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ABSTRACT 
Raeann Gifford, Ph.D. Department of Chemistry, August 2004, 

University of Kansas 

The worldwide incidence of diabetes is growing rapidly. Therefore, the 
impetus to provide tight insulin therapy to reduce complications aided by continuous 
glucose monitoring is great. After nearly three decades of research, only three 
continuous glucose monitoring systems are near commercial availability. The 
development of a reliable glucose sensor for use in these systems has been 
hampered by anomalies in in vivo sensor performance due to the inflammatory 
response. Investigation of the biocompatibility of implanted glucose sensors with 
respect to the inflammatory processes was undertaken. The glucose sensor function 
and the processes of the inflammatory response are not independent (consumption 
of glucose and oxygen, and production of hydrogen peroxide by both cells and 
sensors). However, this investigation has attempted to separate these processes 
which occur in the complex in vivo environment. The initial events upon 
implantation, which is infiltration of biomolecules or 'biofouling', cause an initial loss 
of sensitivity. In addition, the host response to the glucose sensor may lead to 
sensor response anomalies due to perturbation of analyte availability. Mediation of 
the inflammatory response was explored in order to provide a glucose sensor with 
improved biocompatibility. The identification of the biomolecules using proteomic 
techniques, with MALDI-TOF MS, revealed that fragments of whole proteins were the 
primary source of biofouling. Measurement of the flux components (oxygen, 
glucose, and hydrogen peroxide) released by inflammatory cells indicated that 
cellular oxygen consumption may cause significant oxygen depletion near an 
implanted sensor. The incorporation of nitric oxide (NO} release from a glucose 
sensor effectively mediated the inflammatory response while accurately monitoring in 
vivo glycemia. As a result of the flux and NO release sensor studies it was apparent 
that NO released from inflammatory cells may also contribute to sensor response 
fluctuations. The development of a mathematical model to study the temporal stages 
of the inflammatory response between the inflamed tissue and an active glucose 
sensor is proposed. These studies, while raising additional investigative paths, 
contributed key insights to the biocompatibility issues encountered for successful 
development of implantable glucose sensors. 
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Chapter 1 Introduction 

The primary goal for the research presented in this dissertation is to increase 

the knowledge that could facilitate progress toward improvement of glucose sensors 

for a continuous monitoring system. The system is ultimately intended for use by 

people with diabetes, possibly as part of an artificial pancreas. Many of the glucose 

sensor limitations noted by researchers over the past three decades have been 

related to the biological response to implanted sensors. Therefore, the primary 

aspect explored is related to three different biocompatibility issues: 1) biofouling of 

implanted sensors, 2) perturbation of key analytes consumed and produced by cells 

surrounding an implanted sensor, and 3) minimizing the inflammatory response 

toward an implanted sensor. A proposal for developing a model using the 

information gained in these studies is the final conclusion of the work presented. To 

fully appreciate the research performed a brief historical perspective of previous 

research and the issues involved are presented below. 

1.1 Diabetes 
It is well known that diabetes is a devastating disease in terms of mortality 

and morbidity, and that the incidence is also growing at an alarming rate. As of 2002 

there are an estimated 18.2 million people in the United States (13 million diagnosed, 

5.2 million undiagnosed) with the disease, which is 6.3% of the population, and 1.3 

million people are newly diagnosed each year.1 http://www.diabetes.org/diabetes-

statistics/national-diabetes-fact-sheet.jsp Diabetes is estimated as the fifth leading 

cause of death and contributes to high rates of morbidity from heart disease, stroke, 

blindness (diabetic retinopathy), kidney disease (nephropathy), neurological disease 
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(neuropathy), and amputations_ 1.2 The direct medical costs associated with diabetes 

in 2002 were $92 billion, and an additional $40 billion estimated from economic 

losses due to lost work, disability, and premature mortalitiy.2 The medical care and 

related economic losses for people with diabetes are double the amount spent for 

comparable people without diabetes. As indicated above, the incidence and costs 

are increasing yearly with estimates of 14.5 million people diagnosed with diabetes 

by 2010, and associated yearly costs due to diabetes of $156 billion (in 2002 

dollars). By the year 2020, the prediction is 17.4 million people with diabetes that will 

cost $192 billion (2002 dollars).2 

The direct medical costs listed above associated with diabetes are largely 

due to the medical complications, as opposed to maintenance care associated with 

the disease (e.g. doctor visits, screening tests, drugs, glucose monitoring etc.). The 

expenditures for chronic complications (e.g. heart disease, diabetic retinopathy, 

nephropathy, and neuropathy) and higher incidence of general medical problems are 

$68. 7 billion per year. The medical cost implications of diabetes are not the only 

issue to be considered, there is also the quality of life that must be factored in. 

Quality of life is defined by measuring the quality of years of life with respect to 

health perceptions, social function, psychological function, physical function, and 

impairment for the diabetic population.3 It is clear that if a method to reduce the 

complications and increase the quality of life were available, there would be a 

significant benefit to people with diabetes and to society (due to the public burden of 

diabetic care}. 

According to the Diabetes Complications and Control Trial (Deen completed 

in 1992 long term complications of diabetes can be significantly reduced with 
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intensive control of glucose levels. 4 The DCCT was a 1 0 year study that measured 

the glucose levels and associated complications of people with Type 1 diabetes [i.e. 

insulin dependent diabetes mellitus (IDDM)] that were maintained on an intensive 

regimen of glucose control. The people with intensive glucose control were 

compared to a control group that was representative of conventional diabetic insulin 

therapy.4 

An important measure of the effectiveness of intensive control of glucose is 

the percent of glycosylated hemoglobin (HbA 1 c) which indicates the chronic level of 

glucose in the blood. Normal subjects (i.e. normal glucose levels) usually have an 

HbA10 of ca. 5%, and fasting glucose levels of ca. 100 mg/dL. The participants in 

the DCCT study under intensive glucose control maintained an average HbA1c 

throughout the study of ca. 7% and an average daily glucose level of 147 mg/dl. 

Whereas, the conventional study group had an average HbA1c of ca. 9% and an 

average daily glucose level of 210 mg/dL. The lower HbA1c and glucose levels of 

the intensive glucose control group resulted in significantly less incidence of 

complications. The positive results are reflected by a reduced onset of retinopathy 

by 76%, neuropathy by 69%, and nephropathy developed in only a few of the 

patients. 4 There was a statistically non-significant reduction in risk of macrovascular 

disease of 41 % for the intensive therapy group as well. 4 The United Kingdom 

Prospective Diabetes Study (UKPDS), a similar study conducted for Type 2 diabetes 

(i.e. inhibited insulin production and function) indicated ca. 25% risk reduction for 

blindness and kidney failure for people who aggressively maintain normoglycemic 

levels. The results of these studies imply that development of a method (i.e. device) 
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that aids in improved glucose control would be very beneficial, such as a continuous 

monitoring glucose sensor. 

All the results for the DCCT were not positive however. The incidence of 

hypoglycemia for patients in the intensive therapy group was three times higher than 

for the conventional group.4 Hypoglycemia can come on very quickly and lead to 

devastating consequences, including unconsciousness, diabetic coma, and death. 5 

Serious consequences can be averted by simply ingesting some glucose, provided 

the patient is aware of the hypoglycemic onset. When a person with diabetes is 

hypoglycemic they can become disoriented and are unable to counteract the affects 

without assistance. Therefore, providing a means to warn a patient that their glucose 

level is rapidly decreasing prior to the point where they are unable to function is 

critical. 

Another key aspect in treatment of diabetes is patient compliance. The only 

way for patients to keep within the intensive therapy range that will produce the 

benefits described in the DCCT, is for the person with diabetes to take responsibility 

for their care. This means diligently monitoring their glucose levels and using that 

information to take appropriate therapeutic action. To produce a device that 

encourages patient compliance by providing significant benefits above the most 

commonly used glucose monitoring method now available, discrete 'finger stick' 

monitoring, the new method must meet certain criteria. The new method must be 

relatively painless and easy to use, accurately monitor blood glucose levels, and 

optimally provide more therapeutic information. An added feature that would 

promote patient compliance would be a hyperglycemic and especially a 

hypoglycemic alarm. If a method were developed with all these attributes a 
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significant decrease in the yearly cost of diabetes may be realized and, more 

importantly, an improved quality of life for millions of people with diabetes. 

1.1.1 Progress Toward Continuous Glucose Monitoring 
The path to providing an automated method for monitoring and ultimately 

controlling glucose levels has been long and slow. With regard to an implantable 

glucose sensor, the most elusive component in the process, the development was 

initiated in 1962 when Leland C. Clark reported an oxygen sensor suitable for use in 

biological fluids.6 That technology was then extended to include enzymatic glucose 

sensors in the 1970's 7-s From that time until now, research has progressed to the 

point where three home use monitoring systems are currently FDA approved or a 

Premarket Approval Application(PMA) is in process. The three systems include the 

Medtronic Minimed (Northridge, CA) Guardian Continuous Monitoring System 

(GCMS) based on a semi-invasive amperometric glucose sensor, the Cygnus 

(Redwood City, CA) GlucoWatch2 Biographer (GW2B) based on reverse 

iontophoresis extraction and an external electrochemical assay, and the Abbott-

TheraSense (Alameda, CA) Freestyle Navigator Continuous Blood Glucose Monitor 

using an amperometric semi-invasive glucose sensor.10-12 

1.1.1.1 Beta Cell Transplant 
Many methods have been investigated in an effort to provide more effective 

techniques for controlling the glucose levels of people with diabetes. The best 

method would be to 'cure' the disease by transplantation of the J3-islet cells that 

produce insulin. They can be implanted as islet cells alone, or more promising, is 

encapsulating the islet cells in a semi-permeable polymer prior to implantation. 

However, the survival of the cells is poor due to rejection by the immune system or 
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insufficient nutrient sustenance {i.e. encapsulated islets).13 The required use of 

immunosuppresive drugs also entails significant side effects. These limitations have 

hampered the efforts to provide a "cure"; therefore, research toward other glucose 

control methods to assist people with diabetes continues in earnest. 

1.1.1.2 Artificial Pancreas 
An alternative to a cure via islet cell transplantation is the development of an 

Artificial Pancreas, which includes an insulin delivery device and a glucose 

monitoring system operating in a closed loop according to an algorithm that is 

primarily controlled by the glucose sensing device. The benefits of such a system 

have been demonstrated by using the Biostator®, a continuous glucose monitor that 

can be coupled to an insulin delivery device.14-16 However, this system is not 

practical as a home use artificial pancreas because it requires an extracorporeal 

sampling shunt. The concept of the Artificial Pancreas has been reported since the 

mid 1970's, but focus on a closed loop insulin delivery system has diminished as it 

became evident that the weak link in the system was the glucose sensing device.7•11• 

19 The key to successful development of a true closed loop insulin delivery device is 

the input of physiological glucose levels from the glucose sensor. Therefore, 

development of a reliable continuous glucose sensing method has been a primary 

research focus. With a continuous glucose monitoring system the glycemic trends 

for a specific patient could be determined, and from that information a therapeutic 

algorithm developed to be used with an insulin pump, where pump development has 

been quite successful. 13.20 
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1.1.1.3 Non-Implantable Glucose Measurement Systems 
Non-invasive and semi-invasive glucose sensing devices have been 

developed based on many different chemical properties and physical mechanisms. 

An extensive review of all the efforts is not within the scope of this introduction, but a 

brief overview will be presented, primarily focused on implantable electrochemical 

glucose sensors. The non-invasive techniques are primarily derived from 

spectroscopic methods, including infrared detection through the skin, optical scatter, 

and photonic crystals, among others.10•20.21 A review by Koschinsky et al. indicates 

that because of the inherently low signal to noise ratio of spectroscopic methods, due 

to background interferences, these methods do not yet provide adequate precision 

for clinical use, especially at low glucose concentration levels. 20 

Methods that are considered semi-invasive include transdermal extraction 

which includes the currently approved GlucoWatch Biographer from Cygnus. The 

GWB extracts interstitial fluid (ISF) through the skin via reverse iontophoresis, then 

measures the glucose by electrochemical oxidation of the H2O2 produced in an 

external glucose oxidase reaction. 20•22•23 The system is reported to have a mean 

difference from blood glucose of 15.6%, which is acceptable for adult daily glucose 

monitoring but not for pediatric monitoring.22•24 The drawbacks of this system are 

skin irritation, about a 17 minute delay behind blood glucose, and the system will 

shut down due to temperature changes, sweating, or movement. 10•20 Although the 

GWB does include hyper and hypoglycemic alarms, because of the delay and 

sweating artifact, the system is unreliable for hypoglycemic detection and cannot be 

considered truly continuous. Hypoglycemia is often accompanied by profuse 

sweating and when blood glucose is decreasing, in the 17 minute lag from blood 
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glucose to registration by the GWB a reported reading of 70 mg/dl could actually be 

as low as 36 mg/dL._25 Ultrasound and laser microporation have also been used for 

transdermal fluid extraction with similar detection methods as described for the 

GWs.20.22,26 However, these techniques include the same limitations as the 

GlucoWatch Biographer. 

Microdialysis techniques are considered semi-invasive, requiring simple 

spring loaded implantation technology similar to that used for insulin pumps. Many 

companies are currently investigating continuous glucose monitoring with 

microdialysis and one system is approved for use for 24 hours in Europe, however 

none have FDA approval in the United States.20•22•27 To increase response times the 

extracted fluid is detected with an in-line glucose sensor (usually electrochemical), 

however collection efficiencies still limit the time response with a lag behind blood 

glucose up to 45 minutes. The time delay limits microdialysis as a useful method for 

hypoglycemia detection. 

1.1.1.4 Electrochemical Enzyme Glucose Sensors 
The use of an implantable glucose sensor, intended for daily continuous 

monitoring requires the sensor meet particular performance specifications for 

acceptable home glucose monitoring. Specific variations in design are intended to 

incorporate certain attributes to meet these criteria. The sensor must be specific for 

glucose and provide a linear detection range for physiologically relevant 

concentrations [ca. 2mM (36mg/dl) to 20mM (360 mg/dl)]. To provide pertinent real 

time measurement the sensor needs to produce relatively fast response times < 2 

minutes, and for short term applications be stable for at least 7 days; long term fully 

Based on glucose falling at a rate of 2 mg/dL per minute. 
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implanted applications would require at least 3 month stability. The frequency of 

calibration should be minimized to encourage patient compliance. To accomplish 

this, drift in sensitivity should be no more than 10% in 24 hours, after a relatively 

short post implant stabilization (run-in) of 3 hours. In addition, for patient comfort 

the sensor should be as small as practically possible, < 0.5 mm in diameter. 5•28 The 

use of electrochemical enzyme sensors that take advantage of the catalysis of 

glucose by glucose oxidase (GOx) have proven to be the most effective at meeting 

all these specifications. 

All of the following glucose sensors described derive their specificity from the 

following enzyme catalysis reactions: 

Glucose+ GOx-FAD Gluconic Acid + GOx-FADH2 

GOx-FADH2 + 02 GOx-FAD + H202 

A current that is proportional to the flux of glucose that is catalyzed by the 

GOx is detected by one of three mechanisms. 1) The decrease of 0 2 that is 

consumed by the GOx reaction by monitoring 0 2 at the electrode. 2) The reduction 

of the enzyme cofactor FAD to FADH2 by a mediated direct electron transfer to the 

electrode. 3) The change in H202 produced by the GOx reaction by monitoring the 

oxidation of H202 at the electrode.5 

For each of these mechanisms the potential for interfering substances such 

as urate and ascorbate in the in vivo environment are eliminated either with perm-

specific membranes or, depending on the detection technique, a minimized applied 

potential. To achieve appropriate linear range and guarantee that glucose is the 

limiting reagent a semi-permeable membrane is used as the outer most layer. The 

outer membrane serves two functions: it allows maximum diffusion of oxygen, while 
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restricting glucose and it protects the enzyme layer and electrode from biological 

macromolecules. The glucose sensor utilized for the research in this dissertation 

works by the third mechanism, oxidation of H202. A detailed explanation of the 

issues involved with that mechanism will be presented after a brief review of the 

other two mechanisms. 

Gough et al. has reported some success detecting the decrease of oxygen in 

the immediate vicinity of the GOx catalysis of glucose.29 The Pt or Au detecting 

electrodes are poised at ca. -0.6V to monitor the reduction of oxygen, a design which 

is most closely related to the sensor originally proposed by Clark for glucose 

detection.8 The sensor easily screens out potential interferents by use of a gas 

permeable membrane, however because the measurement is conducted in a 

potentially variable oxygen atmosphere the system requires two oxygen measuring 

electrodes. One electrode measures the oxygen near the catalytic reaction and the 

other electrode is needed to measure the ambient oxygen to produce an accurate 

difference. This two electrode design generates a cumbersome system that does 

not lend itself very easily to miniaturization. As of this time there are no indications 

for commercialization of this type of glucose sensor to provide continuous glucose 

monitoring in people with diabetes. 

The mediated sensor, which theoretically wires the detection of the electron 

transfer by the enzyme co-factor (FAD) directly to the electrode, can potentially 

eliminate issues with interference of endogenous molecules {ascorbate and urate) 

because of the lower oxidation potential required. The mediator is essentially the 

substitute for oxygen as the electron transfer molecule in the enzymatic reaction. 

Several mediated sensors have been developed, which are reviewed by Wilson et 
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a/., including the use of ferrocene, pyrroloquinoline quinone (PQQ}, poly(vinyl 

pyridine} osmium complexes, and others.28 The most successful method was 

developed by Heller and coworkers where the mediating redox polymer is a 

poly(vinyl pyridine} backbone linked to poly(imidazol} Os complexes and GOx.30 

Mediated sensors suffer from an inherent inhibition of response by competition with 

oxygen and, unless the mediator is firmly tethered, it will diffuse out of the sensor. 

Heller has overcome the oxygen issue by using a "salting out" technique prior to 

oxygen diffusing to the enzyme layer, while successfully 'wiring' the enzyme securely 

to the electrode surface. The gold electrode is poised at 0.20V which serves to 

minimize the oxidation of interferent molecules, which are further screened out with a 

Nafion® - Cellulose Acetate inner membrane. 28•30 

The Heller sensor is incorporated into the TheraSense Freestyle Navigator 

continuous glucose monitoring system, which has successfully completed initial 

clinical testing under a PMA application currently in place.11 The results produced a 

mean absolute difference between capillary glucose readings and the sensor 

readings of 17%, with an uncompensated glucose reading lag of 8 minutes (3 

minutes due to sensor response time). The sensor is calibrated three times in the 

first 24 hour period, and then provides accurate data without subsequent calibration 

for the remaining 48 hours of the implant period. 11 Of the three commercialized 

continuous glucose monitoring systems the Freestyle Navigator shows the greatest 

promise of meeting required criteria. 

The third glucose sensor detection mechanism is the oxidation of H20 2 by a 

platinum or platinum iridium (Pt/Ir} electrode poised at + 0.6V. This is the detection 

mechanism used in the work presented here. The diagram in Figure 1.1 illustrates 
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the function of the three layers incorporated in a sensor of this type. The inner 

membrane screens out interferent molecules such as ascorbate, urate, and 

acetaminophen. The middle membrane is an immobilized GOx layer, where the 

glucose is converted to produce gluconic acid and H202. The outer membrane is the 

glucose diffusion limiting membrane, which provides an oxygen rich medium at the 

GOx layer. This semi-permeable membrane prevents saturation of the sensor by 

assuring that oxygen does not become the limiting reagent. Glucose is catalyzed to 

gluconic acid and H20 2 in the enzyme layer and the H202 is oxidized at the electrode 

surface by the following reaction: H202 02 + 2H• + 2e·. 
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Adapted from Anal Chem 1994, 66, 1183 

Figure 1.1: Diagram for the glucose sensor utilizing the H;z02 oxidation mechanism. 

Several researchers have used this detection method, including the Wilson 

laboratory, with a variety of different polymer configurations.31 ·32 Abel et al. devised a 

system where an oxygen permeable membrane allowed a large excess of oxygen 

diffusion but limited glucose diffusion through micro-perforations in the membrane. 

Abel et al. also reviews several other membrane configurations tested in vitro and in 
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vivo including polytetrafluoroethylene (PTFE), polyvinylchloride (PVC), Nation, 

polyurethane, cellulose acetate, and various combinations of all of these. 33 

Electropolymerization of several different films including poly{phenol), poly{pyrrole) 

or poly(aniline) have also been used to provide the function of a semi-permeable 

outer membrane, to immobilize GOx, and as an interferent exclusion mechanism. 34-35 

The electropolymerized systems show good performance in vitro, and a few in vivo 

studies illustrate that this method has great potential. 37-as Because of the superior 

process control aspects and adaptability to mass production, electropolymerization 

techniques are very promising for future sensor designs. 

Sensors using the oxidation of H202 have also been developed for long term 

implantation (3 to 6 months). Updike's research group developed a 7 cm disk sensor 

with a proprietary bioprotective outer layer that provided glucose sensor readings via 

radiotelemetry.40 The sensor was implanted in dogs and provided good glucose 

measurements for up to 114 days. 

The most successful version of a semi-invasive continuous glucose 

monitoring system that uses the detection of H202 is the currently FDA approved 

Medtronics Minimed GCMS.41 The mean relative error between home blood glucose 

readings and the sensor readings was 21.3%. The system also includes hyper and 

hypoglycemic alarms. The hypoglycemic alarm produced 47% false alerts, but the 

median duration of a hypoglycemic event was decreased by ca. 23 minutes when 

compared to a control group without the alarm feature. 42 Recommended calibration 

is four times per day and the glycemia profiles are generated when data are 

analyzed periodically by a licensed practitioner, the patient does not have direct 

access to the blood glucose readings. The system was deemed reasonably 
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accurate for determining adult type 1 diabetic profiles, however it is insufficient for 

pediatric use.42•43 The Minimed system was the first of its kind approved by the FDA, 

but does not yet meet appropriate criteria for use as a home continuous glucose 

monitor independent of a clinical interface. For all of the implantable glucose 

monitoring systems described in the preceding pages the primary cause for failure 

indicated was based on the biological response to the implanted sensors. Every 

researcher involved in glucose sensor development agrees that the inflammatory 

response is the primary limiting factor that must be understood and overcome before 

an optimally performing continuous glucose monitoring system can be produced. 

1.2 Biocompatibility of Glucose Sensors 

The effect of the inflammatory response is primarily indicated by sensitivity 

fluctuations that adversely affect the glucose sensor calibration. An immediate 

decrease in sensitivity as compared to in vitro sensitivity has been observed in in 

vivo studies utilizing the glucose sensor developed at the University of Kansas. 32•44 

In these and other studies it was also noted that the stability of the sensor improves 

after about three days, which coincides with resolution of the acute inflammatory 

response. 45•46 More frequent and sophisticated calibration techniques can improve 

the apparent sensor performance, as illustrated in two previous publications. 47•48 

However, a greater understanding of the sensor/tissue interface during the acute 

inflammatory process will provide specific information to aid in developing more 

biocompatible glucose sensors. 

Biocompatibility research on materials and sensors has made it clear that 

biocompatibility does not mean something that is inert, which was the original 
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definition. For any implant within the body there is a host interaction, particularly for 

sensors, which need to accurately report a component within the complex 

environment. "Inert" is an insufficient definition. Therefore, Reichert has more 

accurately defined biocompatibility as: minimal perturbation of the in vivo 

environment and likewise, the in vivo environment does not adversely affect the 

sensor performance. 49 It is with this more interactive viewpoint of sensor 

biocompatibility that the investigation of the sensor/tissue interface is approached. 

1.2.1 Inflammatory Response 

The implant period for a transcutaneous glucose sensor would be about 3 

days and not longer than 7 days, which is the proposed use for the sensor studied in 

this dissertation. Therefore, the primary concern for this work is during the acute 

inflammatory response which lasts about three days. The work proposed regarding 

the initial decrease in sensitivity will focus on the events in the first 24 hours of 

implant. To aid in understanding the research conducted and the results presented a 

brief outline of the events in an inflammatory response is presented. 

An excellent description of the inflammatory response to implanted devices is 

presented by Anderson, with additional details specific for reactions to polyurethanes 

presented by Lamba et al. 50'51 A brief description of the inflammatory process, based 

on the cited literature, is summarized below and is illustrated in Figure 1.2. When 

the sensor is inserted through the skin into the subcutaneous tissue the endothelial 

damage and capillary breakage initiates activation of the intrinsic and extrinsic 

coagulation systems, with formation of small blood clots. Because insertion of the 
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sensor in subcutaneous tissue causes very little bleeding, blood related reactions, 

such as thrombus formation are a minor component of the response. 

The acute inflammatory response starts immediately after the sensor is 

implanted. During the initial acute response fluid carrying plasma proteins and 

inflammatory cells migrate to the site of the foreign body (i.e. sensor). Opsonization 

occurs first with the deposition of proteins and/or peptides on the sensor which 

facilitate the recognition and adhesion of inflammatory cells to the surface of foreign 

bodies. The primary opsonization proteins are believed to be complement fragments 

and lgG. A simultaneous process is the extravasation of inflammatory cells, 

neutrophils, monocytes, and lymphocytes from blood vessels. Complementary 

adhesion molecules on the surface of these cells are intended to interact with 

molecules on the foreign invader so it can be surrounded by the phagocytic cells 

(neutrophils, monocytes, and macrophages) and destroyed. However, the large size 

of the sensor means that only 'frustrated phagocytosis' occurs, which is the release 

of reactive oxygen species [ROS (H202, 0 2·, NO, OH" )] and enzymes intended to 

degrade the foreign body. 

The temporal process of the inflammatory response is shown in Figure 1.3. 

Neutrophil infiltration is first, but they are short-lived surviving for only about 24 to 48 

hours. Simultaneously, but to a lesser extent monocytes migrate toward the site. 

Monocytes differentiate to macrophages and accumulate at the site over the 

following days or weeks {if a ch~nic response persists). The process is mediated by 

chemokines, cytokines, and growth factors, which are secreted by macrophages, in 

addition to proteases, arachidonic acid metabolites, complement components, and 

coagulation factors. The exact timing, action, and intensity of the process is 
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dependent on the nature of the foreign body, which relates to size, shape, and 

physical and chemical properties. 

The acute response lasts about three days after which a chronic inflammatory 

response may set in, which is predominated by macrophages. Movement of the 

foreign body (i.e. sensor) within the tissue can exacerbate the response to become 

chronic. For most implant responses after the acute response a modified version of 

the healing process begins. This is seen as granulation fonnation with 

neovascularization and accumulation of fibroblasts, which then becomes a fibrotic 

capsule walling off the implant. The ultimate formation of a fibrotic capsule is the 

hallmark of the foreign body response. 
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Figure 1.2: Cartoon depicting the process of the inflammatory response when 
a sensor is implanted subcutaneously. Adapted from Goldsby, R. A. et al. 
Kuby Immunology; W.H. Freeman and Company: New York, 2000, pp 371-392. 
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Figure 1.3: Diagram of the temporal variation for the inflammatory response to a 
foreign body. Reprinted with pennission Anderson, J.M. In Cardiovasc Pathol, 
1993; Vol. 2, pp 33S-41S. Elsevier Science. 

The inflammatory response and the associated causes for fluctuations to 

glucose sensor response have been studied by numerous researchers. They have 

reported a number of theories regarding why certain sensor response phenomena 

occur, and have devised several solutions to counteract the negative effects of the 

physiological response to an implanted sensor. These are theories related 

specifically to the biocompatibility of implanted glucose sensors and their relationship 

during an inflammatory response. 

