the dimensions for the masks used for 

photolithogrnphy. 

The channels arc v-shapcd grooves :misotropically etched in a three inch 

diameter <100> silicon wafer 300-380 Jlm thick. The mask dimensions for the 

channel arc 100 Jim wide and 9 cm long. ·111c mask is sho\\11 in Figure 2.7. 
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Figure 2.7 

Muk for C'banneb •:tcbNI in <100> Silicon 

·- / 

Figure 2. 7. Mask for channels etched in a silicon wafer. 

A diagram of the expected results is shown in Figure 2.8 The depth, 

controlled hy the < I I I> silicon plane. is calculated to he 70 µm. These dimensions 

were determined to he optimum by assuming a circular pipe and determining the 
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pressure drop from Poissueille' s t=quallon The pressure drop falls under the 5 KJ>a 

operating drive pressure of the micropump . 

..-igure 2.8 

Results of an Anisotropic •:tch in < I 00> Silicon 

'i4 74 " 

W/2 -
W (:!d)/1 4 

l•i~ure 2. 8. Diagram of the plane controlled anisotropic etch in· 100 · silicon. 

The inlet and outlet at the ends of the channel were constructed hy etching 

holes with a 900 µm diameter on the hack of the silicon wafer This wa'i the width 

that wa'i calculated to etch through a JOO i1m channel and give a final diameter of 600 

µm once it reached the channel . The mask is shown m Figure 2 9 The PH> tuhing 

u~-d for the pump has a 600 µm outer diameter. so in prmc1ple the tuhmg should tit 

the hole at the channel tennini . Figure 2. IO shows a picture of the outlet holes. 
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1-'igure 2.9 

Mask for Inlet/Outlet to Channels 

Holes Patterned on Oppmite Side of the Wafer with ("hannebs 

Al'l-'111Ull Marl 

• 
• • 

• 
• 

Figure 2. 9. Mask for inlct'outlct holes etched through the had of the silicon wafer 
with channels. 
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Figure 2.10 

Picture of Back of Flow {'ell - lnlel/Outlel Holes in a <l00> Si Wafer 

l•i~ure 2. 10. Photograph of the microflow cell with two channels from the hack 
The holes arc the inlets and outlets to the channels 

The electrodes for dctcct10n consist of one platinum working electrode and a 

silver/silver chloride reference electrode deposited on the same side of a 250 µm 

thick three inch glass wafer. The Pt electrode is an interdig1tated array with the 

dimensions for each digit being 20 µm long. IO ~•m wide. with IO µm gaps between 

digits. The electrode backbone width is IO µm, and the total array length is 1100 µm 

and total width is 50 µm. The total area is O 013 mm 2 The silver electrode 

dimensions are 1.2 mm by 0.050 mm giving a surface area of O 06 mm2 The Pt 
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electrode is placed before the Ag electrode. The silver electrode is followed by the 

channel outlet. Both electrodes are aligned in the center of the silicon channel. 

Figures 2.11 and 2.12 show the entire mask for each electrode; the Pt array is shown 

in detail on Figure 2.13. 

Figure 2.11 

Mask for Platinum lntenligitattd Array Dtttrodn on Glau Wafer 

-Alignmcn Marls -

Figure 2. 11. Mask for the platinum intcrdigitated array electrode deposited on 
Pyrex™. 
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Fipre 2.12 

Mm for die Silver Electrode 

AlignmenlMarb 

1 d 

Fipre 2. 12. Mask for silver electrode on the same glass wafer and same side as the 
platinum. 
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Figure 2.13 

Close-up View of Platinum lntt'nligitatNI Arny •:ttttrodt' 

Lead 
to Contact Pad 

/ 
Axes l 

Arrows from 

I 

AutoCAD 
Program 

Lead to Contact Pad 

a 20 Jim 
h IO 11m 

c I OJ1m 
d I I0011m 

Figure 2. 13. Close-up view of platinum intcrdigitated array ek-ctrodc feature of 
platinum electrode mask. 

Anodically bonding the glass wafer with the ek-ctrodc side facing the channel 

in the silicon wafer provides a pennancnt seal for the now cell . In order to 

electrically isolate the electrodes (S1 1s a semi-conductor) a 1 JO nm oxide layer was 

grown over the channel after it had been etched and stnppcd of the original oxide 

layer. Refer to Figure 2.14 for a diagram of the asscmhlcd now cell. 
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Figure 2.14 

Plexiglas™ 

Outlet Hole 
Channel 

Pt Contact 

Micro-Flow Cell (Assembled) 

Ag/AgCI Pyrex™ 

Figure 2. 14. Drawing of the assembled micro flow cell. 

3.2. 7. Microfabrication 

Si02 -

Wafer= 

An explanation of the theories and practices involved in photolithography, 

anisotropic etching. metal deposition and lift-off, and anodic bonding are found in the 

Appendix 2. 1. 

3.3. Experimental 

3.3. I. Plexiglas TMModel 

3.3.1.1. Matmals and Equipmen1 

All reagents were obtained from Fisher Chemical (St. Louis, MO) with the 

following exceptions. Glucose oxidase and horse radish peroxidase IV ( HRP-4, 
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I.U.B I. I I. I. 7, 246,670 U/g) was obtained from Biozyme Laboratories International, 

Ltd. (San Diego, CA). The UltraBind membrane was obtained from Gelman 

Sciences (Fisher, St. Louis, MO). The reagents for Pierce BCA protein 

determinations were from Pierce (Rockland, IL). TMB solution was obtained from 

Kirkegaard & Perry (Gaithersburg, MD). Quarter inch thick clear Plexiglas™ was 

obtained from Allied Glass and Metal (Lawrence, KS). PEEK™ tubing of the 

foJlowing inner diameters: 0.005,0.01 ,0.02 in. was obtained from Upchurch 

Scientific (Oak Harbor, WA). Low pressure 0.125 inch fittings were also obtained 

from Upchurch Scientific. A Molecular Devices plate reader (Menlo Park, CA) was 

used for protein determinations. 

Two configurations of the flow cell were tested. Please ref er to Figures 2.2 

and 2.3 for details. Injections were made with a Valeo (Austin, TX) Cheminert 5000 

valve with an internal sample loop of20 nL. Two potentiostats were used. 

Configuration I used a BioAnalytical Systems (BAS) LC-4A (W. Lafayette, IN) 

amperometric detector, BAS dual syringe pump, and a Linear chart recorder. 

Configuration II used micropotentiostats ( 2x2 inches) built by the Instrument Design 

Lab (IDL) at KU, a KO Scientific 220 multi-syringe pump (Fisher), and a 486 

computer with potentiostat control and data collection software written by the IDL. 

All experiments were done with 0.1 M phosphate buffered saline (PBS) pl-I 7.4 as the 

carrier buff er and the standard diluent buff er. Both 2mm Pt foil and 180 ~1m diameter 

Pt wire were used with a 280 µm diameter Ag/ AgCI reference. 

3.3.1.2. MetT,ods 

3.3.1.2.1. Plexiglas™Model Flow Cell Fabrication 

The flow cell was made by using conventional machining. The channels 

were formed by scratching the Plexiglas™ surface with the tip of a drill bit. Final 
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channel dimensions were estimated from a microscope and are shown in Figure 2.2. 

In summary, the channels themselves are I inch long by 500 µm wide and 50 microns 

deep. The channels are separated by 2 cm. The 0.5 inch thick Plexiglas™ plate is 3.2 

cm wide by 3.8 cm long. It is sandwiched to another Plexiglas™ plate of the same 

dimensions. Note Configurations I and II in Fi1:,'Ure 2.3. 

3.3.1.2.2. Protein Immobilization 

The glucose oxidase was covalently immobilized to Gelman UltraBind 

membrane for the glucose assay. The manufacturer's procedure was followed with 

some modifications. It is summarized here. 

A 4 mm by 2.54 cm strip of UltraBind was cut out with a scalpel. It was 

coated with 60 µL of a IO mg/mL solution of glucose oxidase. It was left covered to 

dry at room temperature (typically 5 to 15 minutes). The active sites were blocked 

with a 0.1 M glycine solution in 0. 1 M PBS (pH 7.4) at 37 °C for 1 hour without 

agitation. Non-specifically adsorbed protein was removed by rinsing the membrane 

in a 0.1% Tween 20 (v/v) in 0.01 M PBS (pH 7.4) at room temperature. The protein 

is attached covalently to the UltraBind membrane through its amine group to an 

aldehyde on the membrane surface. 

3.3.1.2.3. Determination of Protein Loading 

The determination of protein loading was made using the Pierce BCA assay. 

This is based on the biuret assay for protein. Cu2+ is reduced to Cu1+ in the presence 

of amino acids such as tyrosine. Bicinchoninic acid {BCA) forms a 2:1 complex 

with Cut+_ The complexation of the copper ion causes a color change from green to 

purple. The procedure is as fo11ows. A 13 mm diameter hole was punched out of the 

membrane using an office hole punch. This was cut in half with a razor blade or 

scalpel. Each half was placed in the we11 of a microtiter plate. Standards of 

concentration 0.0625 mg/mL to 1 mg/mL were prepared in 0.1 M phosphate buffered 

saline (PBS). To each well 50 µL of standard or blank ( PBS) was added. To the 
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wells with a membrane, 50 µL of PBS was added. To all wells, 200 µL of Pierce 

BCA work reagent prepared according to the manufacturers specifications were 

added. After mixing and incubation for 30 minutes at 37 °C or two hours at room 

temperature, the absorbance was measured on a Molecular Devices plate reader at 

550 nm. Prior to reading, the solution over the membrane was moved to empty wells. 

3.3.1.2.4. Determination of Glucose Oxidase Activity 

The activity of glucose oxidase after covalent attachment to the UltraBind 

membrane was compared to soluble glucose oxidase standards using the following 

method. A solution containing 120µ1 of 200 µg/mL HRP-4 and 240 µL of I M 

glucose (mutarotated overnight) was diluted to 2.5 mL using TMB. On a microtiter 

plate six disks with glucose oxidase immobilized on the surface and JOO µL of PBS 

were added to six wells. Six disks with no protein and 100 µL of PBS were added to 

six wells. Six wells had 0.1 M PBS only. Six wells had I 00 µL of a 1.5 µM glucose 

oxidase solution. To all wells 100 µL was added. The reaction was incubated at 

room temperature for 15 minutes and stopped with 50 µL I M HCI. The absorbance 

was measured at 450 nm on a molecular devices plate reader. The ratio of the 

absorbance units to the concentration of glucose oxidase was used to compare the 

activities of the bound and free enzymes. The blanks were subtracted prior to this 

calculation. 

3.3.1.2.5. Detection of Peroxide and Glucose 

Peroxide and glucose were detected by making injections into a flowing 

stream of flow rate 2 µUmin. The scale of the potentiostats were varied to obtain the 

best peak height and width to work with for visualization purposes. These changes 

were accounted for in all calculations. 
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3.3.2. Microfabricated Flow Cell 

3.3.2.1. Materials a11d Equipme11t 

All photolithography chemicals including primer. photoresist 1818, 

Microposit 351 developer, and Microposit 110 remover were obtained from Shipley 

(Newton. MA). Buffered oxide etch (BOE), acids, bases. and Summa Clean™ were 

obtained as electronic grade from Ashland Chemicals, Inc. (Columbus, OH). Cesium 

hydroxide was obtained at 50% by weight from Aldrich Chemicals (St. Louis. MO). 

All water used for wafer processing was deionized and filtered to a purity measured 

as 12-18 MOhm resistance. Three inch diameter, 300 µm thick, 3-70 <100> silicon 

wafers were obtained from NOVA Electronic Materials, Inc. (Richardson. TX). 

Three inch diameter, 250 µm thick Pyrex™ 7740 wafers were obtained from Vogclin 

Company (Norwood, NH). 