1.2.2 Hypothesis for Sensor Response Anomalies 
Williams proposes that the study of biocompatibility for implants be 

considered from a perspective that is diredly interleaved with the events of the 

inflammatory response. Three of the components to determine biocompatibility for 

glucose sensors are pertinent; the fourth component, regarding systemic reaction, 
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has not been shown to be problematic for glucose sensors. The first consideration is 

changes to the implanted material, in this case a device; possibly seen as 

degradation of the glucose sensor. Next is the effect the implant has on the local 

host response. In other words how does the function and presence of the glucose 

sensor affect the inflammatory tissue reaction - which, for a glucose sensor 

detecting components in that environment, may be coupled to fluctuation in sensor 

response. The last component presented is the influence of the initial events during 

the inflammatory response, such as adsorption of molecules in the fluids migrating to 

the implant site. 52 The following theories are presented with respect to these three 

components. 

1.2.2.1 Glucose Sensor Degradation 
It has been shown by several researchers that the fabrication components of 

glucose sensors are degraded by the inflammatory reactions. Updike et al. saw that 

failure of the three month glucose sensor implants in dogs was due to degradation of 

the polyurethane outer membrane of the sensor, rather than enzymatic failure.53 

Anderson et al. confirmed the degradation of polyurethane during an inflammatory 

response in his studies.54 Mercado also saw extensive mineralization of Nafion 

membranes on his sensors. 55 The formation of cracks and holes in the protective 

membranes of a glucose sensor will lead to changes in sensitivity, loss of linearity, 

and increased sensitivity from interferent molecules. Several studies have also 

shown that degradation of the GOx enzyme leads to decreases in glucose sensor 

response.56•57 However, for most designs an excess of GOx is used, therefore lost 

enzyme activity is very seldom a problem, as was the case in the study by Updike.53 
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1.2.2.2 Physiological Host Response 
Koschinsky et al. suggests that an Alternate Site Testing (AST) phenomenon 

may have serious implications for the accuracy of glucose sensing. The 

phenomenon is defined as differences in reported glucose concentration between 

testing locations (fingertip blood versus ISF) due to differences of absolute 

concentration and at specific time points. 58 The study of blood glucose 

concentration, relative to interstitial glucose concentration, while glucose levels are 

rapidly changing (up or down) has shown that there is a lag, where changes 

observed in blood are not recorded from sensors in ISF until several minutes 

later.25•59 Studies utilizing ultraslow microdialysis have shown both differences in 

glucose concentration and kinetics between blood and adipose tissue.60 It has also 

been suggested that people with diabetes are particularly susceptible to lag because 

of inadequate blood circulation in parts of their body.58 It is this lag that contributes 

to some of the differences between blood glucose and the sensor readings in the 

studies from the three commercially available (or in process) continuous glucose 

monitoring systems. There is not a design compensation that can be used to 

alleviate the problem; adjustments need to be made in the data analysis software 

associated with the sensor. However, recognition that the glucose concentration in 

the ISF is actually closer to the physiological point of utilization (cells) than capillary 

blood, may lead to a paradigm shift in defining therapeutic regimens. 

Other than a natural physiological difference between blood and ISF, the 

possibility that the inflammatory 'response affects the concentration of glucose in the 

immediate vicinity of the glucose sensor has been suggested. 46 Studies indicate that 

glucose consumption and flux in wounded rat tissue is twice that of normal tissue, 
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which warrants investigation regarding the glucose sensor in inflamed tissue.61 

Another concern that has been investigated by several researchers is that depletion 

of oxygen in the tissue may cause fluctuations in sensor response. 52-54 These 

studies determined that for sensors designed to prevent oxygen from becoming the 

limiting reagent, significant changes in p02 could be tolerated before the response of 

the sensor was affected. The p02 in tissue may fluctuate due to exogenous 

environmental conditions (e.g. during anesthesia) or as a result of endogenous 

physiological responses, which have both been found to be within acceptable limits 

by the research cited above. However, the consumption of oxygen by inflammatory 

cells directly adjacent to a sensor implant, as a significant source of depletion, has 

not been investigated. 

Another theory regarding the concentration of glucose at the point of 

detection, which is very closely related to the issue presented in the previous 

paragraph, is the ability of glucose to diffuse to the active sensor site. This may be 

due to changes in the diffusion characteristics of the tissue because of the 

inflammatory response, or due to the formation of a fibrotic capsule surrounding the 

sensor implant Microdialysis studies have shown that starting from a few days to 

several weeks the recovery of glucose through the probe is diminished, and there is 

significant probe encapsulation and cellular infiltration. &s.&7 The study by Wisniewski 

et al. claimed that the decreased recovery was due to tissue response rather than 

biofouling of the membrane.65 However, the method used to conclude this was to 

measure analyte recovery of explanted probes in fresh buffer after in vivo explant, 

where the biofouling molecules will very quickly leach out of the probe membrane. 

As shown by Thome-Duret et al., soaking the membrane (i.e. biosensor) quickly 
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reverses decreased diffusion characteristics, thus rendering the experiment 

meaningless. 44 The concept that the formation of an inflammatory tissue capsule 

(fibrotic encapsulation} decreases access of glucose because of changes in the 

diffusion characteristics surrounding the sensor is certainly true.68-71 However, 

considering that it takes one to two weeks for tissue encapsulation to take place, this 

reasoning cannot account for the fluctuations in sensitivity observed in the first few 

days after implantation. 

Several other theories that are reasonable hypotheses for sensor response 

fluctuations have also been presented. The passivation of the electrode surface by 

polymerization or adsorption of amino acids, particularly cysteine and methionine 

was shown to be an issue. n.73 The consumption of H202 by antioxidants, possibly 

ascorbic acid, prior to oxidation at the electrode was also reported. 74•75 Inhibition of 

the GOx catalysis reaction caused by transition metal ions, like zn2• and Fe2+ was 

reported by Binyamin et al. 76 In addition, Gerritsen et al. hypothesized that 

enzymatic inhibition was due to low molecular weight serum components. 75 It has 

also been suggested that insufficient vascularization surrounding the implanted 

sensor decreases appropriate glucose concentration at the sensor implant site, and 

that this is alleviated after a few days when angiogenesis has produced new 

capillaries. 70•77 

1.2.2.3 Initial Inflammatory Response Events 

The overwhelming majority of researchers agree that biofouling or adsorption 

of biomolecules on or infiltrated into the sensor membranes contributes to the 

decrease in sensitivity observed when the sensor is initially implanted. 77•78 In 
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addition, several studies have shown that biomolecules < 15kD contribute to the 

greatest decrease in sensitivity for glucose sensors. 75·79•80 The identity or exact 

chemical nature of these biomolecules is not known. Understanding more about the 

small biomolecules that appear to affect the sensor response the most may lead to 

better methods to counteract their effects. 

1.2.3 Biocompatibility and Sensor Function Enhancement 
A review of the literature indicates that a significant portion of the research to 

improve glucose sensor function revolves around improving biocompatibility, which 

often translates to decreasing biofouling by modification of the outer membrane. 

However, other mechanisms have been explored, which will be presented before 

listing the numerous methods to combat biofouling. 

1.2.3.1 Calibration 
A fundamental issue that could lead to sensor inaccuracy is the quality of the 

calibration, thus several different modes of calibration have been explored. A 

proposal using ratios of paired sensors to test for likelihood of correctness, improved 

the fraction of clinically correct readings by 6.4%.81 However, the use of paired 

sensors may not be practical for real time continuous glucose sensing. Using a 

second non-enzyme electrode to determine the exact background was also 

employed, but again this entails two implanted electrodes, which complicates sensor 

design. 82 With the Minimed system, Panteleon et al. found that simply using the 

sensor current as the independent variable produces better agreement between 

blood glucose and sensor glucose readings. 83 Researchers associated with the 

Wilson laboratory and in Heller's laboratory confirmed that use of a one-point 

calibration technique provides more accurate estimations of blood glucose from 
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sensor readings, than the two-point calibration technique.47•48•84 Modification of the 

calibration techniques to improve the accuracy are relatively straight forward and 

easily tested methods. On the other hand, improvement of the performance of the 

glucose sensor via sensor development modifications are significantly more involved; 

although considerable advancement has been realized. 

1.2.3.2 Minimizing Oxygen Depletion 
To compensate for any potential changes in oxygen that may occur in tissue 

the primary method has been to use a semi-permeable membrane that restricts the 

diffusion of glucose, which has been presented above. For added insurance, Leland 

Clark Jr. has patented a system that provides an "oxygen reservoir in intimate 

contact with the oxidative enzyme". 85 In most cases the use of the semi-permeable 

outer membrane appears to be adequate, unless the cellular consumption 

immediately adjacent to the sensor indicates more of an issue than anticipated. 

1.2.3.3 Mediating the Inflammatory Response 
The most obvious answer to eliminating sensor response anomalies 

attributable to the inflammatory response is to eliminate or at least reduce the 

inflammatory response. Reduction of the inflammatory response has been 

accomplished in the vicinity of implanted materials by the release of dexamethasone 

and a superoxide dismutase mimic {SODm), both anti-inflammatory drugs.86-88 The 

systems were not yet tested with a glucose sensor, but the prospect of releasing a 

non-native drug into the body continuously carries the possibility of systemic effects, 

and complicates the process for FDA approval of the associated glucose sensor. 

Another sensor was developed by Shin et al. that releases nitric oxide {NO), a 

natural product of the body, which is intended to decrease the inflammatory 
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response. 89 The NO was released by a similar mechanism as that described in this 

dissertation and reported previously, however the Shin et al. work did not report the 

sensor function in vivo. 90 Based on the work presented Chapter 4, the release of 

NO to reduce inflammatory response is quite effective. 

Improved neovascularization by incorporating an angiogenesis factor such as 

VEGF or adding a specially structured PTFE on the sensor surface has also been 

reported.91 •92 A substantial risk with encouraging angiogenesis by VEGF is that 

angiogenesis has been shown to be a factor in the growth of cancer cells.93•94 

1.2.3.4 Deterring Sensor Biofouling 
The reduction of biofouling has predominantly been accomplished by 

development of a particular coating on the outermost membrane surface that inhibits 

protein adhesion to the surface. Wisniewski et al review the various approaches to 

improving glucose sensor function including: hydrogels, biomimicry, flow-based 

systems, Nation, surfactants, naturally derived materials, and others. 95 These 

modifications have been tried with a variety of results equal to the variety of 

mechanisms employed; some of those methods are described here. Vadgama and 

co-workers apply a micro-flow system that prevents adherence of biomolecules by 

the continuous flow of a chelating buffer over the surface, which was reported to 

provide good blood:tissue glucose concentration correlation.96 Another system that 

shows excellent promise is the use of biomimicry with a humic acid, hyaluronic acid, 

or phosphorylcholine coating.97:98 The phosphorylcholine system, based on the work 

by Ishihara et al., for an in vivo glucose sensor reported showing steady current and 

appropriate response to changing glucose.99•100 The humic acid and hyaluronic acid 
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coatings were not tried on glucose sensors, but were reported as having appropriate 

diffusion to glucose. 97•98 

Biofouling deterrence by surface modification to form hydrogels with poly 

ethylene oxide/polyethylene glycol (PEO/PEG) works by forming a layer of water due 

to interaction with the very hydrophilic coating, thus preventing protein penetration to 

the surface. Several patents and publications attest to the effectiveness of this 

method to prevent biofouling.101-104 Heller and co-workers used PEO crosslinked to 

the mediated GOx polymer system and reported that no statistically significant loss 

of sensitivity occurred when the sensor was implanted. 30 

The review presented above of current glucose sensor technologies, the 

issues regarding biocompatibility, and proposed solutions are only a small portion of 

the literature available on the topic. However, it is evident that significant progress 

has been made since Clark first proposed the use of glucose oxidase in conjunction 

with the oxygen sensor to monitor biological glucose. Yet, only three glucose 

sensing technologies are close to realizing the potential for home glucose 

monitoring, and those still present problems for the end user. Therefore, the search 

for understanding the complex microenvironment surrounding a subcutaneously 

implanted sensor is very relevant. In an effort to advance the knowledge to a greater 

extent, the research approach outlined below was completed and is reported in the 

following chapters of this dissertation. 

1.3 Research Design· 

The research design employed for this dissertation is focused around 

Williams' two biocompatibility components regarding effect of initial inflammatory 
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events (identification of biomolecules) and how the host response may affect the 

sensor output (measurement of flux).52 The culminating research project (NO 

release glucose sensor) serves to counteract the effect of the host response to 

improve the function of glucose sensors. A proposal for developing a mathematical 

model incorporating the information gained, in order to simulate glucose sensor 

function while implanted in an inflammatory tissue region, ties the research together. 

The interactive nature of an active glucose sensor implanted in subcutaneous 

tissue precludes the use of solely passive techniques to determine biocompatibility, 

such as observing cell morphology or monitoring cytokine production. It is the 

interactive nature of a glucose sensor that also limits the information that can be 

gained from monitoring the response of the sensor to determine biocompatibility. 

Therefore, a combination of passive and active experiments are used, whose 

objective it is to separate the host response to the sensor from the sensor reaction to 

the inflammatory response. A more detailed description of this research approach is 

outlined below. 

1.3.1 Glucose Sensor Function 
The design of the glucose sensor studied in this dissertation is based on the 

oxidation of H202 at a Pt/Ir electrode according to the following reactions: 

Glucose+ GOx-FAD GluconicAcid + GOx-FADH2 Enzymatic catalysis (1) 

(2) 

and 

Oxidation at electrode (3) 

The sensor is illustrated in Figure 1.4. Details of the fabrication for the sensor 

have been described in previous publications where the sensor has been used for 
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several clinical studies.31 ·105·106 Briefly: a 2 mm cavity is cut in a Teflon coated Pt/Ir 

wire (Medwire Corp, Mt. Vemon, NY) and cleaned by alternating in 100% ethanol 

and nanopure water. The inner membrane, which is the interferent exclusion layer, 

is comprised of alternating layers of cellulose acetate and Nafion® (both from Sigma, 

St. Louis, MO). The active catalytic enzyme layer is immobilized from a solution of 

glucose oxidase (Aspergillus niger, 260 U/mg, GO3AC, Biozyme, San Diego, CA), 

and bovine serum albumin, and crosslinked with glutaraldehyde (Sigma). The 

concentration of GOx is in stoicheometric excess to prevent sensitivity loss due to 

enzymatic activity reduction. The semi-permeable glucose limiting membrane is loop 

cast from a solution of ca. 3% poly(etherurethane) Tecoflex (Thermedics, Wobum, 

MA) and ca. 1 % polydimethylsiloxane MED-4211 (NuSil, Carpenteria, CA, equivalent 

to: MDX4-4210, Dow-Coming, Midland, Ml) dissolved in tetrahydrofuran (THF) and 

2% dimethylformamide (DMF). The reference electrode is formed by winding a 0.5 

mm Ag wire around the mid-portion of the Teflon coated Pt/Ir wire and the Ag/Cl 

coating is formed by reaction with Fe3+ in an acidic AgCI solution. The overall 

diameter of the sensor is 0.35 mm and ca. 47 mm long. Sensors are fabricated in a 

class 1000 clean-room/laminar flow hood (class 100) and sterilized by EtO gas. 

Glucose Oxidase 
Enzyme Layer 

CA/Nation Layer 

Ag/AgCI Reference Electrode 
nsing Element 

47 mm!_.O5 

PU/PDMS Layer 

0.3? 
mrT10 T .. Coating 

Ptqr Electrode 

t 

.I 

Figure 1.4: Diagram of glucose sensor used for experiments conducted in the research 
presented. 

28 



Each fabricated sensor is tested in vitro to meet the following specifications: 

Sensitivity:0.5 to 10 nA/mM (optimum: 1.5 to 7 nA/mM) 

Linearity:< 10% difference between 5 and 15mM glucose 

lnterferent exclusion: <15% response to 0.1mM acetaminophen versus SmM 

glucose, 5 minutes after addition. 

Stability :<20% change in sensitivity over 24 hours 

Response Time: < 2 minutes for 90% maximum response 

Drift: < 3% nA change per minute at each SmM glucose step 

Background: < 5nA in buffer 

Based on these specifications the sensors are graded from 1 to 5 with 1 

being the best. Sensors graded 1 meet all optimum specifications. Grade 2 meet all 

except one of either stability, linearity, or interferent exclusion, but not out of range by 

more than 5%. Grade 3 meet all except two of those specifications outlined in grade 

2 or one of those specifications may be out of range by more than 5%. Grade 4 may 

be out of range by 5% or more for two or more of all specifications including 

sensitivity. A grade 5 is unacceptable and sensors are not considered for use. 

Some subjective qualification is performed in grading the sensors, based on previous 

experience with sensor performance. Experiments that require monitoring of sensor 

response for in vivo or in vitro experiments required sensors with a grade 1 or 2. 

Experiments that do not measure the response of the sensor, (e.g. biomolecule 

adso(P.tion) may use grade 3 or 4, however grade 1 or 2 is preferred if available. 

Sensors with extremes of sensitivity may have been utilized for cellular reaction to 
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sensor studies as an experimental parameter. Glucose sensors as described were 

used to conduct the following research. 

1.3.2 Cellular Interaction with Glucose Sensors 
Determination of the interactive relationship between inflammatory cells (host 

environment) and the functioning glucose sensor which is consuming glucose and 

oxygen, and producing H20 2 is key to understanding the inflammatory 

microenvironment where the sensor is implanted. To simplify the environment where 

the sensors operate, in vitro cell culture experiments were performed using murine 

fibroblasts (L929), and monocyte-macrophage-like inflammatory cells (U937 and 

HL60). The sensor response was monitored in cell culture medium with and without 

serum, and cells. The results of these experiments are included in Chapter 2: 

Adsorbed Biomolecule Identification. To determine how cells behave in the 

presence of active glucose sensors, the morphology of cells in the presence of 

glucose sensors was also monitored. The results of these experiments are 

presented in Chapter 3: Inflammatory Cell Flux Measurements. 

1.3.3 Identification of Adsorbed Biomolecules 
Biological molecules that adhere to the sensor surface during the initial 

stages of the inflammatory response (biofouling) have been hypothesized as major 

contributors to the inaccuracies in glucose measurement78•95, including studies by 

Gerritsen et al. that indicate molecules <15kD are responsible for sensitivity loss.75 

These proteins, peptides, or small molecules could interfere with the diffusion of 

glucose (flux) or prevent the oxidation of H20 2 at the electrode surface, contributing 

to the loss of 60 to 100% of the in vitro sensitivity observed when sensors are 

implanted. The subsequent restoration of the sensitivity when explanted sensors are 
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soaked in buffer indicates that the molecules adhered to the sensor are responsible 

for this initial loss of sensitivity.107 Therefore, identification of these molecules will 

help direct research toward sensor design mechanisms that minimize the initial loss 

of sensitivity. 

Experiments were conducted to ascertain the identification of the 

biomolecules that adsorb to the subcutaneously implanted sensor. Sensors were 

implanted subcutaneously in rats for 24 hours and then explanted. Samples were 

obtained for analysis by proteomic techniques ( electrophoresis and mass 

spectrometry) by leaching the explanted sensors in aqueous solution or by direct 

analysis of excised sensor membranes. Because of the applicability of matrix 

assisted laser desorption ionization-time of flight spectrometry (MALDI-TOF) for 

analysis of biomolecules on surfaces, most of the experiments were conducted using 

the MALDI-TOF mass spectrometer in the Biochemical Research Service Laboratory 

(BRSL) at the University of Kansas. 

1.3.4 Inflammatory Cell Glucose, 02, H202 Flux Measurement 
Determining the interactive fluctuations between the host and the implanted 

glucose sensor during an inflammatory response outside the complexity of the in vivo 

environment would provide significant information to build a model. Glucose sensors 

function by consuming glucose and 02, which are key nutrients for the inflammatory 

cells surrounding the implanted glucose sensors.108 At the same time, the 

inflammatory response is n:tediated by release of cytokines, which signal 

macrophage migration and subsequent release of reactive oxygen species, including 

H202.109 To further complicate the issue, H202 is also produced by the chemical 

reaction utilized to measure glucose concentration, which partially diffuses out of the 
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glucose sensor. The interactive process of glucose and 0 2 consumption, and H2O 2 

production by both the glucose sensor and inflammatory cells, render it impossible to 

understand this complex environment based solely on the performance of the 

glucose sensor. 

The complexity of the interactive process is why a technique for measuring 

the glucose and 0 2 consumption, and H2O2 production from inflammatory cells 

(macrophage-like) in an in vitro system, which can be related to the consumption and 

production of these analytes by glucose sensors, is essential. A suitable technique, 

the self-referencing probe system developed at the BioCurrents Research Center 

(BRC) of the Marine Biological Laboratory (MBL)·110•111 , was used to measure the flux 

of glucose, 0 2, and H2O2 at the surface of sensors and macrophage-like cells in the 

presence or absence of glucose sensors.112•114 To ascertain any possible adverse 

affect the consumption of oxygen may have on the response of glucose sensors, the 

measurements obtained were used to calculate a rough estimate of the total 

consumption in tissue surrounding the glucose sensor. 

1.3.5 Inflammatory Response Suppression via NO Release 
If the inflammatory response that occurs when a glucose sensor is implanted 

subcutaneously is the primary cause for glucose sensor response fluctuations, then 

developing a method to suppress the inflammatory response would logically improve 

the performance of the sensor significantly. Therefore, based on the reported 

reduction of thrombosis and in~ammatory factors by NO 11s.-117, NO released from in 

viva sensors may help ameliorate any adverse analyte flux characteristics that 

contribute to sensitivity fluctuations. A glucose sensor of the design described above 

was modified slightly to provide NO release from the outer membrane, based on the 
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work by Meyerhoff et a/.90 However, reports have indicated that the presence of NO 

may be cytotoxic and can reduce the activity of glucose oxidase, thereby decreasing 

the useful in vivo function of a glucose sensor. 118 119 Given these possible 

drawbacks, it is important to verify both in vivo glucose sensor function and tissue 

response to NO release from a glucose sensor. The in vitro and in vivo performance 

of the NO release sensor was evaluated with respect to the sensor function and the 

effectiveness of inflammatory response suppression. 

1.3.6 Microenvironment Model Proposal 
The original objective for the research conducted for this Ph.D. dissertation 

was to gain information that could be used to formulate a model of the 

microenvironment surrounding a subcutaneously implanted glucose sensor, 

including the inflammatory response components. To this end, in the concluding 

chapter a proposal for how this model could be developed using numerical and finite 

iteration methods is outlined. The development of the model algorithm is left to 

future researchers who choose to take the next step. 
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Chapter 2 Identification of Biomolecules 
Adsorbed To In Vivo Glucose Sensor 

2.1 Introduction 

One of the limitations of subcutaneously implanted glucose sensors is a 

relatively long run-in of six to twenty-four hours, which is defined as the time from 

implant until the baseline current is stable. Associated with the long run-in is an in 

vivo sensitivity loss when compared to the in vitro sensitivity, which is sustained 

throughout the implant period of the sensor. The run-in is partially due to the 

conditioning of the platinum electrode surface, 1-3 but it does not account for the 

extended run-in time nor the sensitivity loss. It has been shown that "biofouling", the 

adsorption of biomolecules on the sensor, contributes to the sensitivity loss. 4-6 

Wisniewski et al. and Gerritsen et al. describe the process of sensor biofouling 

associated with the acute inflammatory reaction to a foreign body, indicating that the 

initial reaction is the adsorption of biomolecules (assumed to be proteins).6•7 The 

acute inflammatory response lasts about three days, however; the initial events 

seem to reach equilibrium within about 12 to 24 hours, which coincides with 

completion of the long run-in. 

Additional mechanisms that reduce sensitivity have also been proposed, such 

as ascorbic acid (an antioxidant) consuming H202 prior to oxidation at the Pt 

electrode.8 Gerritsen et al. proposed that unknown oxidizing components (in serum) 

compete for oxygen, thereby inhibiting the production of H202 by glucose oxidase. 9 

In that study, it was also indicated that the biomolecules responsible for the 

decreased sensitivity were less than 15kD, as have several other research 
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studies.4•10 Polymerization of amino acids when oxidized have also been found to 

cause passivation of Pt electrode surfaces, reducing the sensitivity of the electrode 

surface for oxidation of H2O2.11-14 The predominant opinion is that proteins, peptides, 

lipids, phospholipids, or other small molecules foul the sensor by adhering to the 

outer surface, integrating into the polymer matrix (reducing diffusion of glucose), or 

passivate the electrode surface (preventing H2O2 oxidation). However, as of this 

writing the identity of those substances has not been established, except for the 

dissertation work by Sandra Barnes, a previous graduate student in the Wilson 

laboratory.15 

Identification of the offending species is important in order to develop 

strategies that will counteract the adverse effects of biofouling. The prevention of 

adsorption of biomolecules on in vivo implants is not restricted to glucose sensors or 

biosensors in general, but also to any biological implant The adherence of proteins 

to a bioimplant is the first stage in a complex cascade of the foreign body response, 

as detailed in the Chapter 1: Introduction, that leads to degradation and biological 

rejection of implanted devices. The Grainger et al. study involving fibrinogen and 

serum albumin adsorption and subsequent cell adhesion is just one example of 

many adsorption research studies on biomaterials.16·17 In addition, many surface 

moieties have been developed and tested for their ability to resist protein adsorption 

to biomaterials, including polyethylene glycol [PEG also known as polyethylene oxide 

(PEO)], phospholipids, and others. 1s-22 Attempts to incorporate protein resistant 

moieties on sensors have had mixed results, which are reviewed by Wisniewski et 

a/. 7.23-26 Knowing the exact nature of the substance interfering with biosensor 
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function may provide a more mechanistic approach to circumventing the foreign body 

reaction. 

Methods used to evaluate the performance of biosensors with anti-biofouling 

coatings, also reviewed by Wisniewski et a/.,1 most often draw on circumstantial 

evidence to determine effectiveness. These methods are circumstantial because 

they evaluate the response of the sensor itself to determine the extent of biofouling 

and hence the merit of a "biocompatible" surface. The in vitro sensor response both 

pre and post-explant is compared to the in vivo response with and without the 

particular biocompatibility treatment. Methods that interpret transport changes 

through membranes (microdialysis and permeability studies) pre and post explant, as 

well as microscopic and spectroscopic techniques (SEM, TEM, ATR IR and 

ellipsometry) have also been employed. 7 Gravimetric methods such as SPR and 

QCM have become very popular, but are non-specific and are not appropriate for in 

vivo studies. 7 None of these methods provide specific identification of the particular 

species that actually cause biofouling. 

Experimental techniques that attempt to identify the biomolecules (ELISA, 

electrophoresis, immunohistochemistry) have been used to provide more specific 

information. 7 All of these techniques have provided a wealth of knowledge regarding 

biocompatibility of sensors; however no single technique can provide a complete 

picture of the complex in vivo environment. The data gained from the types of 

studies described above, in concert with an experimental method that determines the 

biofouling substances directly, could provide more specific information for intelligent 

sensor design. Mass spectrometry (MS) methods have also been used for 

evaluation of proteins on biomaterials, but were not mentioned in the Wisniewski 
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review. These include time-of-flight secondary ion mass spectrometry [fOF-SIMS 

{a scanning surface technique)]27 and matrix assisted laser desorption ionization 

time-of-flight mass spectrometry {MALDI-TOFMS).28 The TOF-SIMS technique 

requires a flat substrate with the protein adsorbed on the surface, which is not 

suitable for analysis of wire type biosensors. In addition, the TOF-SIMS 

instrumentation is not readily available to the Wilson laboratory; therefore the focus 

for this research is MALDI-TOF, and electrospray ionization mass spectrometry {ESI-

MS/MS). 