Mask designs were generated using a two dimensional design program, 

AutoCAD by Autodesk, Inc. (San Rafael, CA). The masks were made using a GCA 

MANN 3600F/3696 pattern generator (GCA; Novi, Ml). A Varian electron beam 

evaporator in an ultra high vacuum system (San Fernando, CA) was used to evaporate 

silver and gold. A Norton NRC 31 17 Evaporation System was used to evaporate Pt 

(NRC; Newton, MA). Masks were examined with a Nikon microscope in the clean 

room (Melville, NY). Photoresist was deposited using a Headway Research 

PWMl0l photoresist spinner (Headway Research; Richardson, TX). The 

photolithography of the photoresist used a Karl Suss MJB 3 infrared mask aligner 

(Waterbury, Vf). Etch depths were obtained using a Tencor Pl long scan surface 

profiler. Silicon oxide was deposited using a Thermco (Thermco Systems; Orange, 

CA) diffusion furnace. The thick'lless of the oxide layer was determined using a 

Gaertner ellipsometer from Gaertner Scientific Corporation (Chicago, IL). The 

alignment of the glass and silicon wafers prior to bonding ,vas done using a Karl 

Suss vacuum arm with a Nikon transmission microscope. The anodic bonding 

apparatus was composed of two 500 V maximum power supplies, a hot plate 
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(Coming; Coming, NY), positioning ann (Karl Suss) in a in-house produced 

purgeable box. 

3.3.2.1. Fabrication Procedures and Results 

All processing occurred in a Class 1000 clean room with the exception of the 

following procedures : Platinum evaporation, wafer dicing, and anodic bonding. 

3.3.2.2.1. Silicon Processing 

3.3.2.2.1.1. Method 1 

Etch ofJnlet/Outlet Holes In Silicon Wafer. A 0.9 µm oxide layer was grown on 6 

wafers prior to photolithography. Photorcsist 1818 was then spun on the rough side 

of all 6 wafers at 4000 rpm for 30 seconds following treatment with an adhesion 

promoter (10 sec stand, 10 sec spin at 4000 rpm). A 30 second pre-bake on a hot 

plate at I J 5°C followed. Then, using the UV mask aligner, the back side 

(unpolished) was exposed for 12 seconds with the inlet/outlet mask. Alignment to 

the flat was somewhat difficult because there were no alignment marks on the mask 

to indicate if the mask was centered on the wafer. After development in developer for 

60 seconds and a 3 minute rinse, the wafers were baked for 5 minutes at 120°C. The 

polished side was then protected with photoresist 1818, and a 25 minute bake at 

I25°C followed. All 6 wafers were then left in 6: I buffered oxide etch ( BOE) for 

20 minutes. This left the pattern of the channels etched into the oxide layer. 

Following a quick rinse, only 3 wafers continued to a 50% CsOH etch bath 

with stirring at 80°C . The etch rate was detennined to be I. I µm/min using the 

Tencor profiler. After 205 minutes, the holes were etched to an average depth of 230 

µm, so the etch ,vas stopped. The etch ,vas stopped to make it easier to apply 

photoresist in the next step. The presence of holes made it very difficult to apply an 
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even layer of photoresist, and thus compromises the oxide layer during the BOE etch 

of the SiO2• 

Etch of Channels in Silicon Wafers. Three of the wafers processed as above were 

further processed. Again, photoresist 1818 was used to protect the polished side. 

This was aligned to the channel mask and to the pits already etched on the back using 

the infrared aligner. The alignment marks were too far from the center of the chuck 

for good alignment using them, but the channels were aligned to the holes 

themselves. The exposure time was as above. The protection of the back with the 

pits was accomplished two ways. On one wafer, photoresist was spun as usual. but 

patches that were not covered with photoresist were covered by hand then respun. 

This survived a 10 min. BOE dip with the only f catures exposed being on the edge of 

the wafer. The other wafers were protected with a 100 A layer of titanium then 5000 

A of silver. Tiny pinholes that were not covered by silver were then protected by 

using the conventional photoresist 1818 coating. After the postbake, the wafers were 

left in BOE for 10 minutes with no evidence of incomplete protection of the oxide 

layer. The photoresist was removed with photoresist remover, and the silver was 

removed with nitric acid (25 seconds). The titanium was removed with a 30 second 

dip in 10: 1 BOE. The first wafer ( coated only by photoresist 1818) was etched for 2 

hours in 50% CsOH, with a rate of 20 µm/hour. Not satisfied with this rate, we 

increased the temperature to 70-75 °C. The wafers coated with silver as well as 

photoresist were then etched in CsOH at 75 °C. The etch was finished after 3 hour at 

this temperature. The final dimensions of all three wafers were a channel width of 

140-150 µm and a depth of 80 to 90 µm. 

The oxide was stripped after the etch using 6: I BOE. The wafers were then 

oxidized using a dry oxidation to form a 130 nm layer of oxide prior to bonding. The 

wafers were cut in halfvvith a diamond scribe, then cleaned in 3:1 sulfuric acid to 

hydrogen peroxide (piranha) for 15 minutes immediately prior to bonding. 
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3.3.2.2.1.2. Method 2 

The procedure was as above with the following exceptions. The protection of 

the rough side prior to the BOE oxide removal step was achieved using only 

photoresist 1818 applied in patches to areas stilJ exposed after the usual application 

and spin at 4000 rpm. The final dimensions were as above. 

3.3.2.2.1.3. Method 3 

Method 2 was followed with the following exceptions. After the first etch of 

the inlet/outlet holes, there was a significant amount of white particles on the surface 

of the wafers. The wafers were cleaned in Summa Clean for 15 minutes with 

sonication at 40°C. This broke the thin silicon ftlm at the bottom of the pits, so the 

holes were etched through. In order to apply photoresist to each side for the 

subsequent photolithography and BOE oxide removal step, the following changes 

were made. 

Blue contact paper used for wafer dicing was applied with heat (50°C) to the 

polished side of the ,vafer. Photoresist ,vas then applied as in Method l. The contact 

paper was removed, and a 30 second pre-bake on a hot plate a I 15°C followed. The 

same piece of contact paper ,vas reapplied to the photoresist coated, unpolished side. 

Photoresist 1818 was then applied without promoter and spun off at 4000 rpm. The 

contact paper was removed, and the wafer was pre-baked at 125°C for 15 minutes. 

Then, the polished side ,vas exposed with the channel mask using the IR mask aligner 

as in Method 1. The ,vafer ,vas developed as in Method I. 6: I BOE ,vas used as 

above for the removal of the exposed oxide layer, but the duration was 15 minutes. 

The CsOH etch that followed ,vas at 80 °C and the etch time ,vas 2 hours. The final 

channel dimensions were I 00 µm wide by 80 µm deep. 

3.3.2.2.2. Glass Processing 
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Six Pyrex wafers were annealed using the manufacturers recommendations. 

These shattered in the deionized water cascade, so no annealing was used for the 

glass wafers. 

3.3.2.2.2.1. Method 1 

Platinum Electrode Photoresist was deposited on one side of the glass wafers as 

described above. The alignment to the mask for the Pt electrodes was somewhat 

difficult without a mark dead center, however, this did not present a problem in the 

final results. A twelve second exposure time was used. 

Chromium was first evaporated onto the glass to yield a 75 A thick layer, 

followed by an 803 A Pt layer. This was lifted off by emerging 30 seconds in 

acetone, leaving the electrodes. The fragments of Pt that stuck to the wafer were 

easily removed by l :3 H20 2:H2S04 in 10 seconds with no adverse effects to the Pt 

array. 

Silver Electrode After cleaning, a second layer of photorcsist was deposited on the Pt, 

this time exposed with the silver electrode mask. A IO second exposure was 

sufficient. This time, the photoresist was not post-baked. A 2000 A layer of silver 

was deposited on the Varian on a 25 A Cr layer. Unfortunately, the wafers were 

rotated during deposition, and good step coverage was achieved. As a result the lift-

off in acetone took 2.5 hours. This also may have compromised the resolution of the 

Pt interdigitated array. The wafer was cut in half with a dicing saw, then cleaned with 

piranha prior to bonding ( 10 seconds). 

3.3.2.2.2.2. Method 2 

Platimm1 Electrode The photolithography procedures varied as follows. UV 

exposure times were varied from 6 seconds to 12 seconds. The optimum time was 
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detennined to be 8 seconds. Additionally. a vacuum contact was used to make 

contact between the mask and the wafer to improve resolution. Finally. the developer 

used was mixed in the high resolution fonnula of 5: 1 deionized water to Microposit 

351 developer as recommended by the manufacturer. Metal deposition. lifi-ofT. and 

anodic bonding pre-treatment were not varied from Method I. 

Silver Electrode The only variations were that a 100 Angstrom Cr adhesion layer 

was used, and Ag was deposited to a thickness of 5000 A. 

3.3.2.2.2.3. Method 3 

Platinum Electrode All procedures were as in Method 2 except that there was no 

photoresist post-bake. After initial problems with piranha removing the Pt. the wafers 

were cleaned in sonicated 40 ° C nanopure water for several seconds with no ill 

effects to the Pt. 

Silver Electrode No silver electrode was deposited 

3.3.2.2.2.4. Method 4 

Gold Electrode All procedures are as in Method 2 except that Au was used instead of 

Pt. 

Silver Electrode No silver electrode was deposited. 

3.3.2.2.3. SiOrGlass Bonding 

Figure 2.15 is a drawing of the anodic bonding apparatus used for both 

methods described below. 
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3.3.2.2.3.1. Method 1 

The halves were aligned by aligning the electrode in the channel under the 

microscope using a positioning arm with vacuum suction to hold both the glass wafer 

and the silicon wafer in place during the alignment. The alignment was held in place 

with an aluminum bracket on a quarter inch thick, four inch square aluminum plate 

placing ceramic pieces between the aluminum bracket and the aluminum plate and 

the bracket and the wafer to prevent electrical contact. The vacuum was turned olT. 

The entire bracket and holder was transferred to the hot plate. Glass with Pt and Ag, 

just Pt, and just glass were used to make a total of 4 bonded flow cell arrays (2 flow 

cells per halt). The bonding conditions did not vruy. The applied voltage was 1 KV 

and the temperature was 400 -450 °C. Total bonding time was 1 hour. The 

electrode for bonding was moved once during bonding after 30 minutes. The Pt was 

unaffected, but the Ag disappeared after 20 minutes of bonding. The current 

hypothesis is that it oxidized and diffused into the glass to replace the sodium ions 

moving into the silicon. 

3.3.2.2.3.2.Method 2 

The procedure followed was as above except that the anodic bonding chamber 

was purged with nitrogen gas for 30 minutes prior to the introduction of the wafers 

into the chamber, then throughout the bonding procedure itself to minimize oxidation 

of the Ag. 
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Figure 2.15 

N2 Gas-Filled Chamber 

High 
Voltage 
Power 
Supply 

+'KV_ 

Micro 
Ammeter 

Anodit Bonding Apparatus 

Probe 

ffot Plate at 450 °(' 

Figure 2. 15. Schematic of anodic bonding apparatus. 

3.3.2.2.4.Bracket 

Aluminum 
Plate 

A 4 x 4 inch 0.25 inch thick Plexiglas™ square with two holes drilled on 

opposite diagonal comers is used as the base. A 3.5 inch long, 0.5 inch wide 

Plexig]asTM with one hole drilled on either end and two holes aligned for use with the 

inlet/outlet holes on the flow cell in the center forms the top piece. The top piece 

also has a 0.25 inch thick silicone rubber piece also with two holes for the inlet/outlet 
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holes on the channel. These center holes accommodate 0. 125 in. o.d. tubing. The top 

piece is held to the base using two alien head screws. 

3.3.2.2.5. Ag/AgCI Electrode 

In order to form a Ag/AgCI electrode in the channel, a 3 M FcC13 ( in 0.1 M 

HCI) solution was pumped through the channels containing a Ag thin layer electrode. 

The voltage was measured vs. an external reference electrode to determine if a AgCl 

electrode had been formed. Additionally, pieces of anodically bonded Pyrex were 

treated in the same way. The reference electrode used was a 280 µm diameter silver 

wire ( 1.5 inches long) immersed for a minimum of30 seconds in a 3M FcCl3 ( in 

0.1 M HCI) solution. The surface area was 0.33 cm2• The surface was stable for 

approximately 24 hours of use. The surface AgCI layer could be refreshed several 

times on the same wire using the same FeC'3 solution. 

3.3.2.3. Protei11 lmmobilizatio11 

3.3.2.3.1. Materials 

The glucose, glucose oxidase, and BCA reagents were obtained from the same 

sources as for the Plexiglas™ model. Bovine scrum albumin (BSA) was obtained 

from Aldrich (St. Louis, MO). One µm diameter magnetic beads, Dynabcads M-450, 

were used with an I I ,000 Gauss magnet in a 24 well plate configuration both from 

Dynal (Lake Success, NY). Hydrogen peroxide (31. 9% v/v), sodium chloride, 

hydrochloric acid, sodium phosphate, potassium phosphate, and phosphate buffer (pH 

7.4) were obtained from Fisher Chemical (St.Louis, MO). 

3.3.2.3.2. Immobilization of Glucose Oxidase to Magnetic Beads 

3.3.2.3.2.1. Method 1 

In a 24- well plate, approximately l ml of tosyl activated magnetic beads 

(4xl08 beads/mL) were added. After placing the plate on a magnetic plate, the 
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supernatant was withdrawn. The beads where then washed with 1 mL of 0.1 M 

borate buffer (pH 9.5XBuffer A) and resuspended in 0.5 mL of the same buffer. To 

this solution was added 0.5 mL of0.4 mg/mL GOx in borate buffer and incubated at 

room temperature for 24 hours on an orbital shaker at 210 rpm. The supernatant was 

removed and the beads were washed twice with I mL of 0.1 M PBS ( pH 7.4) for 5 

minutes on the orbital shaker. After discarding the wash solution, the beads were 

then resuspended in 10% ethanolamine in Buffer A (Buffer 8) and incubated for 2 

hours at room temperature. After washing as above in 0.1 M PBS, the beads were 

resuspended in 0.5 mL of PBS. 

3.3.2.3.2.2. Method 2 

Method 1 was followed except for the following two differences. The buffer 

used for the washes and final resuspension was 0.1% (w/v) BSA in 0.1 M PBS ( pH 

7.4). The second incubation lasted 24 hours instead of 2 hours using 0.1 % {w/v) 

BSA in 0.2 M Tris (pH 8.5). 

3.3.2.3.2.3. Determination of GOx Loading on Magnetic Beads 

The Pierce BCA test ( Pierce, Rockford, IL) was used to determine the 

amount of protein immobilized on the magnetic beads. The procedure is as follows. 

Ten microliters of either soluble glucose oxidase standard, PBS blank, or magnetic 

beads are added to 0.6 mL microcentrifuge tubes. To this, 200 microliters of Pierce 

BCA work reagent prepared according to the manufacturers specifications are added. 

After mixing and incubation for 30 minutes at 60 °C, the absorbance is measured at 

542 nm on a Beckman DU 640B {Beckman Instruments). The tubes containing 

magnetic beads were spun down prior to UV detection in a microcentrifuge at 200 

rpm. The concentration and mass ofGOx immobilized is determined using a 

calibration curve measured from soluble GOx standard solutions Oto 250 µg/mL in 

0.1 M PBS ( pH 7.4) in increments of 50. 
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3.3.2.3.2.4. Determination of GOx Activity on Magnetic Beads 

The trials were performed at room temperature with constant stirring using a 

bent g]ass rod attached to a mechanical stirrer. The working electrode was a Teflon 

coated Pt wire with approximately I cm of Teflon removed and then dipped twice 

into a 4 % cellulose acetate solution. The reference electrode was Ag/AgCI. The 

applied potential was+ 600 mV. 

After obtaining a stable current baseline at the applied voltage in 4.0 mL of 

0.1 M PBS, 10 microliters of GOx-magnetic beads were added. After the current 

stabilized, IO microliters of an 18% glucose solution ( in water) was added for a final 

concentration of2.5 mM. The current change was measured as a function of time. 

3.3.2.4. Flow Cell Emluation 

3.3.2.4.1. Materials and Equipment 

The materials and equipment used here arc the same as in the Plexiglas™ 

flow cell with the following exceptions. The valve was connected to a syringe pump 

and to the flow cell with 780 µm i.d., I mm o.d. Teflon FEP tubing (Cole-Parmer). 

To reduce dead volume, all the data collected using the Au interdigitated array 

electrode (IDA) flow cells was collected using 200 µm i.d. PEO tubing threaded 

through the above Teflon tubing (Cole-Parmer). A micropump made by Jim 

Cunneen at UIC was used. The pump was connected using the same Teflon FEP 

tubing as above. 

3.3.2.4.2. Peroxide Determinations 

All solutions were prepared fresh daily from 31.9% hydrogen peroxide ( as 

received from manufacturer) in 0.1 M PBS (pH 7.4). 
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3.3.2.4.3. Glucose Determinations 

Glucose was prepared as an I M stock solution in 0. I M PBS, mutarotatcd 

overnight at 4°C. 

3.3.2.4.3.1. Method 1 

IO microliters of magnetic bead stock solution were diluted to I mL in 0.1 M 

PBS. The flow cell was filled with the solution and held with a magnet. Then a 

18% glucose solution was injected using the Valeo valve described above. 

3.3.2.4.3.2. Method 2 

IO microliters of magnetic bead stock solution diluted to 1 mL of 0.1 PBS was 

mixed with an aliquot of I M glucose solution prepared in 0.1 M PBS. After a 30 

second incubation, this solution was injected. 

Method 3. Same as Method 3, but the solution was used as the carrier stream. 

3.3.2.4.4. Determination of Sensitivity 

Since calibration curves were not generated, sensitivity was determined by 

taking the ratio of nA current to mM peroxide or glucose at a particular 

concentration. 

3.3.2.4.5. Determination of Flow Rate Independence 

Using both PBS and peroxide as the flowing stream, the flow rate was varied 

from 0.5 microliters/min to 40 microliters/min while recording the baseline current. 

3.4. Results 

3.-1. l. Plexiglas™ A/ode/ 
The protein immobilization on the UltraBind membrane was first evaluated. 

The average loading was 850 pmol/cm2 ± 2.5%. This was close to the monolayer 

coverage calculated to be 900 pmol/cm2• On one channel, the amount of protein was 
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11 pmoles. This is ten times higher that what could be immobilized on the surface of 

the microfabricated channel walls if maximum coverage is achieved. The activity, 

shown in Table 2.1, only decreased one order of magnitude as a result of 

immobilization. Thus, the membrane possessed good qualities as a potential 

immunosorbent surface. 

Table 2. 1 

Results from the Immobilization of Glucose Oxidase on Ultra Hind Membranes 

Soluble Glucose Oxidasc Immobilized Glucose Oxidase 

Density 850 pmol/cm.l .. 

Activity 2.0 x 10-3 au/nM 2.5 x Io"" au/nM 

** This is the surface coverage divided by the geometric area of a 13 mm 

diameter disk of membrane (0.283 cm2) 

The Plexiglas™ model in Configuration r was demonstrated to detect low 

concentrations (250 nM) of glucose in 20 nL sample volumes in a channel with a 

total volume of 6 mL with a current density of 4 pA nM-1 mm-2 (Figure 2.3). Low 

limits of detection for glucose were achievable using a sandwich flow cell with 

narrow, shallow channels and a high surface area MRE-bound membrane. However, 

the advantages of using a high surface area membrane with reproducible covalent 

surface coverage by protein were offset by the irreproducible nature of water 

absorption, and membrane deformation. 

The presence of the membrane resulted in problems with reproducibility, 

linearity, and detection limits due in part to the following: 

I. Uptake ofliquid by the MRE-membrane 

2. Uneven flow cell seal due to MRE-membrane 
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3. Mechanical instability of membrane (tearing) 

4. Increased dead volume at the detector (Pt electrode) observed in 

Configuration II. 

Immobilization of the electrodes was required for a reproducible electrode 

area in contact with the sample plug. However, immobilization of the electrodes is 

further complicated by the presence of any membrane or spacer. This is illustrated by 

the results obtained from Configuration II. The dilution at the detector by having the 

membrane act as a spacer between the electrode and the channel is evident in the 

lower LOO obtained. The results from both configurations arc listed in Table 2.2. It 

is seen that the addition of the spacer causes a decrease in LOD from 250 nM to I 0 

mM. The dramatic decrease in LOO and non-linear behavior reflect an additional 

complication of Configuration II - leaks around the detector due to the presence of 

the membrane. 

The unsealed sandwich flow cell that was modeled above proved to be 

cumbersome. In spite of the obvious advantages afforded by the ability to switch out 

a high density immunomembrane, the design for the microfabricated flow cell was 

reevaluated. Based on the requirements determined from the Plexiglas™ model, a 

new flow ceJl design was proposed to eliminate the above problems using the 

microfabrication technology available. The new design caJlcd for the foJlowing: 

I. No removable membrane 

2. Anodically bonded sandwich system - minimize leaks 

3. Two Channels - 600 nL volume per channel 

4. Coplanar micro lithographic indicating/reference 

electrode. 

For a detailed explanation of the final design dimensions and fabrication 

methods refer to the Theory and Experimental sections. 
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Table 2. 2 
The Detection of Glucose in Two Model Plexiglas TM Flow Cell Configurations 

Configuration I Configuration II 

Analytical 250nM l0mM 

LOD 

Sensitivity 4.8nA/µm not linear 

Linear 250 nMto I µM not linear 

Range 

3.4.1.J. Alicromac/1i11ed !tlicro Flow Cell 

3.4.1.1.1. Etch 

The yields of the different fabrication methods are listed in Table 2.3. The 
results from etching were good, but there were problems meeting original 

specifications. The dimensions obtained with Method 1 resulted in channels that 
were 50 % wider and 30% deeper than designed. The presence of metal was not the 
cause, since the first wafer was never coated with metal. This leaves two factors. the 
elevated temperature or the length of the etch time. No evidence exists for the fact 
that the elevated temperature should adversely affect the channel dimensions (22). 
Method 3, the shortest etch time, met specifications closely, therefore it is concluded 
that the etch time alone prevented the channels from meeting the dimension 
specifications in Methods 1 and 2. Additionally, it was shown that using silver to 

protect the backside of the wafer where the inlet/outlet holes were etched was not an 

improvement over using photoresist 1818 spun and hand applied. 

A top view of the bonded flow cell is shown in Figure 2.16. Note the 90 ° 
comers are over-etched This acts as a velocity diffuser allowing more time for 
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molecules to diffuse to the wall but also broadens the sample plug. While this can be 

corrected using comer compensation, we decided to leave the corners broader to 

allow for the option of trapping beads or molecules in the comers. 

Figure 2.16 

Top View of Bonded Flow Cell - Channels Etched In Si Viewed Through Pyrex111 

Co,·cr 

Figure 2. 16. View of channels etched in silicon throught the Pyrex top (anodically 
bonded). 
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3.4.1.1.2. Metal Electrodes 

Of specific interest is the fabrication of the thin film Pt and Au electrodes. 

While Au is a much less sensitive surf ace for electrochemically detecting peroxide, it 

has the advantage that the thin film is quite rugged compared to platinum. The lift-

off method of depositing electrodes requires that the surface in the area developed be 

free of photoresist. Unlike Pt, the Au adhesion to glass is very good, and minor 

differences in the surface of the glass do not effect it. Platinum, a much better metal 

for detecting peroxide, gives more variable results. While good adhesion was 

observed for Methods I and 3, Method 2 gave very poor results. One solution to this 

problem was to bake the Pyrex wafers at l 50°C for an hour or more prior to 

photolithography to dehydrate the surface. This presents a reproducible surface to 

the photoresist, whose solubility is affected by moisture. Another key parameter is 

the omission of the post-bake. The post-bake serves to decrease the solubility of the 

photoresist, making the lift-off step in acetone prolonged. For metals such as Au and 

Ag where adhesion is strong, this significantly decreases the time required for lift-off. 

Additionally, in the case of Pt where adhesion is poor, it prolongs the time required 

and increases the need for agitation, thus jeopardizing the integrity of the Pt layer. 

Finally, the removal of small pieces of Pt+ photoresist 1818 remaining on the glass 

wafer after lift-off by sonicating in warm water in Method 3 preserved the small 

features of the interdigitated array. 

3.4.1.1.3. Anodic Bonding 

The anodic bonding procedure was reproducible and succcssf ul. However, 

the requirement of high temperatures and voltages severely limits the materials that 

may be incorporated in this type of flow cell. This was evident in the survival of 

silver. While a thicker silver layer, as in Method 2, did not disappear on bonding. it 

did oxidize. Treatments with a 25 % sulfamic acid solution to dissolve the oxide 

Jayer after bonding did not provide a surface that reacted with the iron chloride 

solution to form the Ag/ AgCI layer. This was also demonstrated on Ag deposited on 
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Pyrex that had not been sealed in the flow cell. However, an external Ag/AgCI wire 

used as a reference did work well, with background currents in the range of0.5 to JO 

nA. 