2.1.1 MALDI-TOF MS and ESI-MS/MS theory 

MALDI is a soft ionization technique that is well suited for small volume {1-5 

µL) relatively low concentration biomolecule analysis, and can ionize samples 

directly from surfaces, which makes it ideal for this application. The sample is co-

crystallized within a matrix that is desorbed from a surface by laser beam irradiation. 

As vaporized clusters of the biomolecule and matrix leave the surface, the matrix 

dissipates leaving behind primarily singly charged biomolecules, which are minimally 

fragmented. Ionization of biomolecules from 100-1,000,000 Daltons has been 

achieved.29•30 The charged particles are extracted from the ionization chamber into 

the TOF mass analyzer using delayed extraction, which increases mass resolution 

by allowing equilibration of their kinetic energies and focusing the ions. In the TOF 

analyzer operating in linear mode the focused ions of different m/z drift toward the 

detector at a rate that is proportional to the square root of their mass, creating a 

spectrum over time relative to the m/z of each ion. In reflectron mode the ions are 

retarded and then reflected by an electric field of varying voltage, which focuses the 
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ions with different kinetic energies to an even greater resolution. Linear mode has a 

mass range from ca. 10,000 to 100,000 Daltons, whereas the mass range in 

reflectron mode may only span 3000 Daltons.31 The linear mode is utilized for 

protein mass determination, whereas the reflectron mode is used for peptide mass 

mapping to identify proteins from proteolytic digests of samples. MALDI-TOF can be 

equipped with a second TOF mass analyzer to provide secondary fragmentation 

patterns for peptide sequencing and more accurate identification. 

ESI is another soft ionization technique that sprays the sample from an HPLC 

system through a capillary needle set at a high potential creating charged droplets. 

The charged droplets continue to vaporize into the gas phase, creating ionized 

fragments as they travel toward the oppositely charged inlet of the mass analyzer. 

This method produces highly fragmented multiply charged ions, which provides 

increased mass range for biomolecule identification. An ion trap mass analyzer 

causes the ions of different m/z to cycle within two end electrodes and a ring 

electrode around the center with a radio frequency (rf) voltage applied to it. By 

modulating the amplitude of the rf voltage on the ring electrode and applying 

appropriate rf frequency to the end electrodes, the m/z can be scanned as the ions 

are ejected from the trap onto a detector. In addition, specific ions in the trap can be 

selected and further ionized within the ion trap to provide MS/MS capabilities.32•33 

The coupling of ESI and ion trap MS/MS type systems results in an instrument with 

excellent mass range (ca. 70,000 Daltons) and good resolution, capable of 

identification of relatively large biomolecules. However, the volume of sample 

required is larger (at least 10 µL) than for MALDI-TOF and it is more sensitive to 

adverse effects of sample matrix composition (e.g. solvents, buffer salts). As noted 
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above, MALDI-TOF is well suited for analysis of biomolecules (proteins) on surfaces 

of biomaterials. 

2.1.1.1 Previous Biomaterial MALDI-TOF-MS Studies 

The Oleschuk et al. MALDI study referenced above evaluated biomaterials 

with blood plasma deposited on or soaked in the material, which provides a relatively 

large mass of biomolecules directly on the sampled substrate. 28 Oleschuk et al. 

identified several adsorbed proteins including lmmunoglobin G and albumin, which 

were also identified from the sensors studied in Barnes dissertation work.15.28 The 

general finding was that the affinity of the protein for the surface was a greater 

determining factor for the presence of a specific protein than the concentration of the 

particular protein in the plasma sample. However, the concentration ultimately 

adsorbed on the surface being analyzed by MALDI does affect the ability to detect 

the specific protein. The degree of success for protein identification with MALDI is 

greatly affected by the mass of protein that is present on the surface subjected to the 

laser ionization process, whether it is the biomaterial directly or from a solution 

deposited on a MALDI sample plate. 

Barnes attempted to identify substances adsorbed to the glucose sensor by 

MALDI-TOF, with minimal success. She did identify serum albumin at 66kD, lgG at 

179kD, and fibrinogen at 340kD, in addition to observing lower molecular weight 

species ca. 1000 Dalton by gel-electrophoresis and ELISA. The reason noted for the 

poor MALDI performance was lack of adequate sensitivity with the MALDI 

instrumentation available at that time. Barnes soaked sensors in phosphate buffered 

saline (PBS) that had been implanted in rats for two hours, which produced a sample 
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with a very low concentration of proteins. This method for obtaining the sample was 

based on research in the Wilson laboratory showing that the reduced in vivo 

sensitivity does not recover immediately when tested post explant.5 However, as the 

sensor is soaked in PBS over the next hour the sensitivity returns to ca. 50% of the 

original in vitro sensitivity and will return to nearly 100% if soaked for ca. 24 hours. 

The indication is that whatever is causing the sensitivity reduction remains with the 

sensor when explanted. Therefore, the primary loss of sensitivity is not due to an 

active biological mechanism present only in the in vivo environment, but by a 

substance adhered to the sensor that subsequently leaches into the PBS during 

post-explant soaking. This means that the biofouling molecules are now in the PBS 

leachate, which becomes the sample used to identify the substances. Barnes' 

identification of large molecular weight proteins (albumin, lgG, and fibrinogen by 

ELISA) conflicts with the indication that it is low molecular weight species that cause 

the sensitivity loss, unless the identification was due to antibody binding to fragments 

of the whole protein. Therefore, the identification is addressed again in the research 

presented here, taking advantage of a longer implantation and higher sensitivity 

MALDI-TOF-MS instrumentation now available, in an effort to increase the chances 

for successful identification of small biomolecules. 

2.2 Experimental methods 

2.2.1 Materials 

All experiments were performed using the standard glucose sensor as 

described in Chapter 1: Introduction, and utilized in other in vivo studies performed 
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by Wilson laboratory associates. s,34-38 Reagents were obtained from Sigma-Aldrich 

(Milwaukee, WI) or Fisher Scientific (Hampton, NH) unless otherwise noted. 

2.2.2 In Vitro Glucose Sensor Sensitivity 
Glucose sensors were tested for sensitivity on a multi-channel potentiostat 

(Model 3104 or BIQ2, Pinnacle Technology, Inc. Lawrence, KS). The glucose 

response test is performed with the sensor polarized at + 600 mV between working 

electrode and Ag/AgCI reference in constantly stirred PBS (1 mM NaCl, 87mM 

Na2HPO4, 15mM KH2PO4 adjusted to pH 7.4). The response is recorded as SmM 

glucose injection steps, up to 20mM glucose, are injected at 10 minute intervals. To 

ascertain the possible biofouling mechanism 25 µM H2O2 or 0.1 mM acetaminophen 

were injected into the test vessel. The response or lack of to these analytes can help 

indicate whether membrane biofouling or a bioactive mechanism (e.g. antioxidant 

consumption) is contributing to response differences. A glucose response test was 

carried out in buffered RPMl-1640 cell culture medium with 10% fetal bovine serum 

(FBS, lnvitrogen-Gibco Life Technologies, Irvine, CA), buffered RPMl-1640 cell 

culture medium only, and 10% FBS in PBS. The sensors were periodically soaked in 

PBS, and the glucose response test repeated. 

To determine the exact source of sensitivity decreases observed during 

testing in the cell culture medium, glucose sensors were tested with individual 

vitamin and amino acid components at the concentrations found in prepared 

medium. Glucose sensor resp~mse was monitored in PBS containing 5mM glucose 

as the appropriate concentration aliquots of vitamin groups and each individual 

amino acid were sequentially injected into the test vessel. Glucose concentration 

was measured in the PBS test solution with a Yellow Springs Instruments, Inc. 
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glucose analyzer model 2300 STAT (YSI, Yellow Springs, OH). Concentrations of 

the components in RPMl-1640 cell culture medium are shown in Table 2-1: 

Concentration of amino acids and vitamins in RPMl-1640 cell culture medium. 

Table 2-1: Concentration of amino acids and vitamins in RPMl-1640 cell culture 
medium 

Glycine 75 10 Biotin 244 0.2 
L-Arginine 174 200 Choline chloride 140 3 

, L-Asparagine 132 50 0-Calcium 477 0.25 
pantothenate 

L-Aspartic acid 133 20 Felic Acid 441 1 
L-Cystine 2HCI 313 65 i-lnosltol 180 35 
L-Glutamic Acid 147 20 Niacinamlde 122 1 
L-Giutamine 146 300 Para- 137 1 

Aminobenzoic 
Acid 

L-Histidine 155 15 Pyridoxine 206 1 
h drochlorlde 

I L- 131 20 Riboflavin 376 0.2 I Hydroxyproline 
131 so Thiamine 337 1 I L-lsoleucine 

hydrochloride 
, L-Leucine 131 so Vitamin B12 1355 0.005 

L-Lysine 146 40 
1 hydrochloride 

L-Methionine 149 15 
1 L-Phenylalanine 165 15 

1 L-Proline 115 20 
L-Serlne 105 30 
L-Toreonine 119 20 
L-Tryptophan 204 s 
L-Tyrosine 261 29 
disodium salt 
di hydrate 

· L-Valine 117 20 
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2.2.3 In Vivo Experimental Design 
The diagrams in Figure 2.1 (in vivo sensors}, Figure 2.2 (exudate sensors}, 

and Figure 2.3 [rat serum albumin (RSA} standards] summarize the experimental 

design for sampling and identifying the biomolecules adsorbed on the surface of in 

vivo glucose sensors. To obtain samples for evaluation of the biomolecule 

adsorption process in live animals, polarized functional glucose sensors were 

implanted in the back of Sprague-Dawley male rats for 24 hours. The sensors were 

then explanted and up to six sensors were soaked for 24 hours in the leachate 

solution, and either soaked again for another 24 hours in fresh leachate solution or 

preserved at -20°C. The leachate was either 2% CHAPS (Sigma-Aldrich, 

Milwaukee, WI} in nanopure water or 5% acetic acid in nanopure water. Leachate 

samples in 5% acetic acid solution were subsequently reduced with 2 mM tributyl 

phosphine (TBP) and alkylated with 2.5% iodoacetamide prior to sample preparation 

for SOS-PAGE, trypsin digest for MALDI-TOF, ESI-MS/MS, or MALDI-TOF of non-

digested samples. Membranes surrounding the active cavity of the glucose sensor 

were removed from the sensor and placed directly on the MALDI plate. Then 

membrane surface biomolecules were co-crystallized in the appropriate matrix that 

was applied directly on the membrane. Trypsin digests were performed directly on 

membranes placed on the MALDI plate. To check for biomolecules that may have 

migrated through the sensor membrane and fouled the Pt/Ir electrode surface the 
. 

length of Pt/Ir electrode in the cavity was cut out of the sensor, placed on the MALDI 

plate and matrix applied or a trypsin digest attempted. 
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MALDI-TOF 
REFLECTRON 

MODE 

Trypsin 
Digest 

3 to 8 sensors 24 hr 
IN VIVO Implant in 

Sprague-Dawley rats 

Sensor 
Leachate 

24 hours in 
PBS (2X) 

Sample Type 

Analytical Method 

SDS-PAGE 
No Digest 

MALDI-TOF 
LINEAR 
MODE 

Low MW 

Trypsin Digest 
MALDI-TOF 

REFLECTRON 
MODE 

High MW 

Trypsin Digest 
MALDI-TOF 

REFLECTRON 
MODE 

Sensor 
Membrane 

or Pt/Ir 
Electrode 

Trypsin Digest 
MALDI-TOF 

REFLECTRON 
MODE 

No Digest 
MALDI-TOF 

LINEAR 
MODE 

Figure 2.1: Flow diagram of sample analysis for in vivo sensor samples. Shaded 
boxes indicate a positive result seen (m/z other than background); patterned shaded 
boxes yielded a protein identification. 
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4 or 6 sensors soaked in exudate extracted 
from Sprague-Dawley rats 

Sample Type 

' I H 

Sensor Leachate Sensor Membrane or 
24 hours in PBS (2X) PUlr Electrode 

Analytical Method 

Trypsin Digest No Digest .... MALDI-TOF "' ,. MALDI-TOF 
REFLECTRON MODE LINEAR MODE 

Figure 2.2: Flow diagram of sample analysis for rat serum albumin standards. 
Shaded box indicate a positive result seen, shaded box yielded a protein 
identification. 

Rat Serum Albumin 
Standards 

No Digest 
MALDI-TOF 

LINEAR MODE 

Figure 2.3: Flow diagram of sample analysis exudates samples. Shaded boxes 
indicate a positive resutt seen, patterned box yielded a protein identification. 
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The passive adsorption of biomolecules on sensor surfaces was 

accomplished by using the cage implant system developed in James M. Anderson's 

Laboratory at Case Western Reserve.39 A sterile stainless steel cage about an inch 

long and 3/8 inch in diameter is implanted in the back of a rat, as shown in Figure 

2.4. The surgical site is allowed to heal for 24 hours and then exudate, which 

accumulates in the interior of the cage, is extracted from the rat over the next 4 days. 

Polarized glucose sensors are soaked in the exudate for 24 hours at 37° C. The 

sensors are leached or membrane and Pt/Ir electrode removed and analyzed as 

described for in vivo sensors in the previous section. 

High molecular weight SOS-PAGE and MALOI-TOF experiments were also 

performed on the exudate sample. The SOS-PAGE revealed the presence of protein 

at ca. 66k0 (i.e. serum albumin) and above, which is expected from a fluid sampled 

directly from in vivo. However, concentrations for proteins less than 20kD Mw were 

too low for detection and identification by MALOI-TOF; therefore, no data are 

specifically reported for exudate samples. 

A series of rat serum albumin (RSA) standards of 0.095 ng/µL, 1.9 ng/µL, 6.4 

ng/µL, and 14 ng/µL were prepared in the leachate solution. These standards were 

trypsin digested to evaluate the detection limit where the MALDI system could be 

used to identify the proteins or peptides in the samples. Undigested samples were 

also run in linear mode to determine the concentration at which the whole protein 

could be detected. 
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Figure 2.4: Exudate extraction from cage implant. Inset shows stainless steel cage. 

2.2.4 Sample Controls and Blanks 
Reagents used for all sample preparation were used as blanks. Blank 

controls from sensors that were not implanted in vivo, exposed to exudate, or 

exposed to serum components were included for each experiment. The MALDI-TOF 

experiments were also conducted with components of sensor construction including 

glucose oxidase, bovine serum albumin, and glutaraldehyde both digested and 

undigested, including the individual components and mixed (as used for sensor 

enzyme membrane). Experiments using blank sensors, without active glucose 

oxidase, were also performed. Sensor membranes that had been implanted in vivo 

and subsequently leached were also included in MALDI-TOF experiments to 

demonstrate effectiveness of the leach process. 
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2.2.5 Sample Leachate Preparation 
After sensors (3 to 8 implanted per rat) were leached for 24 hours, the 

leachate samples were frozen at -85°C until further processing. To concentrate the 

samples the first and second 24 hour leachate for each group of sensors were 

combined, yielding a total volume of ca. 400 µL, which was lyophilized or vacuum 

centrifuged to dryness. Immediately prior to trypsin digest or SDS-PAGE the 2% 

CHAPS leachate samples were solubilized in 40 to 50 µL of solubilization buffer [7 M 

Urea, 2 M Thiourea, 1% CHAPS, 2 mM TBP, and 2.5% iodoacetamide (added as a 

powder just prior to use)]. The 5% acetic acid, TBP, and iodoacetamide leach 

solution samples were solubilized in 40 to 50µL nanopure water. The original intent 

was to run 2 dimensional electrophoresis, and according to Righetti et al. artifacts 

could be produced from using DTT or DTE for reducing disulphide bonds, in addition 

the alkylation would have been required as a second step. 40 The use of TBP is 

effective at a much lower concentration than thiol reducing agents and with TBP the 

alkylation does not require a separate step. The use of a low concentration reducing 

compound also decreases interference with subsequent mass spectrometry 

experiments. TBP can be explosive in air or in contact with moisture; therefore all 

additions of TBP were carried out in a nitrogen purged hood. 

2.2.6 SOS-PAGE 
The high molecular weight SDS-PAGE (HMW) was performed according to 

Current Protocols in Molecular ~iology with the exception that 2mM TBP was used in 

lieu of DTT or ~-mercaptoethanol in the sample buffer.41 A 4% to 16% gradient 

polyacrylamide gel was poured for use with the Bio-Rad Protean II system and a 

7.5% gel was poured for use with the Bio-Rad Protean II mini system (Bio-Rad, 
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Hercules, CA). The solubilized samples were diluted 1 :2 with sample buffer (0.5 M 

Tris-HCL (pH6.8), 10% SOS, 2 mM TBP, glycerol, and 1% bromophenol blue). 

Thirty to 50 µL aliquots of sample were run at a constant voltage of 100V until the 

dye front reached the bottom of the gel (ca. 2 hours). The gels were silver stained 

using a standard previously described protocol42 or with Sypro Ruby protein stain 

according to manufacturer's instructions (Bio-Rad). 

Low molecular weight SOS-PAGE (LMW) was performed using Bio-Rad Tris-

Tricine Ready Gels 10-20% in the Protean II mini system according to 

manufacturer's protocol. Leachate samples were diluted 1:1 (to minimize dilution) in 

the same sample buffer as for HMW gels. The same loading and run parameters as 

for HMW gels were performed. All gels were stained using Sypro-Ruby protein 

stains (Bio-Rad, Hercules, CA) according to manufacturer's instructions. Gels were 

stained with slow agitation overnight, destained with 10% methanol, 7% acetic acid 

for 30 minutes and visualized with a UV transilluminator. 

2.2. 7 Trypsin Digest 
Solution digest of leachate samples and RSA standards was performed by 

adding 40µL of 40mM NH4HC03 and 4.5 µL of 15ng/µL trypsin stock solution 

(sequencing grade, Promega, Madison, WI) to 20 µL of solubilized sample. The 

sample was then digested at 37°C overnight. In gel trypsin digest was performed by 

excising bands of interest and following the protocol previously described by 

Rosenfeld et a/.43 The membrane and Pt/Ir electrode digests were accomplished by 

covering the pieces on the MALDI plate with 10 µL of 12.5 µg/µL trypsin solution 

(6.25 µL stock trypsin in 100 µL 40mM NH4HC03). The MALDI plate was placed in a 
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covered glass Petri dish with water soaked kim-wipes, to prevent evaporation, while 

the sample was digested overnight at room temperature. 

2.2.8 MALDI-TOF 

2.2.8.1 Linear Mode Protein Identification 
In preparation for MALDI undigested leachates and RSA standards were 

cleaned-up and concentrated with C-18 ZipTips (Millipore, Billerica, MA) and eluted 

with matrix solution (saturated sinapinic acid solution in 50% acetonitrile) onto the 

sample plate. ZipTips are micro-liter volume solid phase extraction columns. 

Undigested membranes and Pt/Ir electrode pieces were covered with the same 

sinapinic acid matrix solution and evaporated to allow co-crystallization of matrix and 

surface biomolecules. For the RSA standards the clean-up step was also performed 

with C-4 ZipTips to assure that any large proteins (>15kD) were not being retained in 

the C-18 ZipTip. Undigested samples were analyzed primarily in linear mode on the 

MALDI-TOF mass spectrometer (Voyager-DE STR, Applied Biosystems, Foster City, 

CA), however some samples were run in reflectron mode to focus on small peptides. 

Linear MALDI-TOF analysis parameters were positive mode, accelerating voltage 

25000V, grid voltage 90%, guide wire 0.3%, extraction delay time 750ns. Acquisition 

mass range was from 5000 to 100000 Dalton, with 100 shots/spectrum. Calibration 

was performed using a standard protein mix including albumin with a resolution of ± 

100-200 Daltons. 

The m/z peaks for samples run in linear mode MALDI-TOF were submitted to 

the Tagldent database search tool at the ExPASy web site using Swiss-Prot Release 

43.4 of 24-May-2004: with 152040 entries http://au.expasy.org/tools/tagident.html. 

Each m/z was submitted to the database using a pl: 7 ± 5, species identification: 
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rattus, and Mw range for each m/z of 0.5%, 1 %, 2%, or 5%, keyword (KW) search: 

acute phase, inflammatory response, or all, and no sequence Tag (none available). 

The m/z range was determined based on the total number of hits and the reasonable 

likelihood of the proteins identified. If there were a large number of protein hits the 

Mw range was reduced and if the protein hits were not logical the Mw range was 

increased. The keyword: acute phase was used for some of the small m/z peaks 

(<7000), and both the keywords: inflammatory response and all were used for every 

m/z. The possible proteins for each m/z were reviewed to determine the likelihood 

that a particular protein might have been on or near the glucose sensor during an 

inflammatory response. Those that were unlikely were discarded. 44 The remaining 

possible protein identifications were copied, including the hyperlink to the 'NiceProt 

view of Swiss-Prot' describing the protein in detail, and can be found in Appendix A. 

The search criteria for each m/z are included, along with the total number of possible 

proteins before the logical selection. In Appendix A, to reduce clutter, when the total 

number of possible proteins was zero due to the keyword choice, the criteria were 

not copied. The most likely proteins for each m/z are highlighted in bold, and 

proteins whose identifying data require clarification of their presence on the sensor in 

the inflammatory milieu also have a brief description copied below the protein 

identification. 

2.2.8.2 Reflectron Mode- Protein Identification 
Trypsin digested samples for MALDI including leachates and RSA standards 

were cleaned-up and concentrated with C-18 ZipTips (Millipore, Billerica, MA) and 

eluted with matrix solution [1 0 mg/ml a-cyano-carboxycinnamic acid in 50% 

acetonitrile/0.1% trifluoroacetic acid (CHCA)] onto the sample plate. The digested 
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membranes and Pt/Ir electrode pieces were covered with the same CHCA matrix 

solution and evaporated to allow co-crystallization of matrix and surface 

biomolecules. The MALDI-TOF analysis was carried out as previously described by 

Galeva and Alterman. 45 The database searches for protein identification were 

completed as described by Galeva and Alterman, except the parameters used for the 

search with RSA standards were up to 200ppm mass tolerance and no cysteine 

modifications. The search parameters for leachate digest samples were mass 

tolerance up to 70 ppm and iodoacetamide modified cysteine. The Profound search 

was considered positive for a probability of 0.95 and a Z score of at least 0.9. A 

protein score of 46 (p<0.05) is considered significant using GPS Explorer Mascot 

from Applied Biosystems. 

2.2.9 ESI-MS/MS 
The rat typsin digested leachate samples were concentrated using a C18 

ZipTip, eluted with LC mobile phase and analyzed by electrospray ionization-tandem 

mass spectrometry (ESI-MS/MS) on a ThermoFinnigan LCQ Duo (San Jose, CA) by 

methods previously described.46 The sample was injected into the instrument for 

micro-LC separation and introduced through electrospray ionization, then submitted 

to MS/MS acquisition and detection following the methods outlined by Kanski et al. 46 

The data were then submitted for protein identification to the ThermoFinnigan 

Bioworks 3.0 protein identification package according to the cited publication. A 

protein score of greater than 100 was considered a positive identification (ID). 
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2.3 Results and Discussion 

2.3.1 Glucose Sensor In Vitro Response 
An original objective of the biocompatibility research was to monitor the 

response of glucose sensors in the presence of cultured inflammatory type cells. 

However, preliminary studies indicated that glucose sensors lose significant 

response in the presence of 10% serum, an essential component of cell culture 

medium. This was not surprising based on previous research reviewed in the 

Chapter 2 introduction.4•9•10•46 In addition, it was found that the sensors lose 100% of 

their response to glucose in RPMl-1640 medium over a 24 hour period, which 

recovers after soaking in PBS in as little as 15 minutes, shown in Figure 2.5. The 

glucose sensors responded with current spikes to the addition of 25 µM aliquots of 

H2O2 in medium, but showed little sustained response. This may indicate that the 

Pt/Ir electrode is still electrochemically active, but that the H2O2 is quickly consumed 

by some anti-oxidant present in the medium. 

Figure 2.6 provides a summary of the % change in sensitivity when glucose 

sensors are polarized in serum, RPMl-1640 (med) plus serum, and RPMl-1640. The 

decrease in sensitivity is far more severe when sensors are soaked in cell culture 

medium, than serum alone and in fact only recover ca. 25% of the original sensitivity 

after soaking in PBS for 24 hours. This is shown by the last two bars on Figure 2.6, 

which are after soaking in PBS immediately post RPMl-1640 exposure (labeled PBS) 

and after another 24 hour PBS soak (labeled PBS 24hr). It is worth noting that 

RPMl-1640 does not contain proteins, peptides, or ascorbic acid (an anti-oxidant), 

but only amino acids, vitamins, and salts. The sensitivity loss observed in medium 
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was investigated further with an experiment that tested the effect of each component 

in the RPMl-1640 cell culture medium. 

59 



Q) en 
C 
0 a. en 

<( 
C 

Glucose Sensor 
24 hours in RPMl-1640 

5mMglu 

l l \ 

0 ·+· ------~---- ··- ·--------- ------r•· 

22 
- avg 3 sensors 

23 24 

Time (hr) 

5 mM glu 
PBS 

T - -

25 26 

Figure 2.5: In vitro glucose sensor response to glucose after 24 hour exposure in 
RPMl-1640 medium without serum. 

, CII 
: .,, 
:c ·• 
0 
a-

; :~ 
:I:: 
Ill 
C 
GI 

U) 

al 
N , __ 

'"ii 
E 
0 z 

200% 7 

175% J 
i 

150% 
I 

125% 

100% 

75% _; 
! 

50% J 
25% 

0%' 

Summary of Glucose Sensitivity Fluctuation 
in PBS, Serum and MedillTI 

,v-~ 
J,-

o\o "~ 
Sensor Test Solution 

Figure 2.6: Summary of glucose sensor sensitivity to 10% serum, RPMl-1640 + 
10% serum, RPMl-1640 only, and PBS. The% change in sensitivity has been 
nonnalized to the sensitivity after equilibrating in PBS for 24 hours (PBS Day 2). 
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Figure 2. 7 shows the glucose sensor response as potentially electroactive 

individual amino acids in RPMl-1640 are added to the test vessel. The experiment 

indicated that not only could peptides or proteins contribute to signal changes, but 

that particular amino acids can cause decreases and increases in glucose sensor 

response. The thiol amino acids, cysteine and methionine appear to contribute to 

the greatest signal decrease, in addition to the aromatic amino acids tryptophan and 

tyrosine. Phenylalanine, another aromatic amino acid, may add to the loss of signal, 

but this loss cannot be distinguished from that of methionine. It is interesting to note 

that an increase of signal from arginine and histidine seems to counteract the signal 

losses from the other amino acids. This is indicative of different mechanisms among 

these amino acids. The amino acids that increase the signal most likely produce 

electrons via electrochemical redox reactions, thereby acting as an interferent. 

Whereas, the amino acids that contribute to decreases have far more complex 

mechanisms, which are difficult to interpret. Johnson et al. reports development of 

sophisticated pulsed amperometric methods to overcome passivation of noble metal 

electrodes by sulfur containing amino acids, therefore electrode passivation is 

attributed to the decreased signal from cysteine and methionine.12•14-47 Additional 

possibilities, as discussed in the introduction, are a polymerization reaction that clogs 

the membranes, anti-oxidant behavior, or inhibition of the glucose oxidase reaction. 
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could be present in a biological system, can cause significant glucose sensor 

sensitivity fluctuations. However, the primary objective of the research described 

here was not to ascertain the mechanism for these types of signal losses, but 

attempt to identify what biomolecules may be causing sensitivity losses in vivo. 