Anodic bonding was attempted at various temperatures and voltages. 

However, complete bonding over the entire surface area did not occur below 400°C 

at l KV. 

3.4.1.1.4. Final Assembly 
The bracket for making connections was leak free for approximately 10 to 15 

uses. After this point, the Plexiglas™ top piece became too flexible. The silicon seal 

was effective for about the same period of time, but flipping it over increased its 

lifetime. While replacement of these pieces is possible, this behavior suggests that 

the seals and interconnects should be designed first, then the flow cell made to fit 

them. This is also consistent with the observations made while evaluating the flow 

cell. 

Electrical connections to the flow cell were made using Ag epoxy cured at 

150°C for I hour. This made good electrical contact However, the combination of 

the bracket and the weight of the epoxy on the brittle glass resulted in breakage after 

2 to 5 days of continual use. Flow cells tested only for flow characteristics, and 

therefore, not connected to the potentiostats, did not exhibit this fragility, and were 

able to survive weeks in the bracket without cracking. This suggests that a circuit 

board connector should be designed to make electrical contact. 
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Table 2. 3 

Fabrication Yield 

Substrate Procedure t Theoretical Actual Device Percent 

Device Total Total Yield 

Silicon Etch l 12 10 83 

Silicon Etch2 12 10 83 

Silicon Etch3 24 20* 83 

Pyrex Pt 1 12 0** 0 

Pyrex Pt 2 24 3 12.5 

Pyrex Pt/Ag 3 24 21 87.5 

Pyrex Au4 12 12 JOO 

Anodic Bonding 3 3 100 

l 

Anodic Bonding 12 12 100 

2 

* Loss due to dropping and breaking a wafer 

** Loss reflects the loss of interdigitatcd array resolution. The Pt electrode still 

functioned as a macro working electrode in further tests. 

t Nomenclature is the name of the process and the method number from the 

Experimental section. 
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3.4.1.1. Performance Evaluation 

3.4.1.2.1 .Demonstration of Micropump, Micro Flow Cell, and Micropotentiostats. 

Initially the flow cells with the macro Pt electrode were evaluated using a 

microfabricated pump designed and made by Jim Cunneen at UIC (Figure 2.17). A 

schematic of the pump and how it works is found in Figure 2.18. A photO!,'lllph of 

two micropumps is shown in figure 2.19. Note the scale. 

Figure 2.17 

Schematic Cross-Section of a Micropump 

DM:Prmuc ru 
la 

Silicon I 2BJ~ 
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Figure 2. 17. Drawing ofmicropwnp. 
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Figure 2.18 

Schematic Diagram of Pump Operation 

Order of Scheme: 

1. Quiescent State 2. Empty Chamber 3. Valves Change State 4. Fill Chamber 

S. Valves Change State 

Figure 2. 18. Schematic of pwnp operation. 

90 



Figure 2.19 

Two Micropumps from a Two Inch Pump Wafer (8 Pumps/Wafer) 

Figure 2. 19. Picture of two pumps. 

Five to ten microliters of a 70 mM hydrogen peroxide was injected directly 

into the soft tubing connecting the outlet of the pump to the flow cell. Detection was 

at 660 m V applied voltage versus an external Ag/ AgCI electrode. A photograph of 

the system is shown in Figure 2.4. The results from this type of injection is shown 

in Figure 2.20. It shows a left-skewed Gaussian peak. The flow rate was 

approximately 5 microliters/min. Injection of buffer produced peaks that were 

significantly smaller, and looked like spikes from air bubble introduction. Only one 

pump could be operated at a time, because only one pneumatic drive was available. 
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In addition, the injection was not reproducible, so the remaining experiments used the 

Valeo valve and syringe pump described in the Experimental section. 

Figure 2.20 
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Figure 2. 20. Detection of peroxide using the micropump and micro flow cell. 

3.4.1.2.2. Evaluation of the Pt lnterdigitated Array 

Twenty nano liter injections of 8. 5 mM and 17 mM peroxide produced 

reproducible peaks. Table 2.4 shows the peak heights, widths, and areas. Injections 

of 17 mM were also reproducible, and the results were not linear. This is perfectly 

consistent with what has been reported in the literature (23). The current density for 

the thin film interdigitated array reported in Table 2.5 is 1000-fold lower than 

calculated value and 400 fold lower than the current density observed in the Plexiglas 

TM model. 

The calculated value does not take into account differences in electron 

transfer rates at different metals. Therefore it is more reasonable to compare the 

interdigitated array (IDA) with the Plexiglas TM model than the calculated value. The 
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difference could be accounted for by two explanations: 1. The oxidation potential of 

peroxide is different on the thin layer Pt IDA than the bulk electrode or 2. Dilution of 

the sample plug. 

The first case is the least likely. Prior to injecting peroxide, the flow cell was 

filled with 85 mM peroxide. The current was off scale at 0.6 V vs. Ag/AgCI. The 

background current. however, was low, so it is not likely that water was being 

oxidized. Thus it is confirmed that the peak maximum is at the appropriate voltage. 

The second case is highly probable. The 100 µm i.d. Peck™ tubing used with 

the Plexiglas™ model was too heavy and inflexible to use with the microflow cell. 

The Teflon™ FEP tubing used had an inner diameter of280~1m. Recall that the 

volume is proportional to the cube of the diameter. Thus a 3 fold increase results in a 

27 fold dead volume increase. 

Before the remainder of a calibration curve could be produced, the flow cell 

broke at the electrode contacts. The baseline current did not vary with flow rate, as 

was observed with the macro electrode. Following this, a lower weight of silver 

epoxy was used to minimize the pressure on the glass. 
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Figure 2.21 

8.5 mM Peroxide Injected in Flow Cell with Pt IDA 08/09/97 
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Figure 2. 21. Evaluation of platinum interdigitated array. 

Table 2. 4 

Summary of Data from Pt lnterdigitated Array Electrode 

Concentration 

8.5mM 

0.17 nmoles 

l7mM 

0.34 nmoles 

Av. Peak Height 

(nA) 

7.41 ±0.2 

7.43 ± 0.1 

94 

Av. Peak Area 

(nA sec) 

652 ± 17 

465 ± 47 



Table 2. 5 

Calculated and Actual Current Densities for Peroxide and Glucose 

Current Density 

Calculated (Pt) 

Calculated (Au) 

Plexiglas™ Model - Pt Glucose 400 mA M·' cm~2 

Au IDA electrode - Glucose 

Pt IDA peroxide 

Au IDA peroxide 

3.4.1.2.3. Evaluation of Au lnterdigitated Array. 

An 85 mM solution of peroxide was used to evaluate the flow cell. Since 

results using the injector were uneven, the flow cell was evaluated by switching from 

a PBS run buffer to the peroxide solution. Table 2.6 lists the results. The flow rate 

was varied from 0.1 to 40 µUmin with both PBS and peroxide. The average current 

determined from the second peak in Figure 2.22 reported in Table 2.6 below was 

determined during the period of I minute while the flow rate was varied. The 7 % 

standard deviation reflects the flow rate independence of the electrode. After one 

minute the current decreased steadily, again even while varying flow rate, as the Pt 

oxide layer was saturated. Again, the signal is shown to be flow rate independent. 

The true limit of detection could not be determined, as injections produced 

irreproducible results. 
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Figure 2.22 

85 mM Peroxide in Au IDA Flow Cell 
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Figure 2. 22. Evaluation of gold intcrdigitatcd array electrode. 

The current densities given for the Au and Pt interdigitatcd arrays in Table 2.5 

are approximately the same. This is surprising., since Au gives about five times less 

current than Pt for peroxide detection (23). This is most likely due to the fact that in 

the case of the Pt electrode, the currents were determined from injections while in the 

case of the Au electrode, the current was determined by filling the flow cell with 

peroxide. Thus the steady state is reached in the case of gold. 
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Table 2. 6 

Average Current for a Flow Cell with a Au IDA Electrode 

Concentration 

85mM 

Average Current 

at Plateau 

n=5 

75 ± 5.4 nA 

3.4.1.2.4. Evaluation of the Au Electrode Using GOx Labeled Magnetic Beads 

3.4.1.2.4.1 .• Magnetic Bead Immobilization 

The primary difference between the two methods used to immobilize material 

on the magnetic beads was the block step. It seems that the use of a bovine serum 

albumin solution (BSA) to block the remaining active sights gave better results than 

the ethanolamine block. However, it is worth noting that the two methods were only 

demonstrated once. Therefore, differences could also be attributed to experimental 

technique at this point. 

It is also worth noting that the activities, given in Table 2. 7, are one order of 

magnitude higher for the soluble protein than for the magnetic beads. This suggests 

that further optimization of the immobilization method must be done to attempt to 

bring the activity up. 
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Table 2. 7 

Protein Loading and Activity of Glucose Oxidase Immobilized on Magnetic 

Beads 

Biomolecule Protein Rate ( Response lo Activity 

Concentration in 2.5 m/,,1 Gluco.-.e) (nA mi11·1 Af1) 

Electrochemical Cell in nAlmin 

IO µL GOx-beads 9.7nM 1.54 0.16 

(Method l) 

10 µI GOx-beads 37nM 2.41 0.24 

(Method 2) 

l O µL 200 µg/mL 3.1 nM 63.2 20 

GOx 

5 µL 50 µg/mL GOx 0.78 nM 8.07 IO 

3.4.1.2.4.2. Evaluation of Beads in the Flow Cell 

First, the beads with GOx were added to the flow cell by pumping a solution 

of 10µ1 beads diluted to 1 mL in PBS through the cell. Then, the flow cell was 

placed on top of the magnet array. The flow was stopped to allow the beads to settle. 

After 5 minutes, the beads were assumed to be settled. After the addition of the 

magnetic beads, an increase in current was observed at 8500 seconds (Figure 2.23). 
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Figure 2.23 
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Figure 2. 23. Evaluation of gold interdigitated array using glucose and glucose 
oxidase labeled magnetic beads. 

An increase in current was also observed in the determinations of glucose oxidase 

modified magnetic bead activity when the beads were introduced into a 4 mL 

electrochemical cell ,vith a Pt electrode at 600 m V vs. Ag/ AgCI reference (Figure 

2.24). 
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Figure 2.24 

Injection of GOx-Labeled Magnetic Beads into a 4 mL Electrochemical Cell 
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Figure 2. 24. Injection of glucose oxidase - labeled magnetic beads to a 4 mL 
electrochemical cell. 

Injection of20 nL of a IM glucose solution in PBS into the flow cell gave no 

response. Then 0.5 mL of IM glucose was then mixed with the 0.5 mL of the beads 

off-line at time 9700 seconds. A 1 minute incubation time was allowed. The channel 

was filled with this solution. This gave a 50 nA response. Before further 

experiments could be performed. again the flow cell broke at the electrode contact. 

The current density, however, given in Table 2.5, was also I 000 fold less than what 

was obtained from the Plexiglas™ flow cell. This is consistent with the behavior 

observed for just peroxide. It suggests that the problems with injecting glucose when 

beads were in the channel (i.e. no signal) resulted from solvable problems such as the 

interconnects or the geometry of the magnet. 
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3.5. Discussion 

The fabrication template detennined from the results of the silicon and glass 

processing relies on using Etch Method 3, Pt Deposition Method 3, an external 

Ag./AgCl reference electrode, and Anodic Bonding Method 2. The critical steps, 

respectively, are: I. Protection using photoresist only; 2. Final rinse of Pt electrode 

in warm water with sonication; 3. Omit an on-channel reference electrode; 4. Use a 

nitrogen purge to prevent oxidation of sensitive metals. The total estimated time for 

one person to fabricate 6 wafers (24 flow cells) is five days. 

While the fabrication of the flow cell is now a standard procedure, the 

evaluation was necessarily incomplete. The interconnection of the fluid and 

electrical components was a limiting factor. Jury-rigging, of course, could have 

produced more data, but its reproducibility would still be in question. This points to 

the next step - a rationale design of the interconnects - both fluid and electrical. 

Following this, any changes in the design of the flow cell could he made. Since 

design changes would effect primarily geometry, the fabrication methods outlined 

here could be used. Thus, this work describes a blueprint for the fabrication of 

further flow cells, to be tested using appropriately designed interfaces. 

Wilson and Zhang's work shows that at greater than I mM peroxide, the 

behavior of the Pt electrode is non-linear (23). They attribute this to the saturation of 

the surface oxide with peroxide or oxygen. Thus the surf ace concentrations are no 

longer dependent on the bulk concentration. Our results from the micro flow cell 

with the Pt electrodes are perfectly consistent with this observation. Unfortunately, 

the LOO was too high, so work at lower concentrations \\'35 out of the question. 

Some of the differences in the calculated and actual current density probably 

reflect dilution. The dead volume of the cell \\'US limited by the number and volume 

of interconnects required. This supports our first conclusions regarding the 

interconnects. The current density difference was approximately 1000 fold A factor 



of 100 cou]d be derived from the total ceJI volume, if the sample completely diffused 

through the channel. It is somewhat unlikely, however, as the channel was also filled 

with solution. This suggests a truly reduced current density. A high dead volume 

does, however, explain the difficulty in detecting injected volumes. This could have 

easily been caused by the tubing used to connect the valve to the flow cell. 

Janata suggested that the presence of adhesion layer would adversely cff cct 

electrochemistry on platinum and gold thin films (2-1). However, the reported 

difficulties are an increased response time, and a change in potential. The change in 

potential was not observed, as hydrodynamic studies showed maximums at the 

expected potentials. Response time was not measured, but depending on the 

application, it is not necessarily a concern. Also, in this case the solution resistance 

with PBS filling the channel was high, 10 Mn, so the time constant for response is 

most likely dominated by this. 

It is more likely that instability in the connections arc directly responsible for 

the uneven evaluation. Therefore, the best solution to the observed problems is to 

repeat the evaluation of the flow cell with new connectors, both fluidic and electrical. 

So far, the results can not be readily explained by insufficient electrode area or 

defects in the thin film electrodes. 

The issue of the use of the magnetic beads is separate. Again, the evaluation 

shows simply that the presence of the magnetic beads docs not interfere with the 

electrochemical detection. The lack of signal at this point in the injection mode 

cannot be directly linked to the beads themselves, when the evaluation of the flow 

cell itself is still in question. The result with the beads in a stirred solution and the 

high current density suggest that this method is promising. The geometry of the 

magnet, a series of one centimeter circles, \\'as not the optimum geometry to hold the 

beads in a triangular channel. Future work for this should use a more appropriate 

magnet geometry, such as rectangular. Additionally, studies of the use of other 

beads such as latex, and their manipulation in channels would provide insight into the 
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use of particles to provide higher surface area. Finally, the immobilization of 

receptors on large molecules, such as dextrans, rather than beads, could provide the 

simplest solution, as no particle manipulation would be required. 

3.6. Conclusion 

In conclusion, described here is a basic microflow cell with on-channel 

electrochemical detection that is flow rate insensitive. This provides a template for 

the fabrication of more flow cells for use in a miniaturized flow injection analysis 

immunoassay array. The fabrication procedure is genera) enough to sustain changes 

in geometry, size, and electrode composition as long as the following steps are 

remain constant: 

I. Regardless of the etchant used, the silicon wafer is coated 

with a thin silicon oxide layer. 

2. Nothing is deposited prior to anodic bonding that cannot 

sustain temperatures above 400°C. 

The evaluation of the flow cell with peroxide and glucose suggests that 

further work must be done designing connectors for both fluid and current. The 

ruggedness of the cell must be significantly improved in order to accurately evaluate 

the flow ceJI for future use with enzyme based assays such as ELISA. However. 

preliminary results indicate the thin film electrode docs not display a decreased 

response time or change in oxidation potentials as predicted by Janata. 

3.7. Future \Vork 

Electrical connectors making use of circuit board technology should be 

relatively easy to design. Prior to this. serious thought must be given to the fluid 

connectors. Considerations such as minimizing pressure and dead volume should 

determine the final design of the fluid connectors. Two types of connectors should be 

designed, one for the real world sizes of the Valeo valve and syringe pumps, and one 

for a micromachined sampling valve. 
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With respect to manipulating particles, it would be of interest to model the 

flow of various sized particles and particle densities, then choose particles based on 

these results. The use of magnetic particles also requires an estimation of the particle 

size and density, and corresponding magnetic field strength and geometry. Once this 

has been designed, the use of the magnetic particles could prove to be of tremendous 

advantage, because the flowing stream will not determine the movement of the 

particles unless the magnet is not present. This also offers the potential for counter 

current measurements where the flow of the magnets is perpendicular to the channel. 

This could be used to bring something on the surface of the magnet in contact with 

either the solution, so the diffusion speed of molecules in solution is immaterial. A 

secondary advantage is that it is possible to incorporate an electromagnet into a 

microfabricated structure. Thus the particle manipulation. channel array, and 

detector could be integrated onto one structure. 

Further miniaturization of channel dimensions would allow us to take better 

advantage of the low Reynolds number flow. A sheath of viscous liquid could 

surround a faster moving carrier stream. Receptors would favor the outer sheath 

based on hydrophobic interactions, but the active site would be accessible or even in 

the hydrophilic center stream. The sample in the carrier stream could then interact 

with the receptors, and an enzymatic reaction would lead to a slug of product that 

could be detected at the end of the column. 
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4. Chapter 3: Non-Conservative Behavior of Bromide and Cyanazine in 

\Vetland l\fesocosms 

4.1. Introduction 

A major source of non-point pollution in surface- and ground-water is 

agricultural chemicals(/). Cyanazine, a pre-emergent herbicide from the s-triazinc 

family, is climbing in usage in the United States as atrazinc is being phased out (2). In 

1991, cyanazine was listed as the fourth most applied herbicide in the Midwest with 

an application rate of 9 x 106 kg/yr (3). While it is less persistent in soil than atrazinc, 

it is regulated at levels lower than atrazine, 1 µg/L (./). Most of the year, the 

concentration of cyanazine falls well below the EPA level, but during the spring flush 

levels as high as 20 µg/L have been measured in ground water (5). Additionally, 

systematic studies of the metabolites of cyanazine and other herbicides have proven 

metabolite monitoring to be a useful geochemical indicator (2,5,6). 

One approach to minimizing non-point source polJution (NPS) is the addition 

of wetland buffer strips where water from crop run-off collects, degrades, and then 

redistributes as purified water into the surface and ground water (1). While 

discussions of the experimental design and need to determine the reciprocal effects of 

wetland structure and pesticides (8), Lee's study examining the effect of mesocosm 

structure on atrazine and alachlor degradation is the first effort to characterize this 

problem on actual compounds of interest in a real world setting (JO). Cyanazinc is 

rapidly replacing atrazine in the Midwest Therefore, it is important to determine the 

degradation pathway of cyanazine in wetlands and the effect of wetland structure on 

degradation. 

This study examines the effect of wetland structure on the half-life of 

cyanazine and the metabolites formed. The specific objectives of this study were to 

(1) determine the effect of wetland structure on the degradation of cyanazine and (2) 

determine the effect of wetland structure on metabolite profiles. Two wetland 
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structures were chosen, three emergent and three submergent ponds. Additionally, a 

set of three fiberglass tanks with no soil or rooted plants was treated along with the 

wetlands to determine if photolysis and hydrolysis were significant pathways for 

degradation. A set of three fiberglass tanks treated with only potassium bromide 

(KBr) served as blanks. The parent compound and two metabolites, dccthyl 

cyanazine and cyanazine amide, were determined by gas chromatography/mass 

spectrometry (GC/MS). Potassium bromide was applied to all systems as a 

conservative tracer(//, 12). 

4.2. Theory 

4.2.1. Cyana=ine 

Cyanazine, a preemergent herbicide applied extensively in the Midwest, 

blocks the P450 electron transfer step in photosynthesis. The first literature report of 

cyanazine was as a new, test compound, SD 15418, by Hughes, cl al .. in 1967 (13). 

Its half-life in soil, 11 to 31 days (/4-18), makes it an attractive alternative to 

atrazine, which has a half-life of 45-60 days, in areas where crop rotation is used. In 

colder climates where crop rotation is practiced; herbicide residues may persist and 

interfere with crop growth (I 5). 

The following degradation pathways have been proposed based on M. 

Meyer's extensive study of cyanazinc in run-off, field plots, and the Mississippi River 

(-1). Figure 3. 1 shows the herbicide and its metabolites. 
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Figure 3.1 

Degradation Products of Cyanazine 
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Figure J. 1. Degradation pathways of cyanazine. 

4.2.2. Volume Tracers 

The use of bromide as a method of correcting for volume fluctuations is 

widespread in hydrology (1 I, 12). Typically it is used for studies in lakes or rivers. It 

has also been used in run-off studies and a similar mesocosm study (JO). 

The principle behind the use of bromide as a volume tracer is simple. The 

best volume tracers are not nutrients, so they will not be sequestered by flora. 

bacteria, or protozoa. The natural background level should be low. Additionally, 

they should not form precipitates with other ions likely to be present ( e.g. Ca 2+)_ 

Also, hydrolysis, photolysis, adsorption, evaporation, oxidation, or reduction should 

not be significant pathways of degradation. It must be readily detected, bearing in 
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mind that in may cases it will diluted several orders of magnitude with rain events or 

transport to larger volume areas. Finally. the tracer should be non-toxic. 

The bromide ion (Br") meets these requirements (I/). Detection by ion 

chromatography or with an ion selective electrode at the part per million level is 

trivial (19,20). 

The volume correction of the concentration of the analytc of interest (AOI) 

using a volume tracer (VT) is made as follows: 

[VT] = MASSi/VOLUME1 

[AOl]RAw= MASS2NOLUME, 

[AOl]RAw/[VT] = ( MASSi/VOLUME1} • ( VOLUME1/ MASS1} 

[AOI]AoJ = MASSi/ MASS1 

Therefore. the corrected "concentration" really is a ratio of the mass of the AOI to the 

mass of the VT. Since the mass is known, it is easy to calculate the actual mass of 

the AOI, which is not volume dependent. 

4.2.3. Wetland Mesocosms 

The definition of wetlands is of considerable importance legally as well as 

scientifically. There is no shortage of definitions. in fact over 50 federal and state 

wetland definitions exist (21). A useful, although disputed, working definition is 

provided by the U.S. Army Corps of Engineers and the U.S. Environmental 

Protection Agency in their dredge and fill permit under SS 404 of the Clean Water 

Act (33 CFR SS 323.2, and 40 CFR SS 230.3): 

"The term ·wetlands' means those areas that are inundated or 

saturated by surface or ground water at a frequency and duration 

sufficient to support, and that under normal circumstances do 

support, a prevalence of vegetation typically adapted for life in 
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saturated soil conditions. Wetlands generally include swamps, 

marshes, bogs, and similar areas." 

Therefore, an area is considered a wetland if it has water at or near the surface for a 

period of time, wetland plants, and periodically anaerobic soils resulting from 

prolonged saturation. The U.S. Fish and Wildlife Service uses the same definition 

except an area has only to meet one of the above three criteria to be considered a 

wetland. Wetlands are further classified into types such as swamps, marshes, bogs, 

and fens, based on characteristic vegetation, soils, atmospheric and geological 

conditions, and/or water quality. 

Wetlands function to maintain both the volume and quality of surface and 

ground water. They intercept nutrienlc;, sediments, and contaminants, providing clean 

water that percolates beneath the surface as groundwater. As almost all drinking 

water is obtained from groundwater, the health benefits arc obvious. The presence of 

aquatic plants, fungi, and bacteria contribute significantly to the removal of 

contaminants. Additionally, the ability of wetlands to store storm runoff for long 

periods and gradually return it as surface flow prevents flooding. It is of interest to 

determine their utility in the degradation of commonly used herbicides. 

Wetlands, by definition, arc uncertain ecosystems. Natural wetlands can 

remain dry for years, even decades. Many arc porous, so tracing water is difficult. 

However, aquatic ecosystems created in the controlled environment of the laboratory 

rarely approximate the natural conditions. The use of a wetland mesocosm, a 

constructed wetland mimic in the outdoors, is a reasonable compromise. The 

structure of the wetland mesocosms should be as follows: 

1. Water tight 

2. Controllable flora and fauna 

3. Filled with water from a well characterized source 

4. Known soil composition 
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The utility of wetland mesocosms, or controlled, constructed wetland mimics, 

has been well documented (22). The wetland mesocosms at the Nelson Site in 

Tonganoxie, KS meet the above requirements. The progression of the mesocosms at 

the Nelson Site is wen documented, and more information is available in the 

reference listed (23). 