Therefore, additional work to decipher mechanisms was not pursued. 
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Figure 2.8: Calibrated glucose sensor response to sequential additions of vitamin 
components at concentrations found in RPMl-1640 cell culture medium. 
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Figure 2.7: Calibrated glucose sensor response to sequential additions of 
potentially electroactive amino acids at concentrations found in RPMl-1640 cell 
culture medium. 

Figure 2.8 shows a similar experiment except that the vitamin components in 

RPMl-1640 were added. The glucose sensor response is relatively constant until 

'group B' (pyridoxine, riboflavin, and thiamine) is added. The only similarity between 

the amino acid behavior and the vitamins is that thiamine contains a sulfur 

component, however so does D-calcium pantothenate which does not affect the 

signal. It was also found that NaHCO3, a buffering reagent, caused a very distinct 

reduction in signal, therefore any future in vitro studies of this type should avoid this 

as a buffering agent. NaHCO3 is not thought to be a component that would 

contribute to signal losses in vivo, although it has been shown that carbonate saline 

buffer solutions in the presence of calcium cause a pronounced glucose sensor 

signal loss in vitro.48 These studies show that a variety of small molecules, that 
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2.3.2 Rat Serum Albumin Standards MALDI TOF 
The results from peptide mass mapping and Profound protein searches are 

shown in Figure 2.9 and Figure 2.10 for trypsin digests of 14 ng/µL, and 6.4 ng/µL rat 

serum albumin (RSA) standards, with 19% and 30% peptide coverage respectively 

from the identification. A 1.9 ng/µL RSA standard was also run showing 22% 

peptide coverage for a positive ID of RSA. In addition 0.19 ng/µL and 0.095 ng/µL 

RSA digest standards were analyzed, however the 0.19 ng/µL RSA standard had an 

insufficient trypsin digest for a successful identification, but the 0.095 ng/µL RSA 

standard did have adequate trypsin digest. However, the intensity and number of 

RSA standard digest m/z peaks were inadequate to obtain a positive identification. 

The 1.9 ng/µL RSA standard was also analyzed in linear mode to determine if 

the detection limit for the whole protein was similar to that of the digested protein. 

The undigested RSA was concentrated with both the C4 ZipTip and the C18 ZipTip 

to make sure proteins of up to 66kD at1.9 ng/µL were not retained in the C18 ZipTip. 

Figure 2.11 shows a good m/z signal for both the C4 and C18 ZipTip at 66kD, along 

with the doubly charged m/z at 33kD. Because both the leachate samples and the 

RSA standard samples were prepared in a similar manner, these spectra indicate 

that samples treated with the C18 ZipTip analyzed by MALDI in linear mode should 

detect large protein m/z (up to 66kD) if they are present in the sample. 
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Details for rank 1 candidate in search 20040609170034-05D4-
129237101167</TD < TR > 
1. gil113580IspIP02770 ALBU_RAT Serum albumin precursor 
[Contains: Neurotensin-related peptide (NRP)] 
Sample ID : simple form [Pass : 0] 
Measured peptides 44 
Matched peptides 11 
Min . sequence coverage : 19 

COVERAGE MAP AND ERROR MAP ,--------------, DATA 
-MATCH 

.....----,5000 

-=---· 
700 608 0 +157.9 

RESIDUE NUMBER ERR(PPM) 

Note: click on the • symbol to change column format. 

Measured Avg Computed Error 
Mass(M) Mono Mass • (ppm) Start To F, p ide sequ nee 
710 . 270 M 710 . 284 - 20 224 229 0 CSSMQR 

1017 . 487 M 1017 . 470 17 123 130 0 NECFLQHK 
1017 . 487 M 1017 . 458 28 58 65 0 CPYEEHIK 
1019 . 521 M 1019 . 452 67 461 469 0 CCTLPEAQR 
1265 . 703 ·M 1265 . 629 59 247 257 0 FPNAEFAEITK 
1298 . 804 M 1298 . 698 82 362 372 0 HPDYSVSLLLR 
1438 . 938 M 1438 . 777 111 439 452 0 APQVSTPTLVEAAR 
1454 . 955 M 1454 . 799 107 361 372 1 RHPDYSVSLLLR 
1464 . 937 M 1464 . 772 113 422 434 0 LGEYGFQNAVLVR 
1478 . 934 M 1478 . 849 58 45 57 0 GLVLIAFSQYLQK 
1608 . 993 M 1608 . 782 132 348 360 0 DVFLGTFLYEYSR 
2059 . 268 M 2059 . 020 121 169 184 1 RHPYFYAPELLYYAEK 

Unmatched Monoisotopic Masses: 
717.435 720.283 726.348 743.408 754.420 769 .384 776.400 793.394 
825 .082 842.502 856 .506 864.489 870 .545 877 .050 887.477 911.467 
949.414 951.423 994 .573 1039.538 1073.538 1171.680 1186.604 1194.718 
1288.739 1304.636 1312.720 1352 .835 1487.997 1501.937 1739.015 
1892.364 1941.254 

Figure 2.9: 14 ng/µL RSA standard Profound search identification. 
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Details for rank 1 candidate in search 885A6478-0600-,B1294AB 

gi ll 13580lspjP02770jALBU _RAT SERUM ALBUMIN PRECURSOR 
Sample ID : [Pass:O) 

Measured peptides : 56 

Matched peptides : 18 

Min. sequence coverage: 30% 

COVERAGE MAP AHO ERROR MAP .----------------DATA 
-MATCH 

RESIDUE Hl.HBER 
Measured Avg Computed Error Residues Missed 

Mass(M) Mono Mass (ppm) Start To Cut Peptide sequence 

710.253 M 710.284 -44 224 229 0 CSSMQR 

972.453 M 972.466 -13 37 44 0 DLGEQHFK 

998.433 M 998.437 -4 414 421 0 TNCELYEK 

1017.438 M 1017.470 -32 123 130 0 NECFLQHK 

1017.438 M 1017.458 -21 58 65 0 CPYEEHIK 

1148.583 M 1148.607 -21 66 75 0 LVQEVTDFAK 

1247.616 M 1247.629 -11 35 44 1 FKDLGEQHFK 

1265.623 M 1265.629 -4 247 257 0 FPNAEFAEITK 

1298.689 M 1298.698 -6 362 372 0 HPDYSVSLLLR 

1438.751 M 1438.m -18 439 452 0 APQVSTPTLVEAAR 

1454.762 M 1454.799 -26 361 372 1 RHPDYSVSLLLR 

1464.741 M 1464.772 -21 422 434 0 LGEYGFQNAVLVR 

1478.758 M 1478.849 -62 45 57 0 GLVLIAFSQYLQK 

1505.717 M 1505.693 16 589 602 0 DNCFATEGPNLVAR 

1608.773 M 1608.782 -5 348 360 0 DVFLGTFL YEYSR 

1824.850 M 1824.907 -32 509 524 0 RPCFSAL TVDETYVPK 

1890.886 M 1890.889 -1 585 602 1 AADKDNCFATEGPNLVAR 

1939.939 M 1939.803 70 106 122 DNYGELADCCAKQEPER 

2059.258 M 2059.020 116 169 184 1 RHPYFYAPELLYYAEK 

Unmatched Mono1sotop1c Masses : 

...----,5000 

727.268 730.395 743.416 793 .372 830.373 842.482 856.485 870.518 887 .445 911.428 951.394 955.521 1045.545 
1050.404 1077.585 1126.5631153.567 1164.603 1185.5111194.6111288.604 1305.6101307.5661312.6261321.680 
1366.805 1566.793 1576.517 1710.689 1738.837 1929.9102211.06] 2225.264 2238.245 2808.571 2960.147 3350.441 
3811.308 

Figure 2.1 O: 6.4 ng/µL RSA digest Profound protein identification 
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The detection limit and ability to identify a protein is dependent on the sample 

treatment and the quality of the digest. The results from these standards indicate a 

detection limit (LOO) of ca. 1.9 ng/µL protein (ca. 30 fmol/µL) for both identification 

and detection with the methodology employed. The Profound identification has 

relatively good coverage of at least 19% for protein concentrations at these levels 

(1.9 ng/µL), with a fairly large distribution range across the protein sequence. 

Because the same techniques used for the RSA standards were utilized for the 

sample analyses, it is expected that if proteins of this size and concentration are 

present in the samples they would be detected and identified. 
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Figure 2.11 :. Linear mode mass spectra of 1.9ng/µl RSA concentrated with C4 (A) 
and C18 (B) ZipTips. 
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2.3.3 Peptides Detected from In Vivo Samples 
The in vivo samples f rem a number of different sample preparation 

techniques produced the evidence of numerous biomolecules, primarily of peptidic 

nature. 

2.3.3.1 SDS Page 
The first illustration of the small biomolecules is from an in vivo sensor 

leachate sample run on a 7.5% gel (HMW), which separates larger Mw species, 

whereas small peptides would not be retained. The results of this experiment are 

shown in Figure 2.12. It can be seen that the leachate sample has a very light smear 

all the way down the lane, which may indicate a range of biomolecules in the sample, 

although at very low concentrations. The bands at the bottom of the sample lanes 

indicate a concentration of peptides less than 26kD, similar to that seen for the 

polypeptide standard in the last lane. Also shown in this sample is a high 

concentration (19 mg/mL) sample of RSA (67kD), illustrating the migration pattern of 

any significant concentration of RSA if it were present in the sample, which was not 

evident. 
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Figure 2.12: HMW 7.5% SOS-PAGE Sypro stain of in vivo sensor leachate (7 sensors 
in 5% acetic acid) and 19 mg/ml RSA sample. Boxes show bands that were excised 
for trypsin diqest and identification. 

Figure 2.13 shows a LMW gel of another rat leachate sample (3 sensors 

leached 48 hr. in 2% CHAPS) where the larger biomolecules (>40kD) have 

concentrated at the top of the gel. These two gels show biomolecules that 

concentrate at <26kD and >40kD, however separation in these ranges results only in 

very light smears. Therefore, a range of Mw species appear to be present in the 

samples, although at very low concentrations. The concentration is based on the 

Sypro Ruby staining technique, which is reported as 3 to 30 times as sensitive as 

silver stain40 with detection limits reported by Molecular Probes in the pg range 

(http://www. probes. com/servlets/photo?fileid=g001845). 
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26kD 
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Figure 2.13: Tris-Tricine LMW gel showing typical location of poly 
peptide standards with respect to sample leachates (2%CHAPS). 

2.3.3.2 Membranes 
The membranes removed from in vivo sensors and placed directly on the 

MALDI plate for analysis avoided the issues of low concentration and minimal 

sample and very prominently showed the presence of peptides. The MALDI-TOF 

linear mode experiments performed on these samples are shown in Figure 2.14, 

Figure 2.15, and Figure 2.16. Figure 2.14 is a trypsin digest of an in vivo membrane. 

Even though the trypsin digest on membranes was insufficient for specific 

identification by database search, a significant number of m/z peaks were observed 

on the membranes when the experiment was run on the MALDI-TOF in the linear 

mode. Figure 2.15 shows an undigested membrane MALDI-TOF experiment run in 

linear mode, where many biomolecule peaks are again seen from 1kD to 100kD. 

Figure 2.16 is a MALDI-TOF linear mode mass spectrum of another in vivo 
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membrane compared to a leached membrane and a blank membrane not implanted, 

both controls show only background response. 
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Figure 2.14: MALDI-TOF linear mode mass spectra of in vivo digested membrane from 
1kD to 100kD. 1kD -SkD (A), 4kD -10kD (B), 9kD -40kD (C), 30kD -100kD (D) 
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Figure 2.15:: MALDI-TOF linear mode mass spectra of in vivo membrane NOT 
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Figure 2.16: MALDI-TOF linear mode mass spectrum representative of undigested In vivo membrane analysis 
compared to leached In vivo membrane (48 hr. 2% CHAPS), and control membrane not in vivo. 



The undigested membrane mass spectrum compared to the digested 

membrane mass spectrum (Figure 2.15) looks very similar, showing several of the 

same m/z peaks displayed in Figure 2.16 and Figure 2.14, within the resolution 

range for linear mode MALDI-TOF (100 - 2000). The similarity between digested 

and undigested membrane samples shows some consistency from sample to 

sample. Also, because a substantial number of fragments at lower m/z than the 

undigested membrane are not detected, this indicates the inability to perform a 

trypsin digest on sensor membranes directly. 

2.3.3.3 Leachate 
When in vivo membrane MALDI-TOF linear mode data (Figure 2.14, Figure 

2.15, and Figure 2.16) are compared to in vivo leachate data (Figure 2.22) a greater 

abundance of biomolecules are detected on the membranes. The greater 

abundance is due to higher relative concentration on the membrane versus leachate 

samples, where the leached biomolecules are diluted significantly. Figure 2.16 

shows that biomolecules are completely leached from membranes (48 hr. leach). 

However, even though the leaching process does solubilize the biomolecules on the 

sensor surface, leachate sample does not contain detectable concentrations of 

biomolecules, except the m/z at 3330 Daltons seen in Figure 2.22 (which is 

discussed below). 

2.3.3.4 Monoisotopic Distribution 
Additional support that the m/z peaks observed in the samples described are 

from biomolecules is the formation of the monoisotopic distribution pattern for the in 

vivo leachate digested peaks run in reflectron mode illustrated in Figure 2.17. The 
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monoisotopic distribution is indicative of fragments that originated from biological 

peptides or proteins, rather than a polymer of man-made origin (such as the 

components from sensor membranes). This pattern results from the known relative 

amounts of radioisotopes for carbon, oxygen, hydrogen, nitrogen, and sulfur 
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distributed in amino acid sequences. The distribution pattern will change depending 

on the size of the peptide.49 The reflectron MALDI-TOF experiments for exudate 

digested membranes, shown in Figure 2.18, show the same m/z monoisotopic 

distribution that was also seen in the digested exudate leachate samples (data not 

shown). Not only does this indicate a peptide source, but the same digested peaks 

at ca. 1161 daltons, are also seen from the in vivo leachate digest shown in Figure 

2.17, which indicates they are most likely a digest of the same protein. 

2.3.3.5 Background from Controls 
For all the samples described previously the m/z peaks were evaluated with 

respect to membranes and Pt/Ir samples not implanted in vivo (blanks) and leached 

samples, along with the GOx membrane control samples described in the 

experimental section. Based on correlation of the m/z peaks detected in these 

controls, a list of these background m/z peaks and their probable source is shown in 

Table 2-2. Included with the background peaks are the MALDI matrix peaks shown 

in Figure 2.19, which are predominantly below 1000 Daltons and primarily observed 

when the MALDI-TOF is run in reflectron mode. In addition to the peptidic m/z peaks 

observed in samples, several m/z peaks were detected that are associated with 

substances inherent in the sensor, primarily the GOx membrane. The number of m/z 

peaks not attributable to background peaks is quite large by comparison. 

The relative intensity of the m/z peaks provides some idea of how much 

substance is present, although the intensity is also very dependant on how well the 

molecules volatilize for the given sample preparation and molecular size (Figure 

2.14, Figure 2.15, and Figure 2.16). The full range for relative intensity in linear 

mode is 64000, shown on the right hand Y axis. 
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The intensity for most of the m/z peaks attributable to biomolecules on the 

membrane surface are less than 400, with larger m/z less than ca. 20; whereas the 

background m/z are about two to three times as intense. This indicates the quantity 

of biomolecules on the surface is relatively small, or what is present does not 

volatilize very well from the surface by MALDI-TOF. 

Table 2-2: lnterferent rn/z found in controls, blanks, and samples. 
m/z(±SO Sample Detected In Possible Source 
daltons) 

<1000 All Reflectron Mode Experiments MALDI Matrix 
1230 PUlr in vivo sample GOx+ BSA 

PUlr leached sample 
PUlr blank 
Membrane leached 
Membrane blank 
GOx + BSA digest 

1480 PUlr in vivo sample GOx+BSA 
Membrane blank 
Membrane in vivo no digest 
GOx + BSA digest 

2460 PUlr in vivo sample Unknown/Sensor 
PUlr blank prep? 
Membrane in vivo digested 

2590 PUlr in vivo sample Unknown/Sensor 
PUlr blank prep? 
Membrane in vivo digested 
Membrane in vivo no digest 

3330 PUlr in vivo sample GOx+BSA?? 
Membrane in vivo digested 
Membrane in vivo no digest (2X) 
GOx+BSA digest 
Barely detectable on blanks & 

leached membranes & PUlr 
4560 PUlr blank GOx+BSA 

Membrane in vivo digested 
Membrane in vivo no digest 
GOx + BSA digest 

80 



100 

90 

80 

r61.59 

i 
I ~02.12 

.67 
70 717. 898.72 

78:,l 
~60 
II) 
C 
.! 50 
C 

-;1. 40 

30 

20 

10 
' 

ff .91 
1.06 
93.551066. 72 
87.01 

Leachate Sensors 
NOT in vivo 

A 

3.2E+4 

0a99-.0----1-1-,5r-9.-4----1-81~9-.8-~-2080.-2- -. - . -2540-.8- ----~-- -- -3001.0 

100] 
90 

80 

70 
! 839.9206 
! 

!' 60 i 
Ill j ! ,832. 7645 
C 60 i, 
! 70 8735 
C 40 'i 

: 1 865.0164 

1066.7299 

10 

Mass fmlz) 
Blank Digest 

B 
___ ... _ .. _,.,._ .. _ .. _--.:--_-_.:-_ ... _-_-_-_-____ -:_CT_~_-7""-_-_-_-_-_-_-_-_-_::--_-_-_:-,_-_-_-_-_-,:.::-. ----=~.-::.::...-::i0 

0699.0 1169.4 1 19.8 2080.2 2640.& 3001.0 
Mass (m/z) 

Figure 2.19: Control leachate digest from sensors not implanted in vivo (A) and blank 
reagents (B) showing primarily MALDI matrix clusters, but no peptide peaks. 

81 



2.3.4 RSA Primary Biomolecule Identified 
Rat serum albumin precursor was identified in several experiments, the first 

from a LMW gel stained with Sypro Ruby. The mass spectrum of the sensor 

leachate from an exudate soaked sensor is shown in Figure 2.20; also pictured is the 

LMW gel indicating the band that was excised for analysis. Unfortunately the peptide 

standard for this gel did not show up well, so the best estimate of the molecular 

weight for this band is to superimpose the reported peptide standard migration 

pattern for the 10-20% Bio-Rad tris-tricine Ready Gel.50 Based on that migration 

pattern, standard, and sample migration patterns in other LMW gels including an in 

vivo sensor leachate, in vitro sensor serum leachate (Figure 2.13), and a LMW gel of 

bovine serum albumin (data not shown) this band is estimated to be greater than 

40kO. 

RSA was also identified in leachate from eight sensors in two rats that were 

combined and trypsin digested. A Profound positive identification, shown in Figure 

2.21, of rat serum albumin precursor resulted from the MALDI-TOF data with a 99% 

probability and a Z score of 0.93. 

The same in vivo leachate sample from Figure 2.21 above was analyzed by 

ESI-MS/MS with similar results. An NCBI protein database search 

(ftp.ncbi.nlm.nih.gov/blastldb) was performed using the ThermoFinningan Bioworks 

3.0 software for the trypsin digested sample data, including MS/MS fragment data. 

RSA precursor (66kO) was found with a score of 200, which is considered a positive 

ID. All of the RSA identifications are listed as precursor, which is an unprocessed 
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amino acid sequence of RSA, however, no distinct listing is found in the SwissProt 

database for RSA versus RSA precursor. 

Evidence for the presence of RSA is also seen on the undigested membrane 

samples run in linear mode (Figure 2.15) where an m/z at ca. 67kD is present; 

although of very low intensity. When a Tagldent search was performed for this Mw 

other plausible proteins were ,identified, which are presented below. However, given 

the high concentration of albumin in the body (35-45 mg/ml) and its affinity for 

surfaces, serum albumin is the most likely candidate. 44 Grainger also demonstrated 

in studies that serum albumin absorbed on surfaces will promote the adhesion of 

inflammatory cells (monocyte-macrophage like), which are normally resistant to cell 

adhesion (e.g.PTFE).51 ·52 In addition, serum albumin provides an inhibitory function 

for thrombosis formation. 44 Therefore, given the multiple identifications and the 

physiological likelihood for serum albumin presence, its being a primary protein 

83 



absorbed on the surface of the glucose sensor is established. However, whether it 

exists as fragments or the complete protein is discussed below. 
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2.3.4.1 RSA Fragments? 
The evidence for the RSA identification derived fragments is based on the 

data from samples with a positive ID compared to the RSA standards. Based on 

Barnes' protein concentration estimate of about 75. 7 ng/sensor, for the sample used 

in the experiment shown in Figure 2.21 and Figure 2.22, leachate from eight sensors 

concentrated from 400 µL to 50 µL, there would be about 12 ng/µL protein in the 

measured sample.15 Therefore, comparison with the 1.9 ng/µL RSA standard is 

within the same order of magnitude. This concentration is also at the minimum 

range for the MALDI-TOF detectable limit, which is approximately the expected 

concentration range of RSA for samples. 

The leachate sample from 8 in vivo sensors described above (Figure 2.21), 

where RSA was identified in the digest, was also analyzed without trypsin digest. 

The sample was run on the MALDI-TOF in linear mode to look for any larger species 

that may have leached from the implanted sensors. The spectra in Figure 2.22(A) 

shows no evidence of any m/z ratios above ca. 4300 Daltons, even though this is the 

same sample where RSA was identified from a trypsin digested preparation. The 

sample was prepared in a similar manner as the 1.9 ng/µL RSA standard shown in 

Figure 2. 11 B. Therefore, it would seem that if RSA were identified in this digested 

leachate sample and it was also present in the form of the whole protein, it would 

have been seen in linear mode in the undigested sample portion scanned to 100kD, 

but it was not detected. 
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The search results for this sample shown in Figure 2.21, displays the ID 

search map with only a 13% coverage and a distribution of fragments located in only 

three areas. However, the 1.9 ng/µL RSA standard identification has 22% coverage 

and uniform fragment distribution across most of the sequence. A similar pattern 

with 30% coverage was observed with the 6.4 ng/µL RSA standard shown in Figure 

2.10. Conflicting evidence for the RSA identified from in vivo sensors resulting solely 

from fragments are the gel identification from a band larger than 40kD and the 

presence of the ca. 67kD m/z peak seen on membrane samples. However, the 

corroboration of the >40kD band and the 67kD m/z peak being attributed to RSA is 
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circumstantial, therefore not absolute evidence for the whole protein. In addition, any 

whole RSA present is of very low concentration, which means the identification in 

leachates most likely resulted primarily from endogenously fragmented RSA and to 

some extent from whole protein. 

2.3.5 Other Biomolecules Identified by Digest Search 
Database searches based on trypsin digest of the samples resulted in the 

identification of other biomolecules in addition to RSA. The identifications that were 

made have been correlated with the m/z peaks found on the membranes, thereby 

further confirming or discounting the legitimacy of the identification. This resulted in 

protein identifications with various degrees of confidence. The protein identification 

candidates are listed in Table 2-3 in order of description in the text, as well as the 

most likely candidates for the prominent m/z peaks (based on a Tagldent search) 

from various samples. Very strong candidates are shaded in grey, with positively 

ID'd proteins indicated by double asterisks (**), one asterisk (*) indicates extremely 

likely, one asterisk (*).and not shaded are good choices, and the remaining proteins 

are possible candidates. 
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Table 2-3: List of probable protein identification candidates for the m/z peaks detected. 
The first three proteins with .. highlighted in grey are considered positive ID's, the 
remaining grey highHghted proteins with* are extremely likely, those with * only are 
good chOices, and the remaining protein candidates might be possible. 

Potential Protein Candidate Mw (kD) 
Rat Serum Albumin- 66 
Hemoglobin a. chain - 15 
Hemoglobinp chain 15.8 
Transferrin and transfenin fragments- 70, 76, 3.2, 

Troponin I* 24 
Neutrophil antibiotic peptide NP1 to NP4* 3.3, 3.8 
Glucagon precursor 3.3,3.8 
Cathepsin C precursor 5.1 
TGF-a. 5.6 
Small inducible cytokine precursors* 7.8 
lgE Fe receptor precursor- 7.8 
Cytokine lymphotactin precursor- 10.0 
Small inducible cytokine 85 precursor- 10.1 
Macrophage migration inhibiting factor 12.3 
lnter1eukin-13 precursor 12.1 
IL-5 precursor- 13.1 
Vascular endothelial growth f actor-O precursor- 13.1 
IL-15 precursor- 13.4 
Sulfated 50kO glycoprotein precursor (cell adhesion)* 13.5 
Chrondromodulin-1 precursor (chemotaxin) 13.8 
lg heavy chain V precursor- 13.8 
11-4 precursor- 13.8 
Platelet derived growth factor- 13.7 
Prothrombin precursor- 13.8 
Small inducible cytokine P<l. precursor- 14.1 
cysteinyl leukotriene receptor 1 (microvascular smooth muscle 39.1 mediator)* 
immunoglobulin-binding protein 1 * 39.1 
platelet activating factor receptor * 39.2 
5-HIF a serotonin receptor* 41 .9 
chemokine receptor-like 1 * 41 .7 
C-X-C chemokine receptor type 5 * 42.0 
Complement component C 1 q receptor precursor 66,5 

Poly-lg precursor receptor 65.9 
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2.3.5.1 Hemoglobin Alpha chain 
Utilizing the ESI-MS/MS technique and the ThennoFinningan Bioworks 

search also identified rat hemoglobin a and J3 chain, along with other proteins with a 

lower positive ID probability. Hemoglobin alpha (15.2kD) and beta chain (15.BkD) 

were identified with scores of 116 and 110 respectively. Comparing the Mw of 

hemoglobin ex chain at 15.2kD with the m/z results for membranes showed an m/z 

peak in that range, although at low intensity (<10% of highest m/z). The m/z of 

15.BkD for the hemoglobin J3 chain was non-existent Therefore, only the 

hemoglobin a chain is considered a positive ID. 

The searches for both MS methods show hits for many other potential 

proteins that may be in the sample, however with probabilities far below what could 

be considered positive identification. If the concentrations of these other proteins are 

extremely low and/or exist in the sample as endogenous random fragments of the 

whole protein, identification based on matching theoretical trypsin digest 

fragmentation patterns would be very difficult and may result in a low score even 

though a fragment of the protein may be present The following two identifications 

fall in this category. 

2.3.5.2 Transferrin 
Another protein hit from the ThermoFinningan Bioworks search, with a score 

of only 32 (>100 considered good), was transferrin. The low score may indicate a 

poor trypsin digest or low totat concentration, but the probability for the presence of 

this protein is very good. The molecular weight of both the transferrin receptor 

protein 1 (TFR1 RAT 099376) at 70kD and serotransfenin precursor (TFRE RAT 
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P12346) at 76kD are prominent for the in vivo membrane mass spectrum, again at 

low intensity (<1% of highest m/z) but well above SIN of 3. Oleschuk et al. detected 

transferrin in a MALDI-TOF study of adsorbed proteins on biomaterials from blood 

plasma. 28 The detection of m/z peaks correlating to masses for several fragments of 

transferrin at 1436, 1499, and 3230 D indicates they could also be present on 

membrane surfaces (http://au.expasy.org/cgi-bin/sprot-search-de?transferrin%20rat). 

Given these indicators and the relative abundance of transferrin (2.0-4.0 mg/ml) in 

the in vivo environment the adsorption of this protein and/or fragments seems likely 

and is considered a positive ID. 

2.3.5.3 Troponin I 
Excised bands for the HMW gel shown in Figure 2.12 were trypsin digested 

and identification attempted by MALDI-TOF. A good digest was obtained even 

though the protein concentration was very low. Troponin I, cardiac muscle (Mw 

24,013 Dalton) was a possible identification for the LMW leachate sample band. 

This identification is not considered a positive hit because the protein score was 37 

with a confidence limit {Cl) of 52.5%, not the required protein score of 46 for a 

p<0.05, which would indicate within a 95% confidence limit that the matched digest 

fragments were not random. However, the size of this protein and the score indicate 

this as a 'good' possibility. This is an actin binding protein that is part of the thin 

filament regulatory muscle control complex. Although a cardiac muscle protein 

would seem unlikely, a searc~ of proteins with 50% homology at ExPASy protein 

search database describes a skeletal muscle Troponin I, that seems more likely 

(http://au.expasy.org/cgi-bin/niceprot.pl?P23693). Therefore, Troponin I from 

skeletal muscle is indicated as a good choice. 
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2.3.6 Tagldent Search Remaining M/Z 
Although absolute identifications cannot be made based on molecular weight 

alone, understanding of the implant site where miscellaneous biomolecules absorbed 

to these samples serves to narrow down the possibilities significantly. The clearly 

detectable m/z peaks observed for MALDI-TOF linear mode mass spectrometry 

experiments for various membrane and leachate samples were submitted to a 

Tagldent search. There is considerable fluctuation in the exact m/z values observed 

among experiments, which is due to relatively poor resolution for linear mode 

MALDI-TOF mass spectrometry (ca. 100 to 200 Daltons),49 therefore, the exact Mw 

searched may differ slightly from that observed on the mass spectra. The variation 

was compensated for during the search with the delta Mw function in the Tagldent 

tool as described in the experimental section. The most appropriate protein 

candidates found, based on their logical presence in reaction to a polyurethane 

coated foreign body {glucose sensor), covered a fairly broad range. 44 The most 

predominant protein category found was cytokines with various functions, including: 

chemotractants, interleukins, growth factors, regulators, and anti-inflammatories. 

Also located were coagulation factors, complement components, proteases, wound 

healing proteins, adhesion proteins, fragments of immunoglobulins and other 

proteins, and an analgesic precursor. The possible protein identifications for the 

most prominent m/z peaks are listed in Table 2-3, with the confidence scoring 

indicator described above. A complete list and descriptions are located in Appendix 

A. 
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2.3.6.1 Ubiquitous 3330D M/Z 
Figure 2.23 is a mass spectrum of an in vivo membrane MALDI-TOF 

experiment in linear mode showing the numerous m/z peaks compared to the peaks 

on the Pt/Ir electrode surface from the same sensor. It can be seen that the m/z 

peaks on the Pt/Ir electrode are primarily background peaks; therefore it appears that 

protein or peptide adsorption on the Pt/Ir surface is not significant, at least not at the 

detection limits for this method. However, the m/z peak at 3330 Daltons is seen on 

both the membrane and the Pt/Ir electrode. The 3329 ± 20 D and a companion m/z 

at ca. 3800 D are seen in nearly every sample (Figure 2.22, Figure 2.14 to Figure 

2.15), but barely detected in the blanks, and not at all in the controls with the 

glutaraldehyde immobilizing reagent. However, the same m/z peaks were also 

observed in the trypsin digested BSA + GOx control without glutaraldehyde. The 

ubiquitous nature (leachate, membrane, & electrode samples, a control, and to a 

small extent blanks) of this particular peak made logical identification of it more 

challenging than the remaining m/z peaks. 

2.3.6.2 Background versus Sample Peptide 
The digested samples of the inner membrane solution consisting of 

GOx+BSA+glutaraldehyde, GOx+BSA, and BSA alone were analyzed by MALDI-

TOF. Of all the control samples only the digested GOx+BSA without glutaraldehyde 

showed a significantly distinct peak at 3326 kD, among other background peaks. 

The large number of peaks, including the ubiquitous 3330 kD m/z peak, is not 

surprising since without the glutaraldehyde there is no polymerizing matrix to prevent 

digestion of the two proteins. 
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All the sensor samples originate from sensors with a polymerized GOx layer 

buried between cellulose acetate/Nation® and polyurethane. In addition, the 

polymerized GOx control (GOx + BSA+ glutaraldehyde) showed only background. 

Therefore, it is unlikely the source of peptidic m/z peaks in samples result from the 

GOx membrane layer. The digested GOx membrane controls present the easiest 

opportunity to detect the components of the inner enzyme layer, where the liquid 

components are placed directly on the MALDI plate and co-crystallized with the 

matrix. This is quite different from the enzyme layer on sensors, which is buried 

between the two polymer layers. Based on these observations there seems to be no 

reason to believe the m/z peaks detected from sensor samples originated from the 

enzyme matrix in the sensors. However, the coincidence between the 3330 m/z 

being seen in the GOx+BSA control, in numerous samples, and to a small degree in 

blanks is too great to confidently conclude, without further investigation, that the m/z 

peak originated from an endogenous source and not the sensor itself. Knowledge of 

the inflammatory response process and the m/z Tagldent search provided a 

plausible explanation for this ubiquitous 3330 D m/z peak. 

2.3.6.3 Neutrophil Antibiotic and Glucagon 
Identification of the protein/peptide associated with the ubiquitous peak at 

3300 and 3800 D was attempted and two particularly credible possibilities emerged. 

The first is several homologues of neutrophil antibiotic peptide, NP3a, NP3b, and 

NP4 at ca. 3300D and NP1 and NP2 at ca. 3800D, a secreted protein with antibiotic 

functionality (See Appendix A). The second possibility is four different homologues 

of glucagon precursor at ca. 3300 and 3800 D. Glucagon is a key protein in the 

regulation and metabolism of blood glucose (See Appendix A). 
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Considering the function of these two peptides the hypothesis presented is 

that the neutrophil antibiotic peptide is responsible for the significant 3300D and 

3800D m/z peaks observed in the samples and the glucagon precursor may be a 

contaminant in the GOx enzyme immobilization matrix. The contaminant theory 

would provide reasoning for the larger intensity peak on the non-polymerized and 

digested control (GOx+BSA without glutaraldehyde) where volatilization is most 

likely. Whereas in the polymerized control (GOx+BSA with glutaraldehyde) and the 

sensor blanks, volatilization of any GOx components are weak; therefore, even 

though the m/z at 3330 D is present, the very low intensity renders it virtually 

undetectable. It is also recognized that in the biological milieu where the glucose 

sensor is implanted the glucagon peptide could also be present. 

2.3.6.4 Other Possible Identifications 
All the remaining prominent m/z peaks were subjected to the Tagldent search 

with a brief description presented here and listed in Table 2-3. A more in-depth list is 

found in Appendix A. 

* The first m/z to be considered is a prominent peak at 5080 D detected on 

both the digested and undigested membrane. Only one remotely possible protein 

was identified at this Mw, which was cathepsin L precursor (5056 D), a protein 

degradation enzyme located in lysosomes. The lack of likely hits for this relatively 

intense m/z peak (ca. 20% of highest intensity) may indicate that this is a fragment of 

some larger more significant P!"Otein. A possible protein ID for the m/z at ssn D on 

the digested membrane was TGF-a. (5623 D), a growth factor. Because this peak 

• 
The rn/z's presented in this section are approximations ± 5%, but are written as exact 

numbers to simplify the text. 
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was from the digest and not significantly detected on undigested samples it is likely 

that this fragment is a product of the trypsin digest. Although the m/z 7919 D was 

most prominent on the digested membrane, and only hinted at on undigested 

membranes some very likely protein candidates using the keyword inflammatory 

response were found. These are three small inducible cytokine precursors, CCL3 

(7853 D), CCL4 (7820 D), and CCL5 (7876 D), and a growth regulated protein 

precursor, CXCL 1 (7849 D). Also indicated in the search of 7919 kD, without using 

the keyword, was an lgE Fe receptor precursor (7856 D). 

At m/z 10.1kD some proteases were found, but more significantly two 

cytokines were located: lymphotactin precursor (10045 D) and small inducible 

cytokine B5 precursor (10093 D). Another extremely significant protein emerged 

from the group for the search of m/z 11865 D and keyword inflammatory response; 

which is macrophage migration inhibitory factor (12346 D). Without using the 

keyword the protein interleukin-13 precursor (12082 D) was also indicated. 

However, even though this m/z was quite prominent on the digested membrane, it is 

not really seen for the undigested samples. Furthermore, since 11865 D is 

significantly less than 12.0 or 12.3kD, even though the logical presence is high, 

these are not considered very likely identifications. The 11865 m/z may again be a 

product of the trypsin digest. The group of peaks between 13.0kD and 13.8kD 

produced many strong possibilities for their identity that are all precursors. The 

possible ID's, which are detailed in Table 2-3, include three interleukins, a cell 

adhesion molecule, a vascular growth factor, coagulation factors, immunoglobulin 

fragments, and others. The m/z at 14015 D produced a very significant protein ID 

given its visibility on the mass spectra for all the undigested membrane samples, and 
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the success of the keyword inflammatory response used in locating it. The protein is 

a cytokine specifically called monocyte chemotactic protein 1 precursor (14075 D). 

Unlike the 13kD m/z search range, the general search for 14kD produced few other 

logical proteins. The predominance of m/z peaks were less than 1 SkD and primarily 

identified as precursors or fragments. 

Although most of the m/z peaks were less than 1 SkD, a cluster of peaks in 

the 40kD range were detected, along with the m/z peaks previously identified at 

66kD, 70kD and 77kD. The possibilities around 40kD are cysteinyl leukotriene 

receptor 1 (39143 D) which mediates inflammatory response microvascular smooth 

muscle function, immunoglobulin-binding protein 1 (39135 D), platelet activating 

factor receptor (39204 D), 5-HIF a serotonin receptor (41880 D), chemokine 

receptor-like 1 (41722 D), and C-X-C chemokine receptor type 5 (42012 D), which 

are all very likely candidates. The m/z of ca. 67kD detected on the in vivo membrane 

samples, although at very low intensity (<1% of the highest intensity m/z) and 

previously ID'd as RSA, yielded several other possible proteins. The other proteins 

that very likely could be active at the site of an inflammatory response are 

complement component C1q receptor precursor (66.SkD) and Poly-lg receptor 

precursor (65.9kD). 

It is significant to note that the protein possibilities identified for the m/z peaks 

above 1 SkD are not precursors, but the complete protein. The number of 

biomolecule species less than 1 SkD adsorbed to the glucose sensor surface and 

also potentially ID'd as fragments are notably more intense than m/z fragments found 

above 15kD. The nature of these biomolecules supports the premise that low 

molecular weight biomolecules that are fragments of larger proteins are the source of 
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biofouling and subsequent sensitivity decreases for in vivo glucose sensors. The 

fact that smaller molecules are more likely to infiltrate the membranes and decrease 

diffusivity of glucose, Gerritsen's finding that biomolecules >1 SkD contribution to 

sensitivity loss is minimal{Gerritsen, 2000 #359}, and Thome-Duret's research 

showing sensitivity is recovered when the biomolecules absorbed on a glucose 

sensor are leached off all point to this conclusion.{Thome-Duret, 1996 #904} It must 

be noted that lipids and other small molecules (<1kD) were not identified, although 

not eliminated as a possible source for sensitivity loss. The nature of these 

biomolecules (i.e. lipid insolubility and <1 kD Mw in matrix interference region) 

prevented being able to detect them by the methods used for this study. Regardless 

of this limitation, absolute identification of the possible proteins presented in this 

section would be an ideal conclusion to this study. Methods to ascertain that 

information are proposed in the conclusion and future studies section. 

2.4 Conclusion 
The objective for this research study was to identify the biomolecules that 

contribute to a decrease in sensitivity of glucose sensors when implanted in vivo. 

The premise is based on biomolecules adsorbing to the sensor as the initial process 

during the acute phase of the inflammatory response to a foreign body. 7 In addition, 

those biomolecules, assumed to be proteins, subsequently leach off the sensor when 

soaked in an aqueous solution. 5 Furthermore, it has been reported that the 

biomolecules that cause sensitivity loss are less than 15kD.4•9•10 The conclusions 

presented here will provide insight for these goals and assumptions. 
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2.4.1 In Vitro Studies 
Based on the initial work in this research project with the components in cell 

culture medium, it appears that molecules as small as individual amino acids and 

vitamins can contribute to significant sensitivity losses. Amino acids with sulfur and 

aromatic groups appear to be particularfy conducive to sensitivity loss. A 

comparison of the concentrations of these amino acids in biological systems (rats 

and humans) versus cell culture medium indicates concentration similarities within an 

order of magnitude.53•54 The exact mechanism causing the loss of sensitivity from 

these small molecules is not clear, but the experimental data indicated some 

possible mechanisms. The in vitro experiment where a spiked response to H2O2 was 

observed (Figure 2.5), indicated the electrode surface is still electroactive, but the 

H2O2 may be quickly consumed by an anti-oxidant.8 Because the PVlr electrode is 

still somewhat active, but no response to glucose is seen, production of H202 may be 

diminished due to a GOx inhibition mechanism. 9 The work by Johnson et al. 

supports the conclusion that passivation of the electrode surface by sulfur 

compounds and amino acids is definitely a contributing factor. 11 •12•14,47 However, the 

possibility of reduced glucose diffusion through the membrane due to clogging 

cannot be ruled out, since H2O2 is a much smaller molecule than glucose and can 

pass through small membrane pores much more readily. 

2.4.2 In Vivo Protein Adsorption 
The result of the in vitro testing described above and the detection of 

. 
numerous small molecular weight (<15kD), (along with a few larger biomolecules) on 

the membrane and in leachate samples points to the possibility of multiple 

mechanisms causing the decreased glucose sensor sensitivity. In spite of these 
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results the question remains: are the multitudes of biomolecules detected at less 

than 15kD, fragments or whole proteins? An absolute conclusion cannot be made 

regarding the RSA ID originating from either the whole protein or fragments, since 

the indication is that both whole and fragmented RSA may have been the source. 

The indication for a whole protein source is the weak m/z peak at ca. 67kD 

detected on the undigested membrane sample, and the fact that the gel-digest where 

RSA was identified came from a band 40kD or larger. In contrast, an m/z larger than 

SkD was never detected in the same leachate samples where RSA was identified, 

even though a standard RSA digest of similar concentration range (1.9 ng/µL) was 

detectable. In addition, HMW gels failed to produce any significant evidence of 66kD 

proteins in the same samples where a positive ID was made. Also, the smaller 

peptide coverage of 13% for the ProFound Swiss Prat ID of RSA in sample leachate 

as compared to the 22% peptide coverage for the 1.9 ng/µL RSA standard ID, 

increases the possibility of a protein fragment being the origin of the RSA. Then, 

take into account that researchers have found significant concentrations of albumin 

fragments with biological activity present in the body, the fragment argument 

becomes even stronger . 55 

Not only have biologically active albumin fragments been found at relatively 

high concentrations, but so have others including immunoglobulin, fibrinogen, and 

hemoglobin peptides.56-60 When one adds to this the evidence obtained in this 

research that many of the smaller biomolecules detected probably are precursors (or 

fragments) of much larger proteins, the argument for fragments being the cause of 

glucose sensor sensitivity loss seems conclusive. A definitive answer is unlikely 

though, since protein adsorption on biomaterial surfaces (sensors} is a very complex 
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process dependent on a synergistic relationship between the biomaterial surface 

chemistry and morphology, and the protein concentration, size, and biological 

function. 

2.4.3 Protein Adsorption Mechanism 
An in-depth description of the mechanism of protein absorption is not 

presently possible, but an excellent review has been compiled by Lamba et al., 

specifically for polyurethane surfaces. 44 However, a few concepts are important to 

consider for this research. The time dependent mechanism is illustrated by what is 

called the Vroman effect. 61 The general concept is that specific proteins adsorb to 

surfaces in a time dependent manner, and are subsequently replaced by other 

proteins. Vroman concluded that albumin is adsorbed first, followed by lgG, 

fibrinogen, and then high molecular weight kininogen. However, the process is 

believed to occur among a variety of different proteins where over time, dependent 

on the concentration of the protein and the mass transport properties of the protein in 

the solution, the protein will be replaced by another protein with higher affinity for the 

surface.44 In the case of the glucose sensors of the design studied here the structure 

of that surface must also be considered. 

The glucose sensor is coated with a thin layer of polyetherurethane (PU) 

mixed with polydimethylsiloxane (PDMS). The PU consists of hard (hydrophilic) 

segments and soft (hydrophobic) segments, with the PDMS providing a hydrophobic 

character. This block co-polymer characteristic of PU provides a bifunctional 

polymer with amphiphilic chemistry at the surface of the glucose sensor. 44 Protein 

adsorption studies of materials of this type have focused primarily on albumin, 

fibrinogen, and lgG with the general finding that albumin has a very high affinity as 
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compared to fibrinogen, which gives it an anti-thrombotic property (theoretically more 

biocompatible). PDMS tends to increase this tendency, which has been reported to 

segregate at the surface of this PU/PDMS mixed polymer.62•63 The theory is that 

albumin has an affinity for the hydrophobic fatty-like characteristic of the PU, 

because the primary function of albumin is to transport fatty acids, and lipoproteins. 44 

The result is a surface less likely to adsorb lipoproteins and glycoproteins (like 

fibrinogen). 

However, as mentioned above the absorption of protein is a time dependent 

process, which is intended to provide a surface conducive to breakdown by the cells 

in the inflammatory response. As part of the acute phase of the inflammatory 

process, the first 24 hours that is of primary concern here, the inflammatory cells 

produce many proteolytic enzymes intended to break down the invading entity and 

fight infection. Proteases also cleave the proteins that may be on the surface or in 

the region, like albumin. The fragmentation of albumin disrupts the anti-thrombotic 

effect and allows adsorption of any other proteins involved in the inflammatory 

process, such as fibrinogen, lgG, cytokines (proteoglycans), complement and their 

associated fragments that may also have been proteolyzed.{Lamba, 1998 #993} In 

addition, since PU is amphiphilic, without the initial protective layer of whole albumin, 

many different types of proteins can adsorb to the sensor surface. Therefore, the 

possibility that the adsorbed biomolecules are fragments of albumin and many other 

inflammatory response proteins is quite probable. 

In summary, the findings in the work presented here are that serum albumin 

is absorbed to the sensors intermixed as fragments, as outlined in section 2.3.4.1, 

and whole protein. The most prominent identification is that of RSA or RSA precursor 

103 



at ca. 66kD, by several methods, including: SDS-PAGE in-gel digest and MALDI-

TOF, trypsin digest of leachate and MALDI-TOF, and ESI-MS/MS. In addition many 

other peptides or fragments of large proteins less than 15kD were observed, which 

may be products of the inflammatory response, as indicated in Table 2-3 and 

Appendix A It is hypothesized that proteins, peptides, or protein fragments are not 

the only source of sensitivity decrease to sensors implanted in vivo, but also amino 

acids and/or vitamin components that may passivate the surface of the electrode. 

The amino acid or vitamin components (essentially those found in cell culture 

medium) may also have an anti-oxidant effect on the H202 produced by the GOx 

enzyme or have an inhibitory effect on GOx enzyme reaction with glucose. In 

conclusion to the work presented, an outline of the limitations in achieving 

identification of additional biomolecules adsorbed on the sensor is described. In light 

of those limitations several ideas to attain additional biomolecule identification in 

future work are proposed. 

2.4.4 Biomolecule Identification Limitations 
The complexity of protein adsorption on in vivo surfaces is only one aspect 

that contributed to the difficulty in identifying biomolecules adsorbed to glucose 

sensors. A rat to rat variation could affect what proteins are present and at what 

concentrations, depending on size, sex, and age. 64 The Vroman effect causes the 

biomolecule absorption process to be in a continual state of flux, adding to possible 

variations in biomolecule species and concentrations found on the sensor. Although, 

the effect has been reported to conclude at the point at which the lowest surface 

energy is achieved.44 Since most of the studies examining the kinetics of protein 

absorption are done over a period of a few hours, the expectation is that by 24 hours, 
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when the glucose sensors were explanted, a state of equilibrium is reached. At this 

point the proteins absorbed to the sensor should be representative of those that 

sustain the depressed sensitivity. The completion of the protein/peptide remodeling 

process may be why some similarity, from sample to sample among different 

sensors and various rats, was observed. 

Assuming the proteins are endogenously fragmented, this and any residual 

Vroman effect would provide random fragments at undefined cleavage points. At 

least the cleavage points are undefined with respect to known digestion procedures 

like trypsin, which are used to provide well characterized fragmentation patterns with 

which to identify proteins from databases such as Swiss-Prot. Adding to the difficulty 

encountered with a spread of random fragments is the inherently low concentration 

of each one, because of the relatively small surface area of the sensor. Therefore, 

no significantly large concentration of any protein exists from which to obtain 

identification, except in the case of RSA. RSA exists in biological systems in very 

high concentrations; therefore chances of being able to accumulate enough 

fragments for a positive ID are much greater. 

Even given the ubiquitous nature of RSA, the ID using the standard 

proteomic technique of SOS-PAGE {1 or 2D) and subsequent in-gel digest of the 

spot only worked in areas of the gel where all the proteins in the sample were 

concentrated, at the top of LMW gels or very bottom of HMW of gels (for small 

peptides). Analysis of species with very low concentrations can be compensated for 

by using a high volume of sample and then concentrating it, effectively what 

happened at the top and bottom of the gels. Unfortunately, in this research the small 

surface area of the sensors and subsequent protein leaching into a very small 
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volume, to prevent dilution, also contributed to a very small volume of sample. The 

low concentration and low volume issue was overcome by performing MALDI-TOF 

experiments directly on excised sensor membranes. The direct MALDI-TOF from 

membrane samples produced the best detection of specific peptide/protein m/z. 

However, it was difficult to produce a sufficient digestion on the membranes for 

protein identification. An additional complication to protein or peptide identification 

directly from polymer membranes is that volatilization of peptides direct from polymer 

surfaces contributes to a reduction in MALDI signal.65 In spite of the limitations 

encountered with attempts to identify the biomolecules on in vivo sensors, significant 

progress was made. 

2.5 Future Work 
As a result of what was learned in this study, some key modifications can be 

applied for future studies in the pursuit to identify biomolecules adsorbed to glucose 

sensors. A few tricks and careful sample preparation may yield additional results. 

The first limitation to overcome is the low concentration, low volume problem. There 

are a few key parts to accomplish the end goal, 1) assume that an average 

accumulation of fragments will provide adequate information and that the Vroman 

effect is complete at 24 hours, 2) maximum effort is made to provide rats of the same 

sex, history, and most of all age, and 3) the implant and leach technique must be 

consistent regarding time, materials, and if possible simultaneous processing. 

The best detection acJ,ieved for RSA was approximately 1.Sng/µL, the 

estimated concentration for sample from eight sensors in two rats. If the lower 

concentration fragments are 1% to 10% of the RSA concentration, then the sample 

needs to be concentrated 10 to 100 times. One hundred times is impractical, as that 
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would require 800 sensors divided among more than 100 rats, but 10 times could be 

accomplished with 8 sensors in each of 10 rats. For 24 hour implants 80 in vivo 

sensors for leaching could be obtained in two to three days. Using a 48 hour 5% 

acetic acid leachate would insure maximum desorption and optimum MS detection 

limits. These leachates would be vacuum centrifuged and combined for a total 

volume of 100 to 200 µL, effectively concentrating the sample 10 times. 

Once the concentrated sample is obtained it would be analyzed in two 

different ways. One is to do a trypsin digest of leachate and submit the sample to 

the new Fourier Transform Ion Cyclotron instrument being purchased by the 

Analytical Proteomics Laboratory at the University of Kansas, which has been 

reported to have a detection limit of 0.5 Fmol/µL as opposed to 30 Fmol/µL, the 

detection limit at which RSA standard identification was achieved.66 The objective is 

to produce sequence tags to provide additional information for a more exact ExPasy 

Tagldent or Pepldent search, or one of the other search routines provided by mass 

spectrometer instrumentation companies. 

The second method is to use a technique published by Strupat et al. where 

MALDI is performed directly from proteins electroblotted from SDS-PAGE.67•68 The 

concentrated sample would be submitted to one-D or, for greater separation and 

more information (pl), two-D electrophoresis, electroblotted and trypsin digested 

directly on the electroblot MALDI-TOF-TOF from this sample should yield sequence 

information that would be utilized for a more detailed protein database search. 

MALDI-TOF-TOF was attempted on leachate samples obtained using the methods 

described in this research, but there was insufficient peptide or protein to produce 

identification of the many, but minor biomolecules detected on sensors. The 
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methods proposed here should confer greater probability of success for additional 

identifications. 

The relative success of MALDI-TOF directly on the membranes suggests the 

possibility of a third approach to obtaining sequence information for a more in-depth 

search. For this method to be successful, improvement of the trypsin digest on the 

membranes would need to be achieved, possibly with a larger volume of solution to 

avoid evaporation and using a surfactant to increase penetration of the trypsin into 

the membrane and in proximity of the peptides. MALDI-TOF-TOF would be 

performed directly on the in vivo sensor membranes, and a peptide search 

conducted using the additional sequence information acquired. 

A fourth approach may also be possible. This technique involves building or 

purchasing an MS/MS/MS system with a specific configuration that is described as 

follows. The objective is to obtain sequence information directly from sensor 

membranes. This is a MALDI-TOF on the front end of the instrument to provide the 

m/z ions (peaks) as seen in the current study, and then capture those ions with an 

ion-trap, where the ions are further fragmented. The fragments from the parent ion, 

are then draw into an FTIC to provide high detection limits for what may be very low 

concentration ions. Again the fragment pattern is submitted for a protein search. 

The future work described is intended as suggestions for confirming the 

conclusion that fragments are the source of glucose sensor "biofouling" by absolute 

identification of the multitude of peptides detected in the research presented here. 

108 



2.6 References 
(1) Hall, S. B.; Khudaish, E. A.; Hart, A. L. Electrochim. Acta 1997, 43, 579-588. 
(2) Hall, S. B.; Khudaish, E. A.; Hart, A. L. Electrochim. Acta 1998, 43, 2015-

2024. 
(3) Hall, S. B.; Khudaish, E. A.; Hart, A. L. Electrochim. Acta 1999, 44, 4573-

4582. 
(4) Kerner, W.; Kiwit, M.; Linke, B. Biosens. Bioelectron. 1993, 8,473. 
(5) Thome-Duret, V.; Gangnerau, M. N.; Zhang, Y.; Wilson, G. S.; Reach, G. 

Diabetes Metab. 1996, 22, 174-178. 
(6) Gerritsen, M.; Jansen, J. A.; Lutterman, J. A. Neth. J. Med. 1999, 54, 167-

179. 
(7) Wisniewski, N.; Moussy, F.; Reichert, W. M. Fresenius. J. Anal. Chem. 2000, 

366, 611-621. 
(8) Lowry, J. P.; McAteer, K.; El Atrash, S.S.; Duff, A.; O'Neill, R. D. Anal. Chem. 

1994, 66, 1754-1761. 
(9) Gerritsen, M.; Jansen, J. A.; Oros, A.; Vriezema, D. M.; Sommerdijk, N. A. J. 

M.; Nolte, R. J. M.; Lutterman, J. A.; Hovell, S. W. F. F. V.; Gaag, A. V. d. J. 
Biomed. Mater. Res. 2000, 54, 69-75. 

(10) Elbicki, J.M.; Weber, S. G. Biosensors 1988, 4, 251-257. 
(11) Giner, J.; Marincic, L.; Soeldner, J. S.; Colton, C. K. J. Electrochem. Soc. 