These mesocosms can be structured in a variety of ways. Two 

common variations are to include emergent vegetation in one subset, and only 

submergent vegetation in another. A subset with no vegetation or fiberglass tanks 

can be used as a control. It is of interest to observe any influence of the actual 

mesocosm structure on the degradation pathway and half - life of cyanazinc. 

4.3. Experimental 

4.3. I. Materials and kfethod ... 

Methanol and ethyl acetate ( Fisher, St. Louis, MO) were reagent gmdc 

solvents. Cyanazine, deethyl cyanazine, deethyl cyanazine amide, cyanazine amide, 

deisopropyl atrazine, and deethyl atrazine were obtained from Supclco (Bellefonte, 

PA). Potassium bromide (KBr) was obtained from Aldrich (St. Louis, MO). All 

standards were prepared in methanol. Phenanthrene-d10 (EPA, Cincinnati, OH) and 

terbuthylazine (EPA, Research Triangle Park, NC) were used as internal and 

surrogate standards, respectively, for GC/MS quantitation. The C 111 cartridges (Scp-

Pak from Waters, Milford, MA) contained 360 mg of 40- µm C 11i bonded silica. 

Deionized water was charcoal filtered and glass distilled prior to use. 

The C 18 cartridges were prepared by sequential washes with 3 mL of 

methanol, 3 mL of ethyl acetate, 3 mL of methanol, and 2 mL of distilled water. 

Filtered water samples ( 123 mL ) were manually spiked with a recovery surrogate 

standard (terbuthylazine) and were passed through the Sep-Pak cartridges using a 
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Millipore Workstation (Waters, Milford. MA) at 20 mUmin. The cartridge was 

eluted first with air to remove residual water and then eluted with 2.0 mL of ethyl 

acetate. The ethyl acetate was spiked automatically with phcnanthrcne-dw, then 

evaporated under nitrogen at 50°C to 100 µL and analyzed by GC/MS. Recovery of 

the parent and each metabolite was detennined by comparison of the GC/MS results 

from standard-spiked water that had been extracted by SPE to the resulLc; from 

standard-spiked ethyl acetate. 

-1.3.2. GCIMS Analysis 

GC/MS analyses of the eluates were perfonned on a Hewlett-Packard (Palo 

Alto, CA) Model 5890A GC / 5970A quadrupole mass selective detector ( MSD). 

Operating conditions were as follows: ionization voltage at 70 eV; ion source 

temperature at 250°C, electron multiplier at 2200 V above autotune; direct capillary 

interface at 280°C, daily tunes with perfluorotributylaminc, and a 50 ms dwell per 

ion. For sample analysis, the solvent delay was 2 min. For each sample, three ions 

were selected for a positive compound identification (214, 225, 240 amu). The base 

peak ion current was measured for the quantification curve versus the response of the 

188 ion ofphenanthrene-<.110 (./). 

A fused silica capillary column with a Cl!i bonded phase and 5% phenyl 

methyl silicone with a film thickness of0.33 µm, 12 M x 0.2 mm i.d. (Ultra-2, 

Hewlett-Packard) was used for the GC separation. Helium was the carrier gas with a 

flow rate of I mUmin and a head pressure of 35 kPa. The samples were injected in 

the splitless mode by the autoinjcctor (Hewlett-Packard). The column temperature 

was held at 120 °C for I min and programmed to 250°C at 11 °C/min and held at the 

final temperature for 0.3 min. Injection port temperature was 210°C (7). 

-1.3.3. Field Study. 

A schematic of the experimental design is shown in Figure 3.2. Two wetland 

structures were chosen; three emergent and three submergent ponds. and these were 
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treated with Bladex at approximately 5 µg/L and KBr at 15 mg/L. Additionally, a set 

of three fiberglass tanks with no soil or rooted plants was treated along with the 

wetlands . A set of three fiberglass tanks were treated with KBr only and served as 

blanks. The ponds were approximately 10 m across, and 1 - 1.5 m deep. They were 

located at the Nelson site in Tonganoxie, KS and were maintained by the Kansas 

Biological Survey. The water for the ponds and tanks was taken from the 

Tonganoxie, KS ground water, then aged for 6 months at the Nelson site reservoir. 

Figure 3.2 

3 Emergent 

E1pcrim~ntal Dulin 

S µg/L C~·ana;r.inc and 
ISmg/LBr 

3 Submcrgcnl 

3 Blank Tanks 
15 m g/L Br 

Figure 3. 2. Schematic of mesocosm treatments. 

3 Tanks 

Collection bottles were baked amber 1 L bottles. Dissolved oxygen, pH, 

conductivity, temperature, and turbidity were measured in the field with a U-10 

Water Checker (Horiba Instruments International, Irvine.CA) on the same days that 

water samples were taken. Each structure was divided into quadrants assigned 

numbers and letters. Using a random number table, water was sampled in three 

114 



randomly selected places in each pond and tank with a sampler constructed in-house. 

The sampler was constructed of 3" i.d. PVC pipe and a one-way valve. All water 

samples were vacuum filtered through Gelman 0.4 µm glass fiber filters (Fisher. St. 

Louis, MO) into three 125 mL baked amber glass bottles and stored at 4°C until 

extraction and analysis. Blanks of all ponds and tanks were analy7.ed two days prior 

to application. Application occurred June 30 1994. prior to the height of pond 

bioactivity. Samples were taken until October 1994. well past the senescence of the 

ponds. Sampling occurred most frequently the first month when degradation \V"JS 

predicted to be most rapid. then only every other week until September. In 

September and October the ponds were sampled once. 

4.3.-1. Anion Analysis 

Chloride, sulfate, bromide, nitrate. nitrite and phosphate were analyzed using 

a Dionex ion analyzer. Two 123 mL samples were filtered through a 0.2 µm pore 

size glass fiber filter. and stored in amber glass bottles at 4°C until analysis. 

Analysis was performed by the ecotoxicolo1=,,y lab at the Kansas Biological Survey 

(KBS). With the exception of bromide, the results were unremarkable, and will not 

be discussed in detail here. 

4.3.5. Preparation of Bromide Solution from Call ails. 

1000 ppm KBr and 5 M NaNO3 stock solutions were used as standard 

solutions prepared from the dry chemicals diluted in deionized water. IOO to 500 g of 

cattail roots taken from three places in all the emergent ponds and from the reservoir 

( untreated with Br") were rinsed in tap then deionized water. They were air dried at 

stored at 4°C. The plant matter was further dried at 105 - 115 °C for 2 hours except 

for samples coded EN3A-C which were dried for 3 hours total. 50 g of the dried 

sample was weighed and homogenized with 400 mL deionized water using an Oster 

10 - speed blender set on "liquefy'' ( Wal-Mart. Lawrence. KS). The solution was 

first filtered through HandiWipes then a 0.45 micron glass fiber filter (20). This did 
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not seem time effective, so it was abandoned and the samples were analyzed without 

filtration after the sediments were allowed to settle. 

4.3.6. Bromide Analysis. 

An Orion Research microprocessor analyzer 1901 (Fisher, St. Louis, MO) was 

used set on the mV scale with a bromide ion selective electrode vs. Ag/AgCI (Fisher, 

St. Louis, MO). Each standard and solution was prepared as follows for analysis. 50 

mL of the sample was mixed with NaN03 to adjust the ionic strength. The standards 

were prepared from a 1000 ppm stock solution at the following concentrations: 0.0, 

5, IO, 50, 100,500 ppm. From these data a calibration curve was generated. The 

correlation coefficient was 0.996, and the equation for the line, y == 2.98x -0.015, was 

used to calculate the concentration of the sample solutions. 

4.4. Results and Discussion 

4.-1.J. Disappearance and Re-appearance of Bromide 

Figure 3.3 shows the bromide ion concentration over time in the submergent 

pond, emergent pond, and tank structures. The concentration of bromide remains 

relatively constant in the treated tanks until day 64 where it begins to rise until day 93 

where it remains constant until the end of the study. In the submergent ponds, there 

is a slight decrease over the same time, with an increase observed at day 93 and 

continued increase until the conclusion of the study. In the emergent ponds, however, 

there is a sharp decrease in Br" almost immediately after application. 
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Figure3.3 
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Figure 3. 3. The concentration of bromide (volume corrected) over the course of the 
study. 
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The decay is exponential until day 44 which represents the lowest point. then 

increases linearly until the last day of the study (Figure 3.4). The exponential decay 

suggests a mediated process, such as active transport. while the linear increase 

suggests a first order process such as diffusion. 

FigureJ.4 
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Figure 3. 4. The return and disappearance of bromide in the emergent ponds fit to a 
a linear and b. exponential curve, respectively. 
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The tanks were filled with reservoir water, but the water was not sterilized, so 

a modest amount of algal growth on the sides of the tanks was observed, as was algae 

on the water surface. This suggests that the cattails, a tuber plant, found only in the 

emergent ponds, selectively sequestered the bromide ion, and released it upon decay. 

It is established that chloride ion competes with nitrate for the nitrate ion transfer 

protein in plant nutrient uptake (25). Bromide might also compete for the same 

binding sight. 

The above hypothesis is supported by two observations. K.J.S. Kung 

observed the uptake and release of bromide ion in a field experiment involving potato 

tubers (20). Additionally, bromide measurements of the cattail roots themselves were 

made 290 days after bromide was first applied. The results, shown in Table 3.1, 

show that the biomagnification of bromide ion by the tubers is 20 to 30 times what is 

observed naturally in the untreated cattails and also observed in the water of the 

treated ponds. 

Cattails taken from the reservoir, which had only 1.5 ppm bromide, showed a 

biomagnification factor of 8. Another pond, 1 E, that was not treated with bromide, 

showed the same biomagnification in the cattail roots as those taken from the 

reservoir. However, the roots taken from each of the three emergent ponds in the 

study (ENI, EN2, EN3) gave a bromide concentration of 300 ppm while the water in 

the ponds was between 11 and 15 ppm. 
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Sample 

reservoir blank - water 

pond l E blank - water 

Table 3. l 

reservoir blank - cattail roots and stem 

pond IE blank - stem 

pond IE blank - root 

EN] -water 

EN2-water 

EN3 -water 

ENI - root (AVERAGE) 

EN2 - root (A VERA GE) 

EN3 - root (A VERA GE) 

-1.-1.2. Dissipation of Cvana=ine. 

8( concentration ( mg/L) 

1.53 (n=J) 

1.47(n=I) 

12.36(n=l) 

2.82 (n=J) 

11.7 (n=l) 

11.7(n=J) 

12.2(n=l) 

14.2 (n==I) 

296 ± 64 (n=3) 

313 ± 93 (n=3) 

277 ± 49 (n=3) 

Figures 3.5 - 3. 7 shows the disappearance of cyanazine as a function of time 

from application in the submergent and emergent ponds. and the treated tanks. The 

concentrations were volume corrected using the conductivity due to the non-

conservative behavior of bromide. 
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Figure 3.5 
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Figure 3. 5. Plot of cyanazinc concentration changes in all three suhmcrgcnt JXmds 
(ONI, ON2, ON3). 
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Figure3.6 
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Figure 3. 6. Plot of cyanazine concentration change in all three em rgent ponds 
(ENJ, EN2, EN3). 
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Figure 3.7 
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Figure 3. 7. Plot of cyanazine concentration change in all thre treated tanks (TN I, 
1N2, TN3) 

4.4.2.1. Volume Co"ection Usi11g Omductivity 

Conductivity increases as a function of increased ions A ummg no 

leakage, changes in conductivity correspond to change in volume. As a check for 

this assumption, volume correction when applied to the treated tanks, where bromide 

uptake was not observed, did not produce any significant difference in the re ults 

(Figure 3. 8). B multiplying the concentration of cyanazine ( or an other anaJyte of 

interest) by the ratio of the conductivity on that da to the conductivity at the start of 

the study, an dilution or concentration is reflected. While this serves only as an 

estimate, it is useful for standardizing the data, and for estimating mass balance. 
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Figure 3.8 
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Figure 3. 8. Correlation of the volume corrected cyanazinc concentrations to the raw 
cyanazine concentrations in Treated Tank 1. 