1981, 128,2106-2114. 
(12) Polta, T. Z.; Johnson, D. C. J. Electroanal. Chem. and lnterfacial 

Electrochemistry 1986, 209, 159-169. 
(13) Polta, T. Z.; Johnson, D. C.; Luecke, G. R. J. Electroanal. Chem. and 

lnterfacial Electrochemistry 1986, 209, 171-181. 
(14) Vandeberg, P. J.; Johnson, D. C. Anal. Chem. 1993, 65, 2713-2718. 
(15) Barnes, S. L. Ph.D., University of Kansas, Lawrence, 1999. 
(16) Grainger, D., W.; Pavon-Djavid, G.; Migonney, V.; Josefowicz, M. J. 

Biomater. Sci. Polym. Ed. 2003, 14, 973-988. 
(17) Koenig, A., L.; Gambillara, V.; Grainger David, W. J. Biomed. Mater. Res. 

2003, 64A, 20-37. 
(18) McClary, K. B.; Ugarova, T.; Grainger, D. W. J. Biomed. Mater. Res. 2000, 

50, 428-439. 
(19) Chapman, R. G.; Ostuni, E.; Takayama, S.; Holmlin, R. E.; Yan, L.; 

Whitesides, G. M. J. Am. Chem. Soc. 2000, 122, 8303-8304. 
(20) McAuslan, B. R.; Johnson, G.; Hannan, G. N.; Norris, W. D.; Exner, T. J. 

Biomed. Mater. Res. 1988, 22, 963-976. 
(21) Ishihara, K. Tokyo /ka Shika Daigaku Iyo Kizai Kenkyusho Hokoku 1993, 27, 

1-10. 
(22) Dudley, L. Y.; Stratford, P.; Aktar, S.; Hawes, C.; Reuben, B.; Perl, O.; Reed, 

I. M. Chemical Engineering Research and Design 1993, 71, 327-328. 
(23) Wisniewski, N.; Reichert, M. Colloids Surf. 2000, 18, 197-219. 
(24) Ishihara, K. Maku 1993, 18, 107-116. 
(25) Praveen, S.S.; Hanumantha, R.; Belovich, J.M.; Davis, B. L. Diabetes 

Technol Ther 2003, 5, 393-399. 

109 



(26) Yang, Y.; Zhang, S. F.; Kingston, M. A.; Jones, G.; Wright, G.; Spencer, S. A. 
Biosens. Bioelectron. 2000, 15, 221-227. 

(27) Lhoest, J.-B.; Wagner, M.; Tidwell, C.; Castner, D. J. Biomed. Mater. Res. 
2001, 57, 432-440. 

(28) Oleschuk, R. D.; McComb, M. E.; Chow, A.; Ens, W.; Standing, K. G.; 
Perreault, H.; Marois, Y.; King, M. Biomaterials 2000, 21, 1701-1710. 

(29) Busch, K. L. Spectroscopy 1999, 14, 14-19. 
(30) Fenselau, C. Analytical Chemistry News & Features 1997, 661A-665A. 
(31) Cotter, R. J. Analytical Chemistry News & Features 1999, 445A-451A. 
(32) McLuckey, S. A.; Berkel, G. J. V.; Goeringer, D. E.; Glish, G. L. Anal. Chem. 

1994, 66,689A-696A. 
(33) Cooks, R. G.; Mcluckey, S. A.; Kaiser, R. E. Chem. Eng. News 1991, 26-41. 
(34) Thome-Duret, V.; Reach, G.; Gangnerau, M. N.; Lemonnier, F.; Klein, J.C.; 

Zhang, Y.; Hu, Y.; Wilson, G. S. Anal. Chem. 1996, 68, 3822-3826. 
(35) Wilson, G. S.; Hu, Y. Chem. Rev. (Washington, D. C.) 2000, 100, 2693-2704. 
(36) Aussedat, B.; Dupire-Angel, M.; Gifford, R.; Klein, J.C.; Wilson, G. S.; Reach, 

G. Am J Physiol Endocrinol Metab 2000, 278, E716-728. 
(37) Moatti-Sirat, D.; F.Capron; Poitout, V.; Reach, G.; Bindra, D.S.; Zhang, Y.; 

Wilson, G. S.; D.R.Thevenot Diabetologia 1992, 35, 224-230. 
(38) Zhang, Y.; Hu, Y.; Wilson, G. S. Proc. - Electrochem. Soc. 1993, 93-7, 781-

789. 
(39) Kao, W. J.; Hiltner, A.; Anderson, J.M.; Lodoen, G. A. J. Biomed. Mater. Res. 

1994, 28, 819-829. 
(40) Righetti, P. G. Proteome Revisited: Theory and Practice of All Relevant 

Electrophoretic Steps, 2001. 
(41) Ausubel, F. M.; Brent, R. In Short Protocols in Molecular Biology: A 

Compendium of Methods from Current Protocols in Molecular Biology, 
Ausubel, F. M., Ed.; Wiley, . New York, 1995; Vol. 2, pp (various pagings) : ill. 
; 29cm. 

(42) Shevchenko, A.; Wilm, M.; Vorm, O.; Mann, M. Anal. Chem.1996, 68, 850-
858. 

(43) Rosenfeld, J.; Capdeviellw, J.; Guillemot, J. C.; Ferrara, P. Anal. Biochem. 
1992, 203, 173-179. 

(44) Lamba, N. M. K.; Woodhouse, K. A.; Cooper, S. L. Polyurethanes in 
Biomedical Applications; CRC Press: Boca Raton, 1998. 

(45) Galeva, N.; Altermann, M. Proteomics 2002, 2, 713-722. 
(46) Kanski, J.; Alterman, M. A.; Schoneich, C. Free Radie. Biol. Med. 2003, 35, 

1229-1239. 
(47) Johll, M. E.; Williams, D. G.; Johnson, D. C. Electroanalysis 1997, 9, 1397-

1402. 
(48) Labat-Allietta, N.; Thevenot, D.R. Biosens. Bioelectron. 1998, 13, 19-29. 
(49) Alterman, M., meeting~ and personal discussions, 2004 

110 



(50) Bio-Rad Ready-Gel Tris-Tricine Gels. http://www.bio-
rad.com/B2B/BioRad/jsp/default.do?BV SessionlO=@@@@0335426750.1 o 
85038069@@@@&BV EnginelD=ccccadclidfmgidcfngcfkmdhkkdflm.0&cate 
goryPath=Catalogs%2FLife+Science+Research%2FElectrophoresis%2FPrec 
ast+Gel+Systems%2FReady+Gel+Precast+Gels%2FReady+Gel+Selection+ 
Guide%2FReady+Gel+ Tris-
Tricine+Gels&nextPage=BRProductCategoryPage (accessed May 19 2004). 

(51) Grainger, D., W., University of Kansas, Lawrence, May 7 2004; Dept. of 
Chemistry. 

(52) Godek, M. L.; Duchsherer, N. L.; McElwee, Q.; Grainger, D. W. Biomed. Sci. 
lnstrum. 2004, 40, 7-12. 

(53) Gutierrez, A.; Anderstam, B.; Alvestrand, a. Eur. J. Clin. Invest. 1999, 29, 
947-952. 

(54) Puig, N.; Davalos, A.; Adan, J.; Piulats, J.; Martinez, J.M.; Castillo, J. 
Cerebrovasc. Dis. 2000, 10, 449-454. 

(55) Cochrane, D. E.; Carraway, R. E.; Feldberg, R. S.; Boucher, W.; Gelfand, J. 
M. Peptides 1993, 14, 117-123. 

(56) Standker, L.; Sillard, R.; Bensch, K. W.; Ruf, A.; Raida, M.; Schulz-Knappe, 
P.; Schepky, A.G.; Patscheke, H.; Forssmann, W. G. Biochem. Biophys. 
Res. Commun. 1995, 215, 896-902. 

(57) Ivanov, V. T.; Karelin, A. A.; Philippova, M. M.; Nazimov, I. V.; Pletnev, V. Z. 
Biopolymers 1997, 43, 171-188. 

(58) Julliard, J. H.; Shibasaki, T.; Ling, N.; Guillemin, R. Science 1980, 208, 183-
185. 

(59) Karelin, A. A.; Blishchenko, E.; Ivanov, V. T. FEBS Lett. 1998, 428, 7-12. 
(60) Zav'yalov, V. P.; Zaitseva, 0. R.; Navolotskaya, E. V.; Abramov, V. M.; 

Volodina, E. Y.; Mitin, Y. v. lmmunol. Lett. 1996, 49, 21-26. 
(61) Vroman, L.; Adams, A. L. J. Biomed. Mater. Res. 1969, 3, 43-67. 
(62) Ratner, B. D., 1992 
(63) Takahara, A.; Takahashi, K.; Kajiyama, T. J. Biomater. Sci. Polym. Ed. 1993, 

5, 183-196. 
(64) Miller, I.; Hynes, P.; Gemeiner, M.; aebersold, R.; Manzoni, C.; Lovati, M. R.; 

Vignati, M.; Eberini, I.; Gianazza, E. Electrophoresis 1998, 19, 1493-1500. 
(65) Walker, A. K.; Land, C. M.; Kinsel, G. R.; Nelson, K. D. J. Am. Soc. Mass 

Spectrom. 2000, 11, 62-68. 
(66) Desaire, H., personal meeting, 2004 
(67) Schreiner, M.; Strupat, K.; Lottspeich, F.; Eckerskom, C. Electrophoresis 

1996, 17, 954-961. 
(68) Sturpat, K.; Karas, M.; Hillenkamp, F. Anal. Chem 1994, 66, 464-470. 

111 



Chapter 3 Inflammatory Cell Flux Determination 

3.1 Introduction 
Extensive research in the development of subcutaneously implanted glucose 

sensors; which is reviewed in Chapter 1: Introduction, indicates that the inflammatory 

response may be causing changes in the microenvironment surrounding the sensor, 

thereby leading to fluctuations in sensor response. The microenvironment 

constitutes an inflammatory tissue layer ca. 100 to 1000 µm thick surrounding the 

sensor implant, estimated from nitric oxide (NO) release sensor histology studies in 

Chapter 4. During the acute phase (about three days) the inflammatory layer 

contains a heterogeneous milieu of subcutaneous tissue, interstitial fluid, and 

inflammatory cells including neutrophils, monocytes and macrophages, which are of 

primary interest for this research. 

The KU amperometric glucose sensor functions by consuming glucose and 

oxygen (02), and producing hydrogen peroxide (H202). The primary cells of the 

inflammatory response, granulocytes and phagocytes (neutrophils and 

macrophages) also consume glucose and 0 2, while releasing H202 and NO, in 

addition to other reactive oxygen species (ROS). The interactive environment of 

consumption and production between inflammatory cells and sensors could lead to 

fluctuations in glucose sensor response due to depletion of the key species, 0 2 and 

glucose, in the immediate vicinity of the active cavity of the sensor. The production 

of H20:z by the cells, the product oxidized at the electrode surface, could also lead to 

increases in sensor response not attributable to increases in glucose concentration 

in normal subcutaneous tissue. Even though the sensor has been designed to 
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reduce interferent reactions at the electrode surface, the release of potentially 

oxidizable species {such as NO) by the inflammatory cells must also be considered. 

The complexity of the in vivo environment means that simply monitoring the 

sensor response under these conditions is not adequate for understanding the 

interactive effect between the glucose sensor and the cells surrounding the sensor 

during the inflammatory response. 2•3 Several researchers have also proposed that 

transport of the analytes to the sensor surface may be hindered by the formation of a 

capsule or inflammatory tissue that causes sensor fluctuations. 4-7 While this may be 

true, the formation of a capsule does not usually occur to any significant degree in 

the first three days of implant; therefore it is unlikely diffusion limitations due to an 

external physical barrier are a major contribution. The possibility that 'biofouling' by 

molecules absorbed to the sensors is a significant consideration, however that 

aspect was covered in detail in the preceding chapter (Chapter 2: Identification of 

Substances Adsorbed to In Vivo Sensors). For the research presented here, an 

approach that separates the complexity of the in vivo environment from the influence 

of inflammatory cells was employed. 

Some understanding of how inflammatory cells respond in the presence of a 

functioning glucose sensor can be obtained by observing their culture activity in vitro. 

Therefore, one aspect of this research was to observe fibroblasts {cells present 

during the healing phase) and monocyte-macrophage-like cells during culture with 

active glucose sensors. A more active analysis can be obtained by measuring the 

consumption and production of the involved species, 02, glucose, and H202, directly 

from cultured inflammatory cells and glucose sensors in situ. These measurements 

are then utilized to start building a model of the environment surrounding a working 

113 



glucose sensor, incorporating the reactions of the sensor into the picture. An 

illustration of the micro-environment in proximity to the glucose sensor which may be 

used to develop this model is shown in Figure 3.1. The flux of 0 2, glucose, and H202 

(colored arrows), from cells (purple ovals), from normal tissue into the inflammatory 

tissue layer, and into (or from) the glucose sensor are illustrated. The flux from the 

normal tissue (Jn) is relatively constant, whereas the flux (Jir) through the 

inflammatory tissue and into the sensor membrane CJsm) is dynamic, and depends on 

the interaction of the cells and the sensor function. To obtain the gradient 

concentration measurements from which fluxes may be estimated a self-referencing 

microelectrode technique developed at the BioCurrents Research Center (BRC) at 

the Marine Biological Laboratory (MBL) was utilized. 8·9 
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Figure 3.1: Representation of In vivo micro•nvironment surrounding an implanted 
glucose sensor, showing the inflammatory cells (ovals) and the flux of glucose, 
oxygen, and H:z()2 (arrows). 
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3.1.1 Theory of the Self-Referencing Technique 
The theory for the operation of the self-referencing technique is described in 

detail by Smith et al. with a simplified version presented here.1•10•11 The 

amperometric micro-electrode probe utilized to obtain flux measurements is 

illustrated in Figure 3.2. The probe works similarly to the 'Clark' type sensor that is 

used for subcutaneous glucose monitoring, which is the same as the KU glucose 

sensor used in the research presented in this dissertation. The oxygen probe is 

polarized at -0.6 V and measures the current due to oxygen reduction, whereas the 

H2O2 probe is polarized at +0.6 V and measures the oxidation of H2O2 at the 

electrode surface. The glucose probe has GOx immobilized at the probe tip and is 

coated with a semi-permeable diffusion membrane to ensure excess oxygen for the 

enzyme reaction - the same principle is used for the KU glucose sensor. 

Figure 3.3 shows the self-referencing probe in position to measure a cellular 

flux next to the KU glucose sensor active cavity. The BRC probe is translated from 

the cell surface out to a distance of 20 to 40 µm; which is controlled by stepper 

motors via feedback to the control and data acquisition software, lonView, developed 

at the BRC {Woods Hole, MA). The current is measured at the near and far pole 

generating total current; which is proportional to the bulk analyte concentration, and 

a differential current (inear - irar); which is used to calculate the concentration gradient 

and from it the flux. The differential measurement serves to subtract out signal 

fluctuations due to a relatively high background (ca. 50 fA) and drift, since these 

factors do not change between pole measurements. 

The operation of the movement of the probe and measurement sampling 

scheme used for the data obtained in this research is illustrated in Figure 3.4. The 
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square wave is generated at 0.3 Hz between the near pole and far pole across the 

translation distance, represented by the height of the square wave. The angle a. 

represents the time the probe takes to move from the near to far position (0.2 

seconds), and the length of the top and bottom of the square wave are equivalent to 

the time the probe sits at each position (1.5 seconds). The current is sampled and 

averaged during the second half of the square wave at each position, with the 

translational current and initial current discarded. The sampling technique eliminates 

artifacts that may occur due to movement of the probe or disruption of the analyte 

gradient The sampled current at each position is used for the differential 

measurement. 

3.1.1.1 Flux Calculation 
The flux is calculated from Fick's Law where J= -D iJC/ox.12 The differential 

current divided by the calibration slope is equivalent to the change in concentration 

between the near and far measurement position so that tli/S :::: iJC and the translation 

distance .M ox. The equation then becomes J = - D tli/(S Ar), where J=analyte flux 

(pmol cm·2 s·1), D=diffusion coefficient (cm2 s·1), tli = current (fA) S=calibration slope 

(fA pmor1cm3), and L\r=distance probe moves (cm). With this convention a positive 

flux is an influx or analyte consumption (02, glucose) and negative flux is an efflux or 

analyte production (H20z). 
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3.2 Experimental Design 

3.2.1 Cell Response with KU Glucose Sensors 
Fibroblast (L929) and monocyte/macrophage like cells (U937 and HL60) 

were cultured in the presence and absence of active KU glucose sensors. Cultured 

cells were selected for these studies because they are well characterized for these 

types of studies 13•14 and are simpler to work with than primary peripheral blood cells. 

In addition, U937 and HL60 cells are reported to differentiate to adherent 

macrophage-like cells; however, these cells require a specific differentiation protocol 

to reach macrophage like morphology. Percent differentiation was determined for 

U937 and HL60 cells cultured without sensors with the nitrotetrazoleum blue (NBT) 

assay. The cell cultures were microscopically observed for morphological changes, 

culture viability, and estimates of percent confluence determined. Viability of cells on 

and near sensors was determined by using a Live/Dead fluorescent assay® 

(Molecular Probes, Eugene, OR). All reagents are from Sigma-Aldrich (Milwaukee, 

WI) or Fisher Scientific (Hampton, NH), and cell culture reagents are from Gibco-

lnvitrogen (Irvine, CA) unless otherwise noted. 

3.2.1.1 Fibroblast Cells 
Fibroblast cells were murine L929 cells, a generous gift from Robert E. 

Palazzo's laboratory at the University of Kansas. They were cultured in Dulbecco's 

minimum essential medium (DMEM) with 10% heat inactivated fetal bovine serum 

(FBS, lnvitrogen, Irvine, CA). Post thawed cells were initially cultured in complete 

medium containing 25mM glucose, but were gradually weaned to SmM glucose to 

conduct experiments at glucose concentrations appropriate for glucose sensor 
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evaluation. L929 cells were grown to confluence in sterile 1 0 cm culture dishes in 

5% CO2 at 37°C and harvested using 0.05% trypsin in EDTA (lnvitrogen, Irvine, CA). 

Cell viability and count was determined with a hemocytometer using trypan blue (4%) 

for staining. 

Fibroblast cell culture tests with KU glucose sensors were conducted by 

sealing active or blank sensors in sterile 2-well LabTek II chamber slides (Nunc, 

Fisher Scientific, Hampton, NH) with hot-glue through a 1 mm hole drilled in the side 

of each chamber. The cells were used between passages 5 to 15, seeded in each 

chamber at ca. 76,000 cells per well and observed over the next three to seven days 

or to confluence. Catalase (CAT) experiments were conducted at 0.1 mg/ml 

catalase (C-9322, 2390 Units/mg solid, Sigma, St. Louis, MO) mixed with complete 

medium and cells during the seeding process. Cell morphology and confluence was 

observed using an inverted light microscope. 

An assessment of fibroblast cell viability with glucose sensors was conducted 

using the Live/Dead Assay® (Molecular Probes, Eugene, OR) following the 

manufacturer's protocol. Briefly, the Lab-Tek II culture wells were removed from the 

slides and 200 µL of 0.5 µM EthD-1 (Ethidium homodimer-1 red fluorescent dye) plus 

0.5 µM Calcein AM (polyanionic green fluorescent dye) reagents were sealed with 

the active sensor cavity between the glass slide and a cover slip. The results were 

viewed using an Zeiss Axioplan II ie EPl-fluorescent microscope (Carl Zeiss Inc. 

North America, Thomwood, NY) with a red filter (excitation: 510-550nm, emission: 

590nm) for dead cells and green filter (excitation: 450-480nm, emission: 515nm) for 

live cells. 
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3.2.1.2 Monocyte/Macrophage-Like Cells 
Monocyte/macrophage-like cells were purchased from A TCC (Manassas, 

VA). U937 (CRL-2367) are human histiocytic lymphoma cells cultured in a 

suspension of RPMl-1640 medium (2mM glutamine, 10mM HEPES, 1 mM sodium 

pyruvate, 1.5g/L bicarbonate, 10% non-heat inactivated FBS, 1% antibiotic) at the 

concentrations recommended by ATCC for each lot of cells. Initial cultures were 

started at 20mM glucose then weaned to 5mM glucose, a more appropriate glucose 

concentration for sensor testing. HL60 (CCL-240) are human acute promyelocytic 

leukemia cells and were initially cultured in a suspension of lscove's modified 

Dulbecco's medium (ATCC) according to the depository protocol. Cells were 

gradually weaned to RPMl-1640 culture medium as described for U937 cells for 

glucose sensor experiments. All culture experiments were carried out in 5% CO2 at 

37°C. Viability and count was obtained with 4% trypan blue staining. 

Differentiation was performed for both cell types in the same manner per a 

previously described protocol.13•15 Briefly, 2 x 105 cells in a suspension of 2.5 x 10-7 

M phorbol 12-myristate 13-acetate (PMA) or 1000 U/ml INF-y (PBL Biomedical 

Laboratories, Piscataway, NJ) plus 1 µM retinoic acid (13-cis RA) were seeded in 

Lab-tek II or MatTek (35mm/14mm microwell P35G-014-C, MatTek, Ashland, MA) 

cell culture dishes. The cell differentiation cultures were incubated in 5% CO2 at 

37°C for three or four days and either checked for extent of differentiation, Live/Dead 

Assay® (described above) or differentiation medium was replaced with fresh 

complete RPMl-1640 medium. Differentiated cells were used for flux measurements 

or morphology and confluence observation within 5 days post completion of 

differentiation. 
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The NBT test was done as described previously, however because PMA was 

used for differentiation and during the flux experiments, cell activation was achieved 

with 100 µg/ml lipopolysaccharide (LPS, Sigma) in place of PMA.15 The cells were 

washed with Dulbecco's PBS and incubated with saturated NBT (Sigma) for 30 to 60 

minutes, then fixed with 70% methanol and counter stained with Safranin. Percent 

differentiation was estimated by microscopic observation of the number of cells 

incorporated with the cytoplasmic blue-black formazan deposit, which results from 

the reaction between ROS (indicative of phagocytic or granulocytic cells) and the 

NBT. Cells differentiated at the University of Kansas campus achieved 50 to 80% 

differentiation, whereas those differentiated at the BRC site were only 20 to 40% 

differentiated. The difference is most likely due to the frequent access by multiple 

people into the cell culture incubator in the BRC laboratory; which caused less 

controlled conditions for cell differentiation. 

3.2.2 Oxygen, Glucose, and H202 Flux Measurement 
All flux measurement experiments were conducted at the BRC (Woods Hole, 

MA) under the direction of Peter J. S. Smith (Director, BRC) and the BRC laboratory 

personnel. The initial goal was to develop a system to measure the flux components 

from macrophage-like cells that are adjacent or adhered to the KU glucose sensor. 

The sensor and cultured cells need to be in culture dishes that can be utilized in the 

self-referencing apparatus, which was accomplished by measuring flux from 

differentiated cells in the MatTek dishes with coverslip microwells. When 

measurement of flux from or with KU glucose sensors was attempted, the sensor 

was inserted through a 1 mm hole in the side of the dish, sealed with hotglue, and 

secured to the bottom of the microwell with a pin, or the sensor tip was slid under the 
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edge of an excised square of a Sylgard layer (Dow Coming, Midland, Ml) cured on 

the coverslip microwell. The measurement of 0 2, H2O2, and glucose flux with a BRC 

microelectrode (probe) specific for each compound,1•8·9 was divided into three basic 

experiments: 1) cells only, 2) KU glucose sensors only, and 3) cells and KU glucose 

sensors, which are described below. A set of control experiments were also 

conducted testing each BRC analyte specific probe for possible response to the 

drugs and reagents used during the flux measurement experiment. 

3.2.2.1 Probe Fabrication 
The BRC oxygen probe fabrication has been described in detail previously 

and is pictured in Figure 3.2.16 The BRC H2O2 probe used is an oxygen probe 

polarized at +0.6 V, rather than -0.6V when used to measure 02 flux. The BRC 

glucose probe fabricated by immobilization of GOx with glutaraldehyde on etched 

platinized Pt wire is described in detail elsewhere. 1 The probes described above 

were provided by the BRC. 

The glucose probe developed for the research conducted here used the 

oxygen electrode fabricated without cellulose acetate coatings as the starting 

component, which were also provided by the BRC. The etched platinum electrode 

surface was ca. 5 to 8 µm in diameter. The probes were previously tested to ensure 

response to oxygen that met the specifications described in the probe calibration 

section. The electrodeposition method for immobilization of GOx was adapted from 

the glucose sensor developed in the Wilson laboratory.17•18 The bare Pt electrode 

sealed in a glass capillary was cleaned by soaking in 1M H2SO4 + 1M HNO3 (1:1) for 

15 min., 1 M NaOH for 15 min., then nanopure water for 15 min. Immediately after 

removal from water GOx was electrodeposited at 1.3 V for one hour from a solution 
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of 1 0mg/mL GOx {0.1 to 0.25 U/mg type X-S from Aspergil/us niger, Sigma, St. 

Louis, MO), 0.8 mM Triton X, 50mM phosphate buffer pH 7.0).17•18 The probe was 

dried in air for ca. 30 minutes, rinsed with nanopure water and stored overnight at 4° 

C. The electrodeposited GOx was fixed in place and a semi-permeable diffusion 

membrane formed by dipping the probe once in a 2.5% solution of Nafion® (5% 

stock diluted with 100% EtOH) and ambient curing at least 30 minutes. 

Immobilization of catalase (CAT) was performed by soaking Nafion® coated probes 

overnight in a solution of 1 mg/ml CAT (C-9322, 2390 Units/mg solid, Sigma, St. 

Louis, MO), 0.8% glutaraldehyde, and PBS {0.1M, pH 7.4) at 4°C.19 Probes were 

removed from the CAT solution and allowed to dry for 15 minutes prior to test. 

Initial testing of glucose probes was conducted by immersing the probes in a 

stirred solution of 0.1 M PBS (ph 7.4), and polarizing at +0.6V with respect to 

Ag/AgCI (connected via a 3 M KCI 3% agar bridge). Glucose aliquots producing 

5mM concentration changes (up to 15 mM) were added to the test vial and the 

response was monitored with a model 3104 two electrode multi-channel potentiostat 

(Pinnacle Technology Inc., Lawrence, KS). A total of four channels are available for 

simultaneous testing of multiple sensors. Response to H2O2 was determined by 

adding aliquots of 25 µM H2O2 (prepared fresh). Probes were stored in room air 

under ambient temperature. 

3.2.2.2 Probe Calibration 
The analyte probe is placed in a culture dish with Dulbecco's PBS (DPBS) to 

equilibrate for 30 to 60 minutes prior to use. The current is measured at an 

appropriate applied potential versus a Ag/AgCI reference (3 M KCI 3% agar bridge 

placed in the bulk DPBS medium) in the culture dish. Ideally, calibration of each 
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probe is conducted immediately prior to and after an experiment, however in some 

cases a calibration was not perfonned both pre and post experiment. When pre and 

post calibration was available, the data were averaged to calculate experimental 

values, provided that the calibration did not differ by more than 25% between 

measurements. 

For 02 calibration the probe was submerged in air saturated PBS 

{0.24µmol/mL 02) and then quickly transferred to PBS purged for at least 30 minutes 

with oxygen free nitrogen (~0.0 µmol/ml Oz). An alternative method was sometimes 

used where oxygen free nitrogen was bubbled through a capillary directly into a PBS 

filled MatTek culture dish with the 02 probe. The 02 probe was considered 

acceptable if the total current was between -40 and -200 pA and the differential 

background current was 50 fA. A two point calibration curve was perfonned using 

Excel and the slope and Y intercept utilized for experiment data calibration. 

The glucose calibration was performed by adding 2mM glucose aliquots to 

the culture dish where the equilibrated glucose probe was soaking. Three to eight 

points were taken. A multiple point linear calibration was perfonned in Excel and the 

slope and Y intercept obtained. The probe was used for cell measurements if a 

positive slope of at least 0.2 pA/µmol/mL and an R2 value of 0.9 were obtained. Two 

different types of glucose probes were employed. The original design developed by 

Jung et al.1 and a design developed in the process of the research conducted here. 

Because the measurement of glucose flux with glucose probes was in a 

development stage, rather than proven as for the oxygen measurements, a 

considerable amount of latitude was employed in the use of glucose sensors. 
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The H2O2 calibration was conducted in a similar manner as the glucose 

calibration except 1 µM H2O2 aliquots were used. The probe was used for cell 

measurements if a positive slope of at least 0.1 pA/µM and an R2 value of 0.9 were 

obtained. Measurement of H2O2 flux from these types of inflammatory cells is not a 

previously proven technique; although Twig et al. demonstrated appropriate function 

of the H2O2 probe for primary microglial cells. 20 

3.2.2.3 Flux Measurement Cells Only 
HL60 and U937 cells were cultured and differentiated in the absence of a KU 

glucose sensor as described above. The experiment was conducted on the self-

referencing apparatus as described previously using the square wave function 

described in section 3.1.1.1•16.2° For each experiment the BRC oxygen probe was 

polarized at -0.6V, the glucose and H2O2 BRC probes were polarized at +0.6 V and 

referenced to Ag/AgCI as described for the calibration. The differentiated cells 

bathed in 37°C DPBS in the MatTek culture dish are placed on an inverted 

microscope inside a thermally insulated Faraday box. The probe is controlled 

remotely with the lonView software and monitored via bright-field optics through a 

video camera. 

During each flux measurement experiment and for all analytes appropriate 

reagents were added to perform a specific experimental function as follows: initiate 

cellular metabolism (5mM glucose), activate cells (1.8 µM PMA in 100% DMSO or 

EtOH for 0 2 measurements), eliminate H2O2 (0.2mg/ml., CAT), and finally inactivate 

respiratory cell function [5µM antimycin A in 1 EtOH:1(2DMS0:3DPBS)]. After the 

addition of each drug into the cell culture dish the medium was swir1ed to 

homogenize and distribute the drug without breaking the electrical circuit between 
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probe and Ag/AgCI reference. The temperature during the experiments was ambient 

because heating to 37°C caused evaporation of fluid surrounding the cells. Flux 

readings were taken next to individual cells for five to twenty minutes after each drug 

addition. Background readings were taken periodically by moving the probe at least 

100 µm above and away from the cells. Results were analyzed and plotted in Excel 

using the specific calibration for the probe and experiment. Statistical analysis of 0 2 

flux data was conducted with an Excel add-in called Analyze-it® version 1. 71 

(Analyze-it Software, Ltd., Leeds, UK) 

3.2.2.4 Flux Measurement KU Glucose Sensors Only 
KU glucose sensors were sealed in MatTek dishes and flux measurements 

conducted as described above. Flux measurements were taken from glucose 

sensors for 02 and H20 2 with the probe perpendicular to the active cavity as shown 

in Figure 3.3. Measurements were taken with the KU glucose sensor polarized (On) 

and non-polarized (Off). The probe was stepped back in 10 to 100 µm increments to 

map the flux versus the distance away from the KU glucose sensor. No drugs were 

applied for these measurements, as this would provide no pertinent information. 

3.2.2.5 Flux Measurements From Cells Cultured With KU Glucose Sensors 
U937 and HL60 cells were differentiated in the presence of KU glucose 

sensors sealed in MatTek dishes. Flux measurement was attempted as described in 

the cells only section (for all three analytes in the presence of KU glucose sensors). 

However, even when the cell measurement was made orthogonal to the direction of 

KU glucose sensor flux, the flux from the KU glucose sensor overwhelmed any 

readings from the cells. Therefore, since this data will not provide any additional 
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insight with respect to many cells adjacent to KU glucose sensors (i.e. in vivo 

environment) cellular flux data with KU glucose sensors is not reported. 

3.3 Results and Discussion 

3.3.1 Cell Response to Sensors 
Prior to performing any experiments to assess flux from cells in proximity to 

KU glucose sensors, or KU glucose sensor function in the presence of inflammatory 

cells, being able to culture cells on or near the sensor is imperative. Therefore, 

those experiments, whose results are reported here, were conducted. The initial 

studies were performed with L929 fibroblasts because they are simple to culture and 

were readily available. Fibroblast cells are also involved in the final phases of 

inflammatory response as part of the healing process. Histological studies 

conducted in earty in vivo glucose sensor studies in rats (unpublished data) 

appeared to show macrophages around the implant site (identified by James M. 

Anderson, Case Western Reserve University, Cleveland, OH). Therefore, it was 

assumed cells (specifically macrophages) would adhere to sensors as part of the 

process to engulf and remove the foreign body. 

The data presented here indicate an apparent contrary finding. The 

Live/Dead assay® shown in Figure 3.5 indicated that although live fibroblasts did 

proliferate on the glass slide near the KU glucose sensor active cavity, they did not 

adhere to the sensor itself. The active sensor cavity is shown out of the focal plane 

in Figure 3.5, however when the cavity was in the focal plane no fibroblasts live or 

dead were observed on the cavity. Because of the diameter of the sensor, the point 

of focus for the sensor cavity is ca. 300 µm above the glass slide. 
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Morphological observation of fibroblast cultures grown with active sensors 

indicated that only 33% of cultures grown with high sensitivity sensors (~ 2nA/mM) 

produced medium to good cell growth within 1000 µm of the sensor active cavity 

(Figure 3.6 A). Most showed no proliferation at all, whereas, 67% of cultures grown 

with low sensitivity sensors(< 2nA/mM) produced medium to good cell growth near 

active cavities. Through experimental elimination other possible sources for the 

inability of cells to grow near the active cavity, including glucose or oxygen 

consumption by sensors, sensor polarization, or pH changes, it appeared that 

production of H2O2 by the sensor may be preventing cell proliferation. Figure 3.6 A 

shows the result of adding CAT, which hydrolyses H2O2 by the reaction H2O2 H2O 

+ ½02, where cells reached complete confluence directly adjacent to the active 

cavity. This result was seen for 100% of the cultures with CAT, whereas healthy 

confluent cells were not observed for any cultures without CAT. Therefore, it was 

concluded that H2O2 prevented the proliferation of fibroblasts within 1000 µm of the 

active sensor cavity. It is noted that the in vitro cell culture environment does not 

necessarily mimic the in vivo environment accurately, because higher levels of 

endogenous CAT, than excreted by cultured cells, may counter the adverse effects 

of H2O2 by the implanted glucose sensor. In addition, these results were for 

fibroblasts, whereas the cells of primary interest are macrophages. Therefore, 

experiments to detennine if macrophages would grow on or near active sensor 

cavities were conducted. 

Similar studies were conducted using U937 cells differentiated to 

macrophage-like cells. Utilizing the Live/Dead assay® Figure 3. 7 shows that at 

some point in the differentiation process at least one cell distinguished from 
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background debris adhered to the sensor, however by the conclusion of the 

differentiation period (3 days) the cell was dead. Morphological observation of the 

macrophage like cultures during the differentiation period were inconclusive 

regarding the ability for macrophage like cells to proliferate near the KU glucose 

sensor's active cavity. The graph in Figure3.8 shows the normalized o/o of cell 

proliferation near the cavity [ratio of o/o coverage of cells near cavity versus % 

coverage cells away from cavity (background)] compared to the normalized o/o cell 

proliferation for blank sensor cavities (no GOx). The cell proliferation presented as 

normalized ratios relative to background cell proliferation provides a means of 

measuring cell growth independent from the degree of confluence for individual 

cultures. Based on the data shown in Figure3.8 for the macrophage-like cells 

cultured with active sensors (blue diamonds), it appears that on most days the 

percentage of cells near active cavities is less than for cells cultured with blank 

cavities (green triangles). However, because of the overlapping error (error bars are 

± one standard deviation) the apparent difference cannot be considered significant. 

In addition, the Live/Dead assay® (e.g. Figure 3.7) indicates that functional cells do 

not actually adhere to active sensors. 

The difficulty with performing this experiment led to the conclusion that, even 

though the cells may be affected by the presence of an active sensor, showing a 

significant difference with this of type experiment would be impossible without using 

a very large number of samples. Because macrophage-like cells primary function is 

to engulf and eliminate all types of foreign invaders, the presence of H2O2 may have 

much less effect than for fibroblast cells. This fact and the problem with the 

variability of multiple elements in the experiment including: a more difficult cell type to 
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manipulate than fibroblasts, variation from sensor to sensor, and variability from 

culture to culture contributed to the inconclusive result. Utilizing a power calculator 

at the UCLA Department of Statistics website to determine a statistically valid n, 

based on the data shown in Figure3.8, the n for active sensors is ca. 40, and ca. 20 

for blank sensors.21 Therefore, unless a large number of sensors (n 40 for each 

condition) were used to increase the statistical validity; meaningful data cannot be 

obtained. With respect to this, consideration of a different experiment design which 

effectively increases n and reduces variability is presented in the conclusion. 
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Green Live Red Dead Overlay 
Figure 3.5: Fibroblast cells cultured with an active sensor showing the active cavity 
(yellow arrow) with live cells (green) and white arrows show dead cells (red) near the 
sensor in the overlay. However when focused on the sensor no cells appear on the 
sensor (ca. 300 µm above focus shown). 

Figure 3.6: Fibroblast cell culture near KU glucose sensor cavity (250 µm diameter). 
(A) Cells cultured without CAT do not adhere within ca. 1000 µm of active cavity that 
produces H20z. (B) Cells and sensor cultured with CAT indicates removal of Hz02 
allows growth of cells directly adjacent to active sensor cavity. 
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Figure 3.7: Live/Dead assay for macrophage~ike cells on active sensor cavity. At 
least one dead cell (red) identified on sensor cavity. No live cells (green) seen in 
proximity of sensor cavity, live cells shown are away from the cavity. 
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Figure3.8: Ratio of % cell coverage near active sensor cavity vs % cell 
coverage at background, compared to ratios for blank sensor cavities. 
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3.3.2 Flux Measurements 
The specific details for the flux measurements of each analyte are reported 

separately below. Oxygen flux measurements yielded the most useful and valid 

data, primarily because the BRC probe and self-referencing technique has been 

used frequently and on a variety of biological systems; therefore the methods are 

fair1y well standardized.22·29 Measurement of glucose flux from cells was attempted 

with the existing BRC design probe and with a glucose probe developed for this 

research using electropolymerization fabrication techniques. The results indicated 

that macrophage-like cell flux appears to be at or below the limit of detection for 

these probes. Oxygen probes held at a positive potential were used for 

measurement of H202 flux from macrophage-like cells. However, utilization of these 

probes for measurement of H20 2 is not a well established technique; which was 

evident when a flux measurement on macrophage-like cells was attempted. 

Detection of a flux was not difficul~ but attributing that flux to H202 released from 

cells was problematic. A proposal for the source of this potential interferent flux is 

discussed in the conclusion. 

3.3.2.1 Oxygen Flux 

3.3.2.1.1 Validation of Oxygen Flux Measurement 
The validation of oxygen sensors and their ability to measure flux in the self-

referencing mode was conducted by Land et al. and Jung et al. at the BRC. 11•16 The 

validation utilizes an artificial oxygen source, an oxygen bubble held at the tip of a 

capillary that produces a concentration gradient into the medium (buffer). Oxygen 

measured at fixed positions 10 to 20 µ.m apart (static mode) can be used to calculate 
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the flux between those points. In addition, a mathematical model was developed by 

Land et al. and shown to overlap the flux measured by an oxygen probe in the static 

mode.11 The validation of the self-referencing technique was established by 

measuring the same gradient flux from the artificial source, first in the static mode 

and then returning to the initial point and measuring in the oscillating mode across 

the same distance. Results reported by Land et al. using a commercially available 

oxygen probe showed a slight probe dependent underestimate of oxygen flux of 9.5 

to 32% and least squares regression analysis between the theoretical and measured 

flux produced an r2 value of 0.99.11 Using the artificial source technique, similar 

results were reported by Jung et al. with the oxygen probes developed and 

fabricated at the BRC.16 

3.3.2.1.2 Control for Reagent Additions 
The control experiments, where the reagents used for the cell experiments 

were aliquoted into a buffer in a culture dish with a working BRC 02 probe, showed 

an interaction between the oxygen probe and PMA dissolved in DMSO. Glucose in 

PBS, and antimycin A in the mixed solvent did not affect the probe response. To 

overcome the interaction between the 0 2 probe and DMSO, PMA was dissolved in 

EtOH, which showed no interaction. 

3.3.2.1.3 02 Flux from KU Glucose Sensors 
Figure 3.9 shows the flux measured at a KU glucose sensor with a sensitivity 

of 2.2 nA/mM, which is a representative average for KU glucose sensors. 

Measurement of the 0 2 influx at the sensor surface in SmM glucose was 11.0 pmol 

cm·2 s·1 adjacent to the polarized sensor (On) and 16.9 pmol cm·2 s·1 when the 

sensor was not polarized (Off). The flux decreased appropriately as the distance 
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from the sensor increased. The distance the flux extended into the bulk was >1000 

µm, a significantly longer distance than any flux seen from a cell. For calculation of 

the flux with the self-referencing technique it is assumed to be a point source and is 

calculated with respect to a foced surface area. However, as the flux measurement is 

taken further away from the point source the flux diffuses out over a larger surface 

area, which is not compensated for in the flux calculation. Therefore, the calculated 

flux decreases as the distance away from the source increases. 

The decrease in flux {ca. 35%) when the sensor is polarized indicates a 

decrease in external oxygen demand by the KU glucose sensor to drive the 

enzymatic conversion of glucose to H2O2 according to the following reactions: 

Glucose+ GOx-FAD-GluconicAcid + GOx-FADH2 

GOx-FADH2 + 02 - GOx-FAD + H2O2 

The oxidation of H2O2 at the Pt electrode surface produces 02, by the 

reaction H2O2 - 0 2 + 2H• + 2e-, which feeds the enzymatic GOx reaction internally, 

thereby decreasing the oxygen required from the outside environment This 

decrease of 6.0 pmol cm·2 s·1 between 0 2 flux On and Off is assumed to be 

attributable to the 0 2 produced by the oxidation of H2O2 and thereby is equal to the 

consumption of H2O2 by the sensor. The consumption of H2O2 by the KU glucose 

sensor can also be calculated using the Faradaic relationship between the KU 

glucose sensor's current responses to determine the number of moles of analyte 

consumed. The actual current from the KU sensor was not recorded, however 

based on the previously determined sensitivity of 2.2 nAfmM, at 5 mM glucose the 

current produced would be 11 x 10-s Amps {A). From i•t = n•F•moles, where 

i=current {A), t=seconds, n= number of electrons, F=Faraday's constant (9.649 x 104 

136 



18 - 16 
"';' en 14 N ·e 12 () 

I 10 
a. 8 ->< 6 :::s 
ii: 4 
d 2 

0 

Oxygen Flux Profile KU Glucose Sensor 

' •• ' . 
' 

0 500 1000 
Distance (um) 

-· 
1500 2000 

Figure 3.9: Oxygen flux profile from KU glucose sensor sensitivity of 
2.2nA/mM when ON (polarized) and OFF (not polarized). 

A•sec) the number of moles of analyte consumed is 5.97 x 10·12 moles/sec. The 

number of moles/sec is then divided by the area of the active sensor cavity, taken as 

5.3 x 10.J cm2, to equal a flux of 10.8 pmol cm·2 s·1. The theoretical calculated flux 

(10.8 pmol cm·2 s·1) is about twice as high as the flux measured (5.9 pmol cm·2 s·1), 

which is not unreasonable because the actual sensitivity could be less than 

previously measured and the actual cavity area could be different than the estimated 

value used. The flux of H202 from a KU glucose sensor was also measured and is 

reported below. A comparison with the measurements obtained for the H202 flux 

from KU glucose sensors will be compared with the oxygen flux measurements and 

discussed below. 
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3.3.2.1.4 02 Flux from Cells 
Representative 02 flux data from differentiated U937 cells is shown in Figure 

3. 10 and Figure 3.11. The flux data in Figure 3.10 are the first half of the experiment 

where metabolism is initiated with SmM glucose (considered the basal state), and the 

data in Figure 3.11 are the continuation of the same experiment using PMA to 

activate the cells followed by finally shutting down their respiration with antimycin A. 

The data show a fair amount of variation from cell to cell and over time from the 

same cell (cell 3). It can also be seen that 'big' cells appear to be slightly more 

active than other cells. The 'big' cells are those which have fully differentiated to 

macrophage-like versus monocyte-like cells; which would account for their greater 

activity. From the charts in Figure 3.10 and Figure 3.11 the cell flux values appear to 

be different from the background readings, however a complete statistical evaluation 

of the data confirming the difference is presented in the next section. The bulk 0 2 

concentration is also shown in the range that would be expected, near 0.24 µmol/mL. 

A slight variation may be due to a small drift in the calibration. 

Table 3-1 summarizes the flux data for all the U937 cells measured. The first 

group of data is an average of all the cell readings under each biological condition. 

The second group of data separate the highly differentiated (more macrophage-like) 

cell flux data. Because several cells had obvious high and low readings these were 

taken as different readings, resulting in an 02 flux range for all the cells in the basal 

state of 0.4 to 1.1 pmol cm·2 s·1 shown in the first row of Table 3-1 for the low and 

high flux in SmM Glucose. The third and fourth column shows the average 0 2 flux in 

the activated state (PMA addition) was only slightly higher at 0.6 to 1.3 pmol cm·2 s·1, 

which is not statistically different from the basal state. Some cells shut down 
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completely after addition of antimycin A, going to zero 0 2 flux, but others continued 

to respire resulting in an average of 1.0 pmol cm·2 s·1 as seen in column five and six. 

The negative values in column five are within the range of the error, and in essence 

indicate a flux of zero. Because the experiment is very stressful on the cells, the 

number of viable cells to measure toward the end of the experiment when antimycin 

A is added is minimal. Therefore, the statistical validity of this measurement is 

marginal. The macrophage-like cells in the second group of data from Table 3-1 

produced higher flux values on average of 2.9 pmol cm·2 s·1 seen as the high flux in 

column 2. However, the macrophage-like cells did not show a significant difference 

when activated at 2.5 pmol cm·2 s·1 from column 4. However, these cells did appear 

to shut down more readily when exposed to antimycin A with a range of 0 pmol cm·2 

s·1 (seen as negative numbers in column 5) to 1.640 pmol cm·2 s·1, which is an 

average decrease of 33% versus 19% for all the cells. The reasoning for these 

differences between the more differentiated cells (larger) and the group average 

(mostly monocyte-like), may be attributed to the larger cells being phenotypically 

more similar to macrophages than monocytes. Because the flux differences 

between the different biological states were minimal, the average flux value for cells 

in the basal state at 1.1 pmol cm·2 s·1 is used for subsequent modeling calculations. 

* This value also compares favorably with an estimated 02 flux based on literature 

data at 1.3 pmol cm·2 s·1; therefore it is considered a representative 02 flux for an 

inflammatory cell population (neutrophils, monocytes, and macrophages).30•31 

• 
All calculated flux estimates from literature are based on an oblate spheroid single cell with 

a surface area of 4.2 x 10·5 crn2• 
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Figure 3.10: Representative data chart of 0 2 flux from U937 cells in 5mM glucose. 
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Figure 3.11: Continuation of 0 2 flux data chart in Figure 3.10 for U937 cells post PMA 
addition. 

Table 3-1: Summary of 0 2 Flux data from U937 cells. 
Metabolic 5 mM Glucose PMA Antimycin A Activator 

Flux Units pmol/cm2/s pmol/cm2/s pmol/cm2/s 

Low02 High 02 Low02 High 02 Low02 High 02 
Statistic Flux flux or Flux flux or Flux flux or 

avg. avg. avg. 

Avg All 0.43 1.07 0.60 1.28 -0.30 1.04 

Std Dev 0.62 1.07 0.57 1.64 0.31 0.80 

median 0.04 0.43 0.43 0.79 -0.47 0.87 
number of cells n=12 n=20 n=9 n=15 n=3 n=4 

Highly differentiated cells only (macrophages) 

Avg 1.18 2.96 0.70 2.47 -0.24 1.64 
Std Dev 0.70 0.62 0.610 1.96 0.42 0.34 
median 1.23 2.93 0.60 1.74 -0.24 1.64 

number of cells n=4 n=4 n=7 n=6 n=2 n=2 
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3.3.2.1.5 Statistical Analysis 02 Flux Data 
The nature of the flux data presented in Figure 3.10, where the noise is 

relatively large and moves up and down with changes in the flux, does not allow for 

standard detection limit or data difference determinations based on signal to noise 

ratios. To accommodate this variation a type of exploratory data analysis was 

employed using a box plot 

(http://www.itl.nist.gov/div898/handbook/eda/section3/boxplot.htm). 

The box plot of the data from Figure 3.10 is shown in Figure 3.12 with the 

statistical data used for the box plot shown in Table 3-2. The box plot represents 

each measurement (cells or background) by plotting the 'inner quartile range' [(IQR) 

the box] of all the points over time for each reading, calculating the mean (center of 

diamond), median (line through box) and plotting the entire range as a dotted line, 

with outliers shown as plus marks. The most important information is gained from 

the 95% confidence intervals (Cl) indicated as a diamond for the mean and box 

indentations for the median. The 95% Cl can be used to determine the limit of 

detection (LOO) for the oxygen flux measurements and determine if the background 

is different from the cell measurements. 

Whether the background flux is different from the measured cell flux was 

determined in two different ways. The simpler method was performed by assessing 

whether the 95% Cl for the background mean lies within the 95% Cl of the cell flux 

values, and there are no cell measurements that lie within the background 95% Cl. 

The second method is to perform the students t-test between the background and 

each cell flux determination, which gave a p value <0.0001 in all cases. These two 

methods clearly indicate that the cell flux values for this data are statistically different 
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(greater than) background and not equal to zero, including ce/13 low at 

0.57 pmol cm·2 s·1. 

Based on the flux value for cell 3 low, which is the lowest flux detected for this 

data, the LOO can be determined based on the definition: "the minimum 

concentration that can be detected with 99% confidence that is greater than the 

blank".32 With a slight modification of the definition using 95% confidence 

considering the background as the blank, the LOO is then 0.57 pmol cm·2 s·1. 

Another way to determine the LOO from these data is to consider the span of the 

95% Cl for the background mean (0.27) as the system noise, then for SIN = 2 the 

LOO is 0.55 pmol cm·2 s·1. Based on the average of these two numbers for LOO, 

0.56 pmol cm·2 s·1 is a reasonable LOO for self-referencing measurement of 02 flux 

from monocyte/macrophage-like cultured cells. 
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Table 3-2: Statistical analysis of data used to create box plot for 0 2 flux. 

n 
I 

Mean ! Std Dev I Std Error / 95% Confidence Interval of 
I Mean I 

Bkg - 2so I 1.82.E-01 1.10.E+00 j 6.94.E-02 4.55.E-02 - 3.19.E-01 
cell 1 - 146 2.72.E+00 9.32.E-01 i 7.71 .E-02 2.57.E+00 - 2.87.E+00 
cell 2 - 99 I 1.56.E+00 1.18.E+00 ! 1.19.E-01 1.33.E+00 - 1.80.E+00 

cell2 away- 147 7.91 .E-01 1.09.E+00 i 9.03.E-02 6.12.E-01 - 9.69.E-01 
cell3 hi 147 1.73.E+00 1.03.E+00 I 8.53.E-02 I 1.57.E+00- 1.90.E+00 

I 

8.17.E-01 i 6.30.E-02 ! cell3 low- 168 5.68.E-01 ! 4.44.E-01 - 6.92.E-01 

Median I Inner Quartile i 95% Confidence Interval of 
Range i Median 

Bkg- 2.18.E-01 1.55.E+00 ! 0.00.E+00 - 3.55.E-01 
cell 1 - 2.81 .E+0O 1.19.E+00 i 2.62.E+00 - 2.95.E+O0 
cell 2 - 1.56.E+00 1.28.E+00 : 1.31 .E+0O - 1.78.E+00 

cell2 away 1.01 .E+00 I 1.32.E+00 ; 8.20.E-01 - 1.20.E+00 
cell3 hi - 1.69.E+00 r 1.37.E+00 i 1.50.E+00 - 1.94.E+00 

cell3 low- 6.01 .E-01 / 9.90.E-01 / 4.65.E-01 - 8.20.E-01 
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3.3.2.2 Glucose Flux 
An example of the glucose flux data obtained for differentiated U937 cells is 

shown in Figure 3.13, where the arrows indicate the reagents addition time points. 

The data illustrates initial anomalies that led to development of a different BRC 

glucose probe. Two factors indicated the flux measurement using this probe, 

originally developed by Jung et al., was not measuring glucose flux. The first is 

when 2.5 mM glucose is added to the test culture dish, the indicated bulk 

concentration of glucose jumps to ca. 7 mM and increases continuously. The 

second factor is that when CAT is added to the test culture dish the indicated bulk 

concentration of glucose decreases to a final value of 2.5 mM glucose, the expected 

concentration. The appropriate zero flux measurement at background and a good 

calibration before and after the experiment indicated that the probe was functioning 

properly. The temporary decrease for the indicated bulk glucose concentration when 
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Figure 3.13: Example of glucose flux data obtained for differentiated U937 cells. 
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PMA is added may be due to a perturbation in the system from the mixing of the 

reagent. Control experiments did not indicate any adverse interaction between PMA 

in DMSO and a BRC probe polarized at +0.6V. 

These anomalies in bulk glucose concentrations indicate an interferent 

reaction. Because CAT dissociates H202, and when CAT is added the bulk 

concentration and the flux decreases, the conclusion is that the interferent response 

results from the BRC probe measuring external H20 2 produced by cells, in addition 

to internal H202 from the enzymatic conversion of glucose. This conclusion is 

supported by the fact that when the cells are activated with PMA the flux becomes 

negative, which denotes an efflux (H202 release by cells) rather than the expected 

influx of glucose from consumption by cells. The combined response of the probe to 

externally produced H20 2 and H20 2 from glucose precludes obtaining any valid 

glucose flux data from an experiment using this probe design. 

3.3.2.2.1 BRC Glucose Probe Development 
The results above indicate that a glucose probe that prevents external H202 

from diffusing to the electrode surface would be an asset for this application. The 

other option would be to add CAT to the culture dish initially, and use the Jung probe 

design. The glucose probe proved to be difficult to produce reliably at comparable 

sensitivities (7.0 ± 0.4 pA/mM) to that reported by Jung et al. 1 The average 

sensitivity of the probes reproducing the Jung design for this research was 0.8 ± 0.8 

pA/mM, a factor of ten less than Jung et al. were able to produce. Therefore, 

improvement of the BRC glucose probe based on GOx electrodeposition techniques 

developed in the Wilson laboratory, rather than glutaraldehyde immobilization was 

undertaken.18•33 
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Progress toward the development objectives, improved yield with good 

sensitivity and decreased interference from external H20 2, for fabrication of glucose 

probes was accomplished. Twenty-four probes were fabricated and 13 produced an 

adequate signal to SmM glucose (>1pA). Of those only 8 survived to the final 

fabrication step, because of breakage or electrical contact issues (mechanical 

failure). From those, 6 produced an acceptable linear calibration (r> 0.9), and four 

provided an optimum response - meeting or exceeding the performance 

characteristics reported by Jung et al. 1 The overall yield for the optimum glucose 

probes is only 17%, however if the mechanical failures are eliminated the yield is 

50%. This represents a significant improvement over the three probes (with poor 

response) out of about 20 attempts for the previous design that were produced for 

this research. 