A table of half-lives is found in Table 3.2. Typically, disappearance follows 

first order kinetics, therefore the half -life is determined by plotting the natural log of 

the concentration versus time, and finding the slope, -k. If kinetics arc first order, 

then the half-life is determined using the equation t = -.693/k. Log plots of the 

emergent and treated tanks data did not yield linear plots. The half-lives could only 

be calculated based on a first-order kinetics assumption for the submergent ponds, 

and those calculations did not reflect the fact that two kinetic events (two distinct 

slopes) led to disappearance. Therefore, the half-life was determined by graphically 

finding the point in time where half the concentration remained. In one plot, for 

ON I, this result was extremely low, on the order of IO days. This point was 

discarded as an outlier. A comparison of the half-lives using the analysis of variance 

supports the null hypothesis that the mean half-lives are not significantly different 

despite different wetland structures. The results of the ANO VA are shown in Table 

3.3. 
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The results in Table 3.3 show that the F number, 3.05, is Jess than the F 

critical, 5.78. Therefore, at the 95% confidence 1cvc1 there is no difference between 

the mean disappearance half.lives for each treatment. This suggests that the 

degradation rate is not affected by the wetland strncture. It docs not necessarily 

follow that the degradation pathway is the same for each treatment. 

Treatment 

Submergent Ponds 

ONI 

ON2 

ON3 

AVERAGE FOR ON 

(n=2) 

Emergent Ponds 

ENI 

EN2 

EN3 

AVERAGE FOR EN 

(n=3) 

Treated Tanks 

TNI 

TN2 

TN3 

AVERAGE FOR TN 

(n=3) 

Table 3. 2 
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Cyanazinc I lalf•Lifc 

(Days) 

2 slopes 

52 

48 

50±2 

52 

55 

50 

52 ± 2.5 

80 

62 

55 

66± 13 



Anova: Single Factor 

SUMMARY 
GWUQS C!21Lat 

on 2 
en 3 
tn 3 

ANOVA 
Var, source SS 
Btw.Groups 406.2083 
Wlin Groups332.6667 

Total 738.875 

Table 3. 3 

Sum ~~eauze Yadaa~ 
100 50 8 
157 52.33333 6.333333 
198 66 156 

df MS f P-vatue E crit 
2 203.1042 3.052668 0.136018 5.786148 
5 66.53333 

7 

./.-1.3. Appearance and Fate of Cyana=ine Metaholites. 

Shown in Figures 3.9 and 3.10 is the appearance and disappearance of the two 

metabolites detected in this study, cyanazinc amide and dcethyl cyanazine. 

Deisopropyl atrazine was not detected during the study. Cyanazine amide was not 

detected in the treated tanks (TN), but deethyl cyanazine was found at concentrations 

at the detection limit of the instrument. Additionally, cyanazine amide is present at a 

much greater degree in the emergent ponds (EN) than in the submergcnt ponds (ON). 

It is not immediately obvious what the reason for this could be, but it suggests that 

the emergent plant life impacts the degradation pathway. This is probably an indirect 

influence, for example, the microbes living near the cattail roots may be different 

than those near the submergent vegetation roots. A correlation plot (Fig 3.11) of the 

two metabolites shows there is no relationship between the two metabolites. 
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Figure3.9 

Average Cyanazine Amide Values for Each Treatment ( ON1..J, EN1..J, TN1..J) 
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Figure 3. 9. Average cyanazine amide value for each treatment (volume corrected) 

Figure3.10 

Volume Corrected Concentration of De-ethyl Cyanazine vs. Days From 

Application for AU Treatments: Submergent (ON), Emergent (EN), Treated Tanks (TN) 
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Figure 3. 10. Volume corrected concentration of deethyl cyanazine for all 
treatments. 
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Figure 3.11 
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Figure J. 11. Correlation plots of cyanazinc amide and deethyl cyanazine for all 

treatments. 
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Figure 3.12 

COMPARISON OF AVERAGE DlSSAPEARANCE OF Y ANAZI EI ALL TRF.A TME t : 
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Figure 3. 12. Plots of the averaged cyanazine concentration over time for all three 
treatments (volume corrected). 

Possible causes of the sharp decrease in c anazine concentration al day 64 

shown clearly in Figure 3.12 include adsorption, degradation b hydrolysis to the 

carboxylic acid derivative, or a third complex ecological proce s heretofore not 

considered Analysis is not the issue, because standards were run and show 

acceptable results. Furthermore, Lee's results for atrazine and alachlor also show a 

sharp decrease at the same point in the stud (10). Leakage 1s not probable, as the 

mesocosms are clay lined, and cyanazine has been shown by se eral re earchers to be 

well contained by clay (l 5). The ca.rho. lie acid deri ati e was not found, howe er, 

the analytical method in place to analyze it ga e very lo, reco eries. 

In Figure 3.12 the averaged water quali da~ including dissolved oxygen, 

conductivity, pH, temperature and the bromide concentration are plotted for eacb 

treatment ( emergent, EN, submergent, 0 treated tanks, TN). The respective units 

are all indicated on the a.'<is. It was hoped that along with the dramatic 
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concentration change at day 64 a measure of water quality would also change for all 

the treatments. The only change obscived is a temperature drop at day 64 of 4 - 5 °C. 

This corresponds to the start of plant senescence, when plants begin to die and 

decompose. It is possible that the two events arc related. Senescence could cause or 

coincide with a secondary event that effects either the degradation or sequestering of 

cyanazine. Precipitation is unlikely, as the cyanazinc is well mixed at this point and 

in approximately 35,000 L of water, well above its solubility ( 170 mg/L). 
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Figure 3. 13 
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Also coinciding with day 64 is a beginning of the deca in the concentration of 

cyanazine amide and deeth I cyanazine observed in Figures 3.14-3.16. 
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Figure 3. 14 
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Figure 3. 16 
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Cyanazine amide goes on to form the acid derivative, while deethyl c anazme 

can Jose the cyano group to fonn deeth I cyanazine amide. This compound 

undergoes transformations in the inlet of the /M , and 1s very difficult to detect at 

low levels. Consequently, it is po ible that the further degradation of c anazme by 

several pathways to these metabolttes \ ·ent on with ut detection. 

Attempts to fit the disappearance curve from the submergent ponds in Figure 

3.4 to first and second order kinetic plots and Michaelis-Menten plots failed. First 

order kinetic plots separating the curves into two different slopes v ere successful. 

however the information that this gives is rather limited It appears that two first 

order processes occurred, with a plateau separating them, perhap indicating an 

equilibrium process, in the submergent ponds. 

In the tanks and emergent ponds the disappearance shown in Figs. 3.5 and 3.6 

have a plateau followed by a rapid decrease. Howe er. attempts to plot the decay as 

first and second order kinetics, as well as Michaelis-Menten plots did not elucidate 

the kinetics. Hov,ever, it appears that in these h 'O treatments the equilibrium process 

occurred :first, where there is a long initiaJ plateau after treatment, followed b the 
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rapid decrease in cyanazine concentration around day 64. Clearly the mechanisms 

for degradation, at least until day 64, arc different for the emergent ponds and treated 

tanks compared to the submergent ponds. 

The total mass balance was estimated from the initial concentration of 

cyanazine and the mass applied. A table of the mass balance is shown in Table 3.4. 

A comparison of the data from the metabolites to that of the results obtained by C.C. 

Yu et al. (26) in a laboratory aquatic system listed in Table 3.4 shows that while 60% 

of the mass in their experiment was due to dcethylcyanazine, 18% was due to 

cyanazine, and 0.8% was due to cyanazine amide after 3.5 days; in the outdoor 

mesocosms after 35 days not even half the cyanazine had disappeared in all but one 

pond. The remaining 28% of the mass was not accounted for. Both cyanazine amide 

and deethylcyanazine had peaked by day 45, and the maximum percentage of each 

was 10% CAM in submcrgent and emergent ponds but less than I % in the fiberglass 

tanks, and 6- 7% DEC in the submergent and emergent ponds and 4% in the tanks. 

What is significant is that so much cyanazine amide was found in the emergent and 

submergent mesocosms, while the results from the treated tanks were much the same 

as Yu's microcosm experiment. Equally significant is the absence of decthyl 

cyanazine as a major component of the mass. This is true of all treatments, including 

the treated tanks, indicating that it did not migrate or adsorb to material not present in 

the microcosm study. It suggests that in the outdoors, the mechanism of degradation 

is different. This suggests that in the natural environment other factors such as 

exposure to sunlight may play a more important role than previously suggested by 

laboratory experiments. 
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J\lesocosm Study 

% Total Mass after 44 Days 

Cyanazine 

Cyanazine Amide 

Deethyl cyanazine amide 

Table 3. 4 

.Mass Balance 

Submergent Ponds Emt'rgt'nt 

Average (ONl-3) Ponds 

Avenge 

(ENl-3) 

55% 55% 

10% I I% 

7.5% 4.9% 

%Total Mass from C.C. Yu etal. afier35 Days 

Cyanazine 18% 

Deethyl cyanazine 60.4% 

Cyanazine amide 0.8% 

Deethyl cyanazine amide 0.3% 
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Treatt'd 

Tanks 

Avenge 

(TNl-3) 

87% 

0.71 % 

5.9% 



4.5. Conclusions 

This is the first study to determine the effect of wetland structure on 

cyanazine disappearance and degradation product profiles in outdoor wetland 

mesocosms. The observation of both the disappearance of cyanazine and the 

appearance of 10 % of the cyanazine as metabolites shows that the mechanism for 

disappearance was not merely adsorption, volatili7.ation, or disappearance, but rather 

actual degradation of the parent compound. The half-life was observed to be 55 to 

60 days in water, 50% longer than the half-life observed in soil of 18 to 31 days. In 

addition, new information regarding the use of a common conservative volume tracer, 

bromide, was obtained. Bromide was proven to be selectively sequestered by cattails 

in the root This suggests potential for the use of cattails to selectively sequester 

other less desirable charged material, such as charged organic chemicals. However, 

bromide is not a suitable volume tracer for stagnant water systems with tuber plants. 

The lack of a difference in mean disappearance half-life of cyanazine based 

on the wetland treatment suggests that wetland structure is not important if the half-

Jife is the only measure. However, if the pathway of disappearance is important, 

wetland structure does play a role. This ,vas observed in the apparent kinetics of 

disappearance and the differences in the appearance and disappearance of 

metabolites. 

The mass balance showed that 80% or better of the cyanazine mass is 

converted to a compound or compounds that were not detected. This ,vas true even 

in the treated fiber glass tanks that had no soil or flora, suggesting that a hydrolysis 

product, such as cyanazine acid, may be a predominant metabolite. Another 

hypothesis is that the plant senescence affected either the degradation, absorbance, or 

solubility of cyanazine. 

The significantly longer half-life observed partially reflects the fact that the 

mesocosms were virtually water-tight This means that very little pond ,vater 

permeates the soil, and has low contact v,ith the rizosphere where most of the 
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bacteria thought to degrade herbicides live. Additionally, most studies of cyanazine 

involve the disappearance of cyanazine from the site of application. Thus, the 

predominant mechanism of disappearance is the transport off a field by running 

water, in other words, it is physically removed. However, counter to this is Yu's 

aquatic study which showed significantly more degradation (26). This highlights the 

importance of using a mesocosm to gather data for predictive models, where real 

world factors like UV light, seasonal changes, and ecological diversity not included 

in Yu's study play a role. 

4.6. Future \Vork 

Further investigations of this problem require a multidisciplinary approach. 

The analytical chemist is needed to focus on problems such as the detection of 

cyanazine acid, a charged compound, and the isolation of cyanazine and its 

metabolites from soil, plants, sediment, and insects. The microbiologist can focus 

on characterizing microbial populations and determining any effect of wetland 

structure on these populations. Additionally, the she could identify metabolic 

pathways using folJow-up microcosm studies in the laboratory. Finally, the organic 

geochemist is needed to focus on the problem of modeling the transport and 

degradation of the compounds that are found. 
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Figure 1.8 
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Figure J _8_ Sera from POS rats, rats injected with apoGOx, screened for the first time 

after the second boost against holo- and apoenzyme. 
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Figure 1.9 
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time after the second boo t against bolo- and apoellZ) me. 
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Figure 1.10 
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Fig. 1.10. Sera from PO rats, rats injected wtth apoGO pnor to third boo t 

screened against bolo- and apo-enzyme. 
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Figure 1.11 
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Figure 1.11. Sera from PO rats, rats inJected with apoGO. creened after the th1rd 

boost against both the holo- and apoen.zyme. 
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Figure 1.12 
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membrane, screened for the second time after the econd boo t again t both the hoJo-
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Figure 1.13 
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Figure 1.14 
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Figure 1.14. Sera from SNM rats, rats implanted Wlth a sensor with no outer 

membrane, screened after the third boost again t both holo-- and apocnzyme. 

147 



Figure 1.15 
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Figure 1.15. SWM rats implanted with complete ensor r encd for the fir t time 
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Figure 1.16 
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Figure 1.16. SWM rats implanted with complete sensor creened for the econd time 

after the second boost against both bolo- and apoenzyme. 
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Figure 1.17 
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Figure 1.17. Sensor rats screened prior to third boo t. Re ults from creens again t 

holo- and apoenzyme are both shown. 
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Figure 1.18 
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Figure 1.18. Sera of rats immunized vith ensors after third boo . Results from 

both screens against the native and apo enzyme are shown. 
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Figure 1.19 

Trter of Negative Controls Screened vs. Native GOx and ApoGOx 
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Figure 1.19. Negative control sera screened again ·t both th h lo- and apoenzyme 

are shown. 

152 



ANO VA Consider the two hypotheses, Ho and Hi, that follow: 

Ho= MEAN,= MEAN2 =MEAN3 = ... ==MEANK 

H1 = At least two population means arc different 

Analysis of variance (ANOVA) compares the difference between two or 

more sample means to the measure of variability within the samples (/8). It assumes 

that: 

1. All k populations arc normally distributed 

2. The k population variances arc equal. 

3. The samples from each population arc random and independent. 

It is possible to violate assumption two, provided the sample sizes arc equal, the 

power of the comparison is still high. 

AN OVA determines if the variance observed between test groups results from 
more than the variance found within the groups. This is expressed in the F-rntio or F-

number. The test statistic F, takes the ratio of the mean square for treatments (MST) 
to the mean square for error ( MSE). MST is defined by taking the average of the 

sum of the squares (SS) for the treatments, and MSE is another name for the sample 
variance, s2• If the F ratio is larger that the critical F value (determined by the degrees 

of freedom [df] and the ex level [usualJy 0.05]), then the nulJ hypothesis, H0, is 

rejected. Figure 1.20 shows a pictorial representation of ANOVA (19). 
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Figure 1.20 
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Fig 1.20 Analysis ofvariance(single-dassification fixed effects model) partition and 

F-test. 
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Table 1.8 

ANOVA Comparing All Groups - NEG, SNl\1,SEN,POS. 

Anava: Sinole Factor 

SUMMARY 
Grouos Count Sum I Ave,=ne v~nan~ 

n~ative= ntrol 6 0.015 0.0025 0 
snm 6 0.002408 0.000401 1.7~~•07 
sen 6 0.002578 0.00043 2E-07 
IDOS 6 0.000293 4.88E-05 5.72E·10 

ANOVA 
Var. Sovra., ss di MS F P-v.1/ue Fent 
Btworouo 2.25E-05 3 7.48E-06 79.22174 2.83E·11 3.098393 
W/inorouo 1.89E-06 20 9.45E-08 

Total 2.43E-05 23 

Anava: Sinole Factor ----------· -----·---

SUMMARY 
Grouos Count Sum I Averaae Vanance 

snm 6 0.002408 0,000401 1.78E-07 
sen _QJ)02~1Jt ----9~~ _2E~I ----------
DOS 6 0.000293 4.88E-05 5.72E·10 

ANOVA 
Var. Sourl;e, ss di I MS F P-valve Fent 
BtwGrouo 5.4E-07 21 27E-07 2.144802 0.151621 3.682317 
W/in Grouc 1.89E-06 15 1.26E-07 

I 
Total 2.43E-06 171 
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Two Way ANOVA - Ne!,,ative Controls and SNM Rats 

AnOlla: Sinale Factor 

SUMMARY 
Grouns Count Sum Averane Vanance 

neaativecr ntrol 6 0.015 0.0025 0 
snm 6 0.002408 0.000401 1.78E-07 

AN.OVA 
Vilr. Soura. ss di MS F P.value Fent 
BtwGrouo 1.32E-05 1 1.32E-05 148.6724 2.51E-07 4.964591_ 
W/in Grouc 8.89E-07 10 8.89E-08 

Total 1.41E-05 11 

Two Way ANOVA - Negative Control and SWM Rats 

Anova: Sinale Factor 

SUMMARY 
GrouFK Count Sum I Averane v.mance 

neaative rr ntrol 6 0.o15 0.0025 0 
sen 6 0.002578 0.00043 2E-07 

ANOVA 
Var. Soun:. ,;, ss di I MS F P-value Fent 

Btw.Grounc 1.29E-05 1 1.29E-05 128.8532 4.92E-07 4.964591 
W/in Grourl s 9.98E-07 10 9.98E-08 

Total 1.39E-05 11 
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Two Way ANOVA - Negative Control and POS Rats 

Anova: Sinole Fader 

SUMMARY 
Grau~ Count Sum Averaae Vanance 

neoative er. ntrol 6 0.o15 0.0025 0 
inns 6 0.000293 4.88E-05 5.72E-10 

ANOVA 
Var. Souro> ss di MS F P.v.1/ue Fcni 
Btw.Grourn 1.SE-05 1 1.SE-05 63001 2.48E-20 4.964591 
W/in Groul"l ._ 2.86E-09 10 2.86E-10 

Total 1.SE-05 11 
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Photolithography (25) 

Physical tools are inadequate for making structures with dimensions on the 

order of micrometers. However. UV light provides the resolution necessary. 
Photolithography refers to the process that uses electromagnetic radiation in 

conjunction with an optical image on a mask. and a photosensitive film to produce a 
pattern on a substrate. Figure 2.25 Shows the photolithographic process sequence. 

Figure US 
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I. Form oxide on silicon 
wafer 
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Silicon Fabrication 
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photoresist 
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oxide in BOE 

l 

bu 

l 
3. Align wafer with mask 

and expose to light 

6. Remove all 
photon:sist 

+ 54.74° r.m::::=:zm Pllotornist 

100 wafer 
7. Etch in CsOH D - Cr mask 
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The photosensitive film, photoresist, must meet four requirements. They arc 
as follows: I. Good adhesion to the substrate surface 2. Uniform thickness 3. 
Reproducible thickness 4. Light sensitive 5. Resistance to etchant. 

To achieve points one through three, photoresist is applied using centrifugal 

force. The substrate is held by a vacuum chuck, then the photoresist is added. The 
spindle upon which the chuck rests rotates at several thousand revolutions per 

minute (rpm) for tens of seconds. The formula used lo relate spin speed to final 

thickness is as follows: 

(2.9) 

Where z is the final thickness (cm), Pis the percentage of solids in the resist, and mis 
the rotational velocity (radians/cm2), and k is a constant. The thickness obtained 
using a spin velocity of 4000 rpm for 30 seconds with Shipley Pholorcsist 1818 is 1.8 

µm. This has been verified by laboratory measurements. 

Points four and five are addressc..~ by the nature of pholoresist. Exposure to 

UV radiation will cause a change in solubility of the photoresist. Radiation is applied 
through a chromium coated photographic plate. or mask, that has a transparent 

pattern. The resulting image is transferred to the photoresist. The resist solubility is 

altered only in those regions where light was transmitted through the mask. This step 
is termed exposure. The exposure time is determined using the following equation: 

T=Sfl (2.10) 

Where T = time in seconds, Sis the photoresist sensitivity in mJ/cm2• and 1 is the 

lamp intensity in mW/cm2• 

The exposed substrate can then be developed by adding a solution that will 

dissolve the more soluble photorcsist only. If the photoresist that was exposed is 
more soluble, the image in the photoresist is identical to the image on the mask. This 
is termed positive photoresist If the exposure decreases the solubility, the resist is 
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negative. The photoresist remaining is then strengthened by baking for several 

minutes. This prevents the photoresist from dissolving in the etchant. 

Now the substrate bearing the patterned photoresist is exposed to an etchant. 

The etchant removes only those portions of the substrate unprotected by the resist 

leaving the covered areas unetched. Thus. the pattern from the photoresist is 

transferred to the substrate. Once this is done, the photoresist can be stripped in 

organic solvents. 

Anisotropic Etching (25,26) 

Once the mask pattern has been transferred to the substrate. the method for 

machining that pattern onto the solid substrate cannot used conventional tools. The 

pattern is machined using etching. Discussed here will be wet chemical etchants. 

Other methods, such as reactive ions in the gas phase, ion beams, and sputtering. may 

be used. 

Isotropic etchants remove the substrate at a constant rate independent of the 

direction in the crystal. Anisotropic etchants, however, etch the different crystal 

planes at different rates. Because the etch rate is different in different planes, the 

geometry of the resulting feature depends on the crystal planes. The case discussed 

here will be silicon only. 

Etchants such as potassium hydroxide and cesium hydroxide etch the < I 00> 

of silicon at least two orders of magnitude faster that in the < 111 > direction. 

The resulting depth and geometry of the feature is dependent on the width of the 

feature, the etch time, and the crystal plane. This relationship is illustrated in Figure 

2.26. 

Figurel.26 
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Evaporation. A metal placed in a vacuum chamber and heated either 

resistively or by an ion source will begin to boil. The atoms in the gas phase travel by 

line of sight from the source to the substrate (silicon. glass or other wafers). This 

method works weH if two situations are met. The first is that the metals have 

moderate boiling points ( 1000 °C). Additionally. evaporation is a useful method 

where poor wall coverage. that is the coverage of a vertical plane such as a channel 

wall, is desired or not a problem. A process where this is an advantage is metal lift-

off, which will be discussed later in this section. 

A quartz crystal that vibrates at a characteristic frequency is used to monitor 

the deposition rate and thickness. As the evaporated metal builds up on the crystal. 

its mass is increased by 6m. and thus the oscillation frequency is decreased according 

to the following relationship: 

llf = (I/pk) fl (llm/A) 

where f0 is the frequency, pis the density of the evaporated metal. A is the area of the 

crystal, and K is a constant. The film thickness, llx, is calculated from : 

t==k(6f/ fl) 

For a detailed discussion of different metal deposition methods, the reader is 

referred to Thin Film Processes edited by Vossen and Kem (27). 

Metal Lift-Off. Metals can be etched in patterns like silicon or glass, but the 

etching requires a negative resist or a negative mask. Negative resist docs not survive 

many etch conditions, including aqua regia, the etching reagent for platinum. 

However, a process that does not require etching, lift-off, is suitable. 

In this process the substrate is patterned using positive photoresist for 

photolithography. The patterned wafer is not etched, however. It is placed in an 

evaporator where an adhesion layer and metal layer arc deposited. On glass, most 

metal layers adhere poorly, so chromium or titanium can be used to enhance 

adhesion. The entire wafer is covered with the metal film, but only in the areas 

where there is no photoresist is the metal truly deposited on the substrate. The 
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substrate is then placed in a solvent such as acetone to dissolve the photoresist. For 

this reason, poor step coverage is required. With poor step coverage the photoresist 

is more accessible to the solvent, and the metal deposited on the photoresist can be 

removed as the photoresist is dissolved. The result is the metal pattern from the mask 

on the substrate. A schematic of this process is found in Figure 2.27. 
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Figure 2.27 

Lift-Off Metal Deposition 
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I . Result of photolithography of photoresist 
2. Result of platinum evaporation on top of photoresist 
3. Result of metal lift-off- the patterned metal 

Anodic Bonding (15,16) 

Because the structures that are microfabricated are small, it is very difficult to couple 

two planar structures with epoxy or adhesives to form a permanent seal without 

damaging the features. However, the properties of silicon and glass allow bonding 

between these two substrates to occur by an ionic process. Figure 2.28 shows a 

164 



schematic of anodic bonding .At temperatures greater than 375 °C Na+ ions in Pyrex 

glass become mobile. The negative terminus attracts the sodium ions. producing a 

depletion region at the silicon glass interface. A very high electric field across the 

depletion layer pulls the two surfaces into intimate contact. A fusion bond is formed 

between the silicon oxide at the surface and the glass. The bond strength is typically 

2-3 MPa. This can be done between silicon dioxide and glass provided the silicon 

dioxide insulating layer is thin enough that the voltage applied exceeds the 

breakdO\vn voltage of the layer. Anodic bonding requires an exceptionally clean 

surface and less than 0. I µm surface roughness. 
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