A summary of the data for these probes is reported in Table 3-3. The 

average sensitivity of 5. 7 ± 1.8 pA/mM is comparable to that reported by Jung et al. 

of 7.0 ± 0.4 pA/mM, and if only the optimum sensitivity probes are included, there is 

a slight improvement at 8.4 ± 0.7 pA/mM .1 Because the data show no sensitivity 

loss (5.7± 1.8 to 5.2 ± 1.4 pA/mM) the probes exhibit good stability between 

fabrication, initial test, and calibration for use with cells (in situ), which was up to two 

weeks later. The response time for the electrodeposited probes was not more than 

3.0 seconds, although this was not determined with a puffer system as Jung et al. 

reported, but with an aliquot injected in a stirred solution. 1 Using the puffer system 

would undoubtedly produce a much faster response time, since the physical 

configuration of the probe is not different from the Jung design. The exclusion of 

response to external H20 2 was also improved over the design without CAT 
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immobilized on the surface of the probe, as seen by the ratio of response to 5mM 

glucose versus 25 µm H2O2 of 2.9 ± 1.2 for probes without CAT as compared to the 

same probes after immobilization of CAT of 7.0 ± 3.0. The optimum sensitivity 

probes offer an even greater average H2O2 exclusion of 12.7 ± 4.5. The fabrication 

of probes described here was successfully transferred to the personnel at the BRC, 

illustrating that electrodeposition of the GOx is a more robust fabrication technique. 

Table 3-3: Summary of electrodeposition glucose probe development. 
Pre-test In-Situ Pre-CAT Post-CAT 

BRC Probes Sensitivity Sensitivity Ratio 5mM Ratio5mM 
pA/mM pA/mM Glu:25 µM Glu:25 µM 
(SEM) (SEM) H2O2 SEM H2O2 SEM 

Calibrated 6 5.7 1.8 5.2 1.4 
0 timum Sensitivit 4) 8.4 0.7) 7.7 0.9) 12.7 4.5 

3.3.2.2.2 Cell Flux Measurement 
The probes fabricated by the electrodeposition method produced similar 

sensitivity and provided adequate response times, while also maintaining the same 

physical dimensions as the probes reported by Jung et al. 1 Therefore, it is 

reasonable to assume that the probes developed here would perform similarly in a 

gradient flux to that reported by Jung et al., including the LOD which is 8.2 ± 0.4 

pmol cm·2 s·1. Probes of optimum sensitivity (6.6 and 8.2 pA/mM) were used to 

measure differentiated U937 cells in the self-referencing mode. A glucose flux was 

not detected in any case in the basal state or activated with PMA, which indicates 

that glucose flux into (i.e. consumption) these cells is less than 8.2 pmol cm·2 s·1. 

Estimates t from literature for primary macrophages for glucose flux are both above 

t All calculated flux estimates from the literature are based on an oblate spheroid single cell 
with a surface area of 4.2 x 10·5 cm2. 
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at 440 pmol cm·2 s·1 (mouse)34 and below at 2.69 pmol cm·2 s·1 (rat) the estimated 

LOD.31 •34 However, it is known that primary inflammatory cells are significantly more 

active than differentiated U937 cells, 13 thus it is reasonable to report that the glucose 

flux for the cells measured in this research have a flux that is less than 8.2 pmol cm·2 

·1 s . 

The fad that no flux was detected from these cells is also an indication that 

the probes were able to exclude response from H2O2 flux that may have been 

produced by the cells, as was seen in the measurements reported above using the 

original probe design. The potential for interference can be calculated based on 

literature estimates for H2O2 flux from macrophages and the sensitivity of the 

reported probes to glucose and H2O2 from the Fick equation as follows: 

J = - D di/(S dr) 

Rearranged to calculate for di: 

di = J(S dr}/-D 

(1) 

(2) 

Where the estimate of H2O2 flu~ (J} is 140.0 fmol cm·2 s·1, the diffusion 

coefficient for H20l5 (D} is 2.34 x 1 o.s cm2 s·1, the average sensitivity of glucose 

probes to H2O2 (SH202) is 2 x 10-4 fA fmor1 mL·1, and the distance the probe travels 

(M) is 0.002 cm. Plugging these values into equation 2 yields a L\i from H2O2 

response at a glucose probe of 2.4 fA. 

A similar calculation for the response of an average glucose probe to a 

glucose flux where J equals 8.2 pmol cm·2 s·1 {value at LOD for worst case scenario} 

is calculated using a glucose diffusion coefficient (D) of 6.7 x 10.a cm2 s·1, and 

average glucose probe sensitivity (Sg1u) of 0.0077 fA pmor1 mL·1• Substituting these 
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numbers into equation 2 yields a .6i from glucose flux of 18.8 fA. Then the percent 

response at the glucose probe due to H20 2 interference (%1H2o2) is calculated from: 

(3) 

That means the interferent response from H202 flux would be equivalent to 

12.7% of the total response from a minimally detectable glucose flux, which is a 

relatively small contribution. Methods to improve the performance of the glucose 

probe further are discussed in the conclusions. 

3.3.2.3 H202 flux 
The probes utilized for the H20 2 flux measurements were 0 2 probes polarized 

at +0.6 V to oxidize H20 2• The probe had no outer membrane of cellulose acetate or 

Nafion® for protection of the electrode surface or to exclude possible interfering 

species, such as negative ions like nitrite. The probes used for this study had an 

average (± SEM) pre-test and post-test sensitivity of 4.1 ± 2. 7 and 1.4 ± 0.6 

pA/µmol/mL respectively. The lack of an outer membrane may have allowed species 

in the medium the cells were measured in to adsorb on the Pt electrode surface, 

thereby causing a significant loss of sensitivity due to passivation of the Pt electrode 

surface. 

Even though the H20 2 probe was shown to selectively measure reactive 

oxygen species from microglial cells,20 it had not been characterized to the extent of 

the glucose and oxygen probes.1•16 Measurement of H202 efflux from KU glucose 

sensors showed that the probe was capable of measuring a significant H202 flux, 

which is reported below. Based on a SIN ratio of 3 (e.g. 1 SfA), and sensitivity of ca. 

2.0 fA/pmol/mL H20 2 (data from in situ calibrations) an LOO of 0.1 pmol cm·2 s·1 

could easily be detected with the BRC H202 probe. However, when utilized to 
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measure H202 efflux from cells an apparent interferent from the cells did not allow for 

valid H202 flux data to be obtained. The possible source of the interferent will be 

proposed subsequently, which may have significant implications for in vivo glucose 

sensing overall. 

3.3.2.3.1 KU Glucose Sensor Measurement 
The maximal H2O2 efflux point from a KU glucose sensor was 80 µm from the 

surface of the sensor which is shown in Figure 3.14, with lower flux closer to the 

sensor, creating an inversion as the BRC measurement probe moved further away 

from the sensor. This phenomenon is speculated to be due to a boundary effect 

when ultra-microelectrodes measure analytes at distances very close to a surface, 

where diffusion of analyte may be restricted. A boundary effect is commonly seen in 

scanning electrochemical microscopy applications where an image is generated, for 

glucose detection applications addition of CAT solves the problem. 36•37 However, in 

the case where endogenous H202 is the analyte of interest this solution is not an 

appropriate choice. Martin et al. suggest that where close proximity between probe 

and surface for SECM disrupts diffusion characteristics a change in the time domain 

may alleviate the problem. 37 For the accurate measurement of H2O2, rather than 

restricting analysis to distances more than 80 µrn from the surface an adjustment of 

the probe oscillation frequency may be an alternative. In addition, the issue may be 

minimal from a source that is not as large as the KU glucose sensor, with respect to 

the BRC measurement probe size, and does not produce as large an efflux as the 

KU glucose sensor. 
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Figure 3.14: H2O2 flux profile from a KU glucose sensor as the probe is 
moved away from the source. Negative flux indicates peroxide production 
from sensor. 

The H20 2 efflux data that does not include the points closer than 80µm, 

where the boundary effect interferes with accurate efflux measurement, can be 

extrapolated to estimate the H2O2 efflux at the KU glucose sensor surface. The 

extrapolated flux at the sensor surface is the Y intercept of the polynomial trendline 

equation, shown in Figure 3.15, which equals 6.0 pmol cm-2 s-1 for a non-polarized 

sensor (Off) and 3.6 pmol cm-2 s-1 for a polarized sensor (On). The 40% decrease in 

H202 efflux is due to the oxidation of H202 at the electrode surface, thus reducing the 

efflux of H202 to the environment. This is a significant finding, because it shows that 

the KU glucose sensor is more efficient than the 10% H202 oxidation originally 

thought to occur. 38 Of course the exact efficiency of H202 oxidized versus H20 2 

generated depends on sensor to sensor diffusion membrane thickness. There was 

also a slight increase in efflux in 10 mM glucose. The increased efflux of H20 2 at 

152 



higher concentrations of glucose is expected, and indicates that the BRC H2O2 probe 

is accurately measuring appropriate flux changes. 

The expectation for the values of the extrapolated flux values is that the 

difference of H20 2 flux between Off and On (2.4 pmol cm·2 s·1) is equivalent to the 

H202 flux that is oxidized at the electrode surface, according to the reaction: 

H202- 02 + 2W + 2e-. 

Furthermore, as discussed in the section on 02 flux, the difference of 0 2 flux 

between Off and On (5.9 pmol cm·2 s·1) is due to production of 0 2 by the H202 flux 

that is oxidized. Therefore, because both differences are due to the same reaction 

with a 1: 1 stoichiometric ratio the fluxes should be equal, however they are not. This 

would only be true if the difference in 0 2 flux is solely due to H202 oxidation and not 

another unknown oxygen consumption mechanism such as variations in the 

dependence of 0 2 in the enzyme catalysis. Other factors could also contribute to the 

difference including: measurement error, sensitivity decrease between 0 2 flux and 

H20 2 flux measurement (comparative measurements were from the same sensor), 

and/or diffusion membrane thickness variations at different measurement points. 

Although the flux values attributable to the oxidation of H202 are not exactly the 

same, given the number of variables possible in this experiment the values are 

relatively close, within about three standard deviations (SD for 0 2 flux = ~1.0 pmol 

cm·2 s·1). 
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Figure 3.15: Extrapolated data for the H~2 flux profile from a KU glucose 
sensor shown in Figure 3.14 using a polynomial trend line. The intercept for 
flux at the sensor surface (0 µrn) is highlighted in the trendline equations. 

3.3.2.3.2 Macrophage-Like Cell H202 Flux Measurement 
The measurement of flux from HL60 cells (Figure 3.16) showed an apparent 

H202 efflux of 1.4 pmol cm-2s-1 and a bulk H202 concentration of ca. 1.3 µM when 5 

mM glucose was added to the culture dish. The response momentarily spiked when 

PMA was added, most likely due to a brief probe depolarization, but continued to 

increase back to ca. 1.4 pmol cm-2 s-1, regardless of the addition of reagents. The 

background appropriately drops to zero flux and zero flux is also seen when self-

reference mode is stopped briefly (min. 1022), indicating that the flux measurement 

is valid. The control experiments also did not indicate any adverse interaction 

between the BRC probe and the reagents. Of particular importance is that when 

CAT was added the signal (bulk concentration and efflux) did not decrease, as would 

be expected if the measured efflux was due to H202 release. The efflux did 

eventually show a decrease 20 minutes after the addition of antimycin A (min. 1056), 

which appropriately indicates the shutdown of cell respiration. 
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The estimated flux from a mouse macrophage cell, based on literature31 •34 

calculations, is 0.14 pmol cm·2 s·1, which were measured by the horse radish 

peroxidase mediated oxidation of phenol red. Utilizing the same self-referencing 

system, Twig et al. measured 0.46 pmol cm·2 s·1 H20 2 flux from a microglial cell that 

attenuated with the addition of catalase.20 The value measured in this research, 1.4 

pmol cm·2s·1, is 3 to 10 times higher than the previously reported values. This 

conflicts with the expectation that the flux from the cultured cells used here would 

exhibit less activity than the primary cells described above. 13 It is speculated that 

some other oxidizable species (at +0.6V) is released from the cell and interferes with 

the measurement of H202. 

It is possible, because the sensors utilized did not include any exclusion layer 

for negative ions such as nitrite, which are known byproducts of a phagocytic cell's 

respiratory burst, that they may be the interferent source. However, nitrite is a 

breakdown product of nitric oxide (NO), which is oxidized at +0.9V.39 In addition, 

subsequent research presented in Chapter 4 (NO release sensor development) 

showed that KU glucose sensors, which operate on the same principle as the BRC 

H202 probe and are polarized at the same potential {+0.6V) respond to NO. Based 

on the evidence presented above, the conclusion is that the interferent flux being 

measured from differentiated HL60 cells is nitric oxide. The implications of this 

finding for in vivo glucose sensing with an amperometric sensor are explored in 

Chapter 5, Conclusions. 
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Figure 3.16: H202 flux from differentiated HL60 cells. 

3.4 Microenvironment Model First Approximation 
The purpose for measuring the flux from inflammatory cells is to determine if 

the consumption of 0 2, glucose or release of H202 by inflammatory cells could 

adversely affect the accuracy of the KU glucose sensor. The ultimate goal would be 

to develop a mathematical model of the microenvironment surrounding the in vivo 

glucose sensor incorporating the interactions of all three species, similar to the 

model developed by Gough et al. 40 Development of a model of that complexity, 

utilizing a computer algorithm, is not the focus of this research. However, a first 

approximation of the effect oxygen consumption by inflammatory cells could have on 

an implanted glucose sensor can be calculated using relatively simple principles. 

The calculations are approached from two different premises: 1) the rate at 

which 02 diffuses to the glucose sensor and 2) estimate of the Llp02 due to 
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consumption by inflammatory cells. To validate this approach several assumptions 

and considerations must be accepted. The basic assumption is that the system is in 

a steady state, specifically stated as: 

• Diffusion of H20 2 (flux) to the electrode is constant (except due to .1[glu] or 

.1[02)). 

• GOx enzymatic reaction rate is constant. 

• Electrode kinetics are constant (e.g. no passivation). 

• Glucose diffusion rate (flux) to GOx layer is constant. 

• Cells in inflamed tissue layer are unifonn with a fixed consumption rate. 

Requiring these assumptions indicates that, although a steady state is 

assumed, the environment is extremely dynamic. Therefore, certain considerations 

of the dynamic aspects must be stated, particularly with respect to the final 

conclusion. These are: 

• The cell distribution and consumption over time are changing. 

• 02 flux in normal tissue is NOT independent of flux in the inflammatory tissue 

layer. 

• Polarization of the sensor will reduce 02 consumption from the external 

environment. 

Having accepted these assumptions and considerations the result of the 

following calculations is recognized as an indication of the worst case scenario for 

oxygen consumption in the inflammatory tissue surrounding the glucose sensor. 

3.4.1 Premise 1: Rate of 02 Consumption 
Review of the two dimensional model of the region next to the sensor 

pictured in Figure 3.17 shows the in vivo microenvironment divided into three 
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compartments: the glucose sensor, the inflammatory tissue, and normal tissue. Dark 

arrows represent the flux of 0 2 through the sensor, a flux through sensor membranes 

(Jsmcox)); the flux of 02 through the inflammatory region, a gradient by virtue of 

cellular consumption (Jirc0x>); the flux of 02 from the normal tissue, which is relatively 

constant (Jnc0x>), and the flux contribution from oxidation of H202 when the sensor is 

polarized (Jnc0x> On). For completeness the flux of glucose and H202, with respect to 

the sensor, is also shown. 

It is intuitive to recognize that if the rate of 0 2 consumption by the sensor and 

the inflammatory cells exceeds the rate that 02 can be delivered from normal tissue, 

the p02 adjacent to the glucose sensor will be depleted. If this occurs, then the 0 2 

available for the enzymatic reaction could be diminished to a level where oxygen 

becomes the limiting reagent, which would affect the accuracy of the glucose sensor 

response. Therefore, the calculation is based on the premise that the sensor 0 2 

consumption rate (Vsmc0x>} plus the inflamed tissue 02 consumption rate (Vir<0x>} 

must be less than or equal to normal tissue 0 2 delivery rate (Vn<0x>>· The equation 

used for this premise is: 

(4) 
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Figure 3.17: Model of microenvironment next to in vivo sensor showing 0 2 flux in each 
compartment. 

The calculation of the variables in equation 4 from left to right is presented 

below. The rate for 0 2 consumption by the sensor, Vsm<ax>, is calculated for the 

sensor in both the On state and Off state. The rate is equal to the measured 02 flux 

values multiplied by the surface area of interest, in this case the area of the sensor 

active cavity (SA), and is calculated as follows: 

J •SA= V<ax> (5) 

Where 0 2 flux Off (JOFF) is 16.94 pmol cm·2 s·1, 02 flux On (JoN) is 10.97 pmol 

cm·2 s·1, and the active sensor cavity surface area: SA= 5.3 x 10-3 cm2. Which yields 

Off Vsmtox1equal to 0.09 pmol/s and On Vsm1ox1 is equal to 0.06 pmol/s. 

To determine the consumption by inflammatory cells, Vir<ax>, an inflammatory 

region estimated at 400 µmis divided into 40 cell layers (nc,), each 10 µm thick (the 

estimated thickness of one layer of cells). The estimated percentage of cells in the 

inflamed region for each layer (F c), based on histological observations is estimated at 

50%. To determine the total consumption in the inflamed region the average 0 2 flux 

for each cell (J0 x) is multiplied by the surface area and the estimated number of cells 

in the inflamed tissue as follows: 

Jox • SA • rlct• F c = Vir<Ox> (6) 
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Then for Jox equal to 1.1 pmol cm·2 s·1 (from self-referencing measurement), 

nc, is 40, and Fe is 0.5 the value for Vir,ox) is equal to 0.12 pmol s·1• 

The delivery rate from normal tissue is based on a range of values from 

literature for a change in pO2 over distance (opO2' or), which range from 53 Torr/cm 

to 1000 Torr/cm.41 ·42. The rate of delivery from normal tissue for the range, Vn1<ox) 

and Vn2c0x> is calculated from the Fick equation to determine a flux in tissue based 

on the Krogh diffusion constant.43-46 The Krogh diffusion constant is 02 diffusivity 

(D) times the 0 2 solubility (a.) in tissue. An average Krogh diffusion constant from 

literature reports is used in the following calculation from the Fick equation multiplied 

by the surface area: 

(7) 
Then 

VncOx) = J •SA (8) 

Where the Krogh diffusion constant (K) is 2.29 x 10·2 pmol cm·1 s·1Torr·1, 

opO2/ or is 53 Torr/cm or 1000 Torr/cm, then Vn1,ox) is equal to 0.0064 pmol/s and 

Vn2cox) is equal to 0.12 pmoUs. 

Plugging these numbers into equation 4 from the first premise, which is that 

02 consumption by cells in the inflamed tissue region plus the sensor 02 

consumption should be less than or equal to the 02 delivery rate from normal tissue 

yields: 

Vsm,ox) + Vir,ox1 Vn1cox) low range 

or 

Vsm,ox) + Vircox) Vn2<ox1 high range 

Sensor Off 0.21 pmous IS NOT~ 0.0064 (low) or 0.12 pmol/s (high) 
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Sensor On 0.18 pmoUs IS NOT ::;; 0.0064 (low) or 0.12 pmol/s (high) 

According to these results the consumption of oxygen by inflammatory cells 

could have a significant effect on the rate that oxygen reaches the sensor, which 

could be reflected by fluctuations in sensor response. It is apparent that the 35% 

contribution of 0 2 provided by oxidation of H20 2, when the glucose sensor is 

polarized (On), is minimal, as compared to the consumption by inflammatory cells. 

How much the consumption of 02 can reduce the p02 immediately around the 

sensor is not reflected directly by this calculation. However, the second premise 

presented above, the change of pOz due to the consumption of 02 in the 

inflammatory region, should provide additional insight. To aid in interpretation of the 

result, a comparison with the effect of reduced p02 on glucose sensor perfonnance 

will be considered. 4749 

3.4.2 Premise 2: Change in p02 
To calculate the .1.p02 a Laplace transfonn solution to the steady state 

diffusion equation, V2 p02 = r JK, is used, where re= 02 consumption rate in the 

inflammatory tissue region.44 To understand the equation used, refer to Figure 3.18 

depicting a three dimensional model of the in vivo microenvironment of the implanted 

glucose sensor. The inflamed region surrounding the active sensor cavity is 

modeled as a cylinder, with Rce11 = radius of total area and Rsensar = radius of sensor 

cavity (used to subtract area of sensor cavity). The purple ovals are inflammatory 
' 

cells which are modeled as oblate spheres with SA = 4.2 x 10·5 cm2 and volume {V) = 

2.1 x 10·9 cm3• The solution to the steady state diffusion equation is: 

(9) 
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where r = 02 consumption rate per unit volume of cells, Fm= volume fraction 

cells (0.5), G = 4 (for a cylinder).44 r =SA• Jceaf\/ = 2.2 x 104 pmol cm-3 s-1 and Rce11s 

= 0.04 cm, Rsensor = 0.0085 cm. Calculating using equation 4, ~pO2 = 184 Torr due 

to 02 consumption by inflammatory cells surrounding the implanted sensor. The 

LlpO2 of 184 Torr is quite high, however this calculation is based on several 

conditions that may change the values used for the calculation considerably. For 

example the cell fraction that is actually consuming 1.1 pmol cm·2 s·1 of oxygen could 

actually be significantly less due to dying cells and the volume of inflamed tissue 

could also be significantly different. Additionally, a primary conditional difference is 

Inflammatory 
Cells --••••••• ••• ... -

KU glucose sensor 
Active Cavity 

Tissue 
Figure 3.18: Model of microenvironment surrounding KU glucose sensor in vivo 
for calculation of .1pO2 using Laplace transform of steady state diffusion 
equation. Inflammatory tissue is modeled as a cylinder containing cells as 
oxygen consumption sources inside cylinder. 
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that the system is actually dynamic, not steady state as assumed for these 

calculations. Even if the estimate of ApO2 of 184 Torr is off by 50% or more, it is still 

significant when the pO2 in normal tissue is considered, which is 23.8 Torr for a rat 

breathing air; and 33 - 54 Torr for man breathing air.50 The change appears to be 

much higher than the 0 2 available in the tissue, which is consistent with the 

discrepancy for rate of 0 2 consumption versus delivery calculated for premise 1. 

The key question is how much change in pO2 the sensor will tolerate before the 

accuracy of the response is affected. Zhang et al. and Fisher et al. indicated that 

sensors that are linear to 12mM glucose with a sensitivity s 2 nNmM showed no 

change in response for ApO2 of 10 to 20 Torr.47•49 However, if the local pO2, for 

sensors with similar characteristics, went below ca. 10 Torr the response to glucose 

was attenuated. If a change in pO2 of 184 Torr were to occur in a pool of 33-54 Torr, 

it could certainly result in an attenuation of the glucose signal due to 02 depletion. 

3.5 Conclusions Concerning Flux Measurements 

3.5.1 Cell Response To Sensors 
The fibroblast cells do not adhere to active glucose sensors, nor will they 

proliferate within 1000 µm of the active cavity because of the release of H2O2 from 

the sensor. This type of cell is involved in the healing process, therefore it might 

seem that the area surrounding an in vivo sensor, as long as the sensor is in place, 

may not become infiltrated with cells. Although it has been shown, for sensors that 

reside in the body for weeks, a fibrotic capsule forms around the sensor.4-6. The 

implication for the KU glucose sensor is not very serious, since the intended implant 

term for the sensor is no longer than seven days - therefore, involvement of 

fibroblast cells does not occur to a major extent 
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Although, an important aspect is how acute inflammatory cells react to 

implanted sensors. A direct correlation between the behavior of the fibroblasts and 

neutrophils, monocytes, and macrophages cannot be drawn from the data 

presented, because the cellular function is quite different. These cells, granulocytes 

and phagocytes, are designed to engulf, and destroy any foreign object, then die -

regardless of the object's nature; whereas fibroblasts are part of the rebuilding 

process. The extent of the difference in behavior between building type cells, which 

includes endothelial cells, and inflammatory cells was demonstrated by Grainger et 

al. where they showed that monocyte-macrophage (RAW 264.7) and macrophage 

(IC-21) cells will proliferate well on many surfaces, including PTFE, whereas 

endothelial (HUVEC) and fibroblast (NIH 3T3) cells do not.51 •52 Whether this 

difference in behavior extends to a surface that also releases a ROS appears to be 

harder to determine, as demonstrated by the inconclusive data presented here. The 

pursuit of the answer is important, regarding the biocompatibility of subcutaneously 

implanted glucose sensors, therefore developing a method that overcomes the 

variability in using single cultures with individual glucose sensors is a constructive 

endeavor. 

Development of a glucose sensor array utilizing photolithographic techniques 

is being conducted in the Wilson laboratory as an extension of the research 

presented here. The array will incorporate at least 30 sensors that simulate the 

fabrication and function of the glucose sensors utilized in the research for this 

dissertation. It is a planar design that can be placed in a 10 cm cell culture dish, to 

observe multiple cell colonies near many active glucose sensors in a single 

experiment In conjunction with this research the use of the IC-21 cells, described in 
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the work of the Grainger group, will provide a culture type that does not need to be 

differentiated before macrophage-like function can be investigated. The successful 

completion of the project described should provide significant in-roads to answering 

the question of how inflammatory cells interact with active glucose sensors. 

3.5.2 02, Glucose and H202 Flux Measurement 
The research described here provided some significant results regarding the 

consumption of 02 by inflammatory cells (monocyte/macrophage-like), although the 

information gained is only a fraction of what could be learned using the self-

referencing technique to measure the flux from cells. The most significant 

conclusion to be drawn employed the flux values from KU glucose sensors and 

monocyte/macrophage-like cells to estimate the effect the consumption of 0 2 by 

these cells might have on in vivo glucose sensor performance. Based on the 

calculations for rate of consumption and .1p02 this could be significant. The 

calculation above was presented only as a first approximation regarding the 

microenvironment surrounding the glucose sensor. A natural extension of this work 

is to develop a mathematical model that takes into consideration the dynamics of the 

diffusion and consumption of oxygen in the inflammatory region. With a 

sophisticated computer model, the effects of cell density in the region, variable 

consumption (by sensor and cells), and delivery rates, among other variables could 

be investigated, which would culminate in extrapolating how these variables would 

affect sensor response. A proposal for how this model may be developed is 

presented in the conclusion chapter. 

To gain additional information regarding the effect of 0 2 consumption by 

inflammatory cells on the sensor response the self-referencing technique could be 
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used to measure flux from other cell lines representative of the inflammatory 

process. The initial influx of inflammatory cells is neutrophils, as seen evidenced by 

the histology in the NO release studies, therefore using a neutrophil-like cell will 

provide information regarding the initial process. In addition, using the IC-21 

{macrophage-like) cells mentioned above would provide another phase, slightly past 

that observed for the monocyte/macrophage-like cells used for the study described 

here. The use of primary cells may also provide data that reflect the actual 

environment encountered in vivo more accurately, providing an excellent model of 

the microenvironment surrounding the sensor. The final goal is use this information 

in a model to simulate the glucose sensor in vivo function. 

Because the flux for glucose to the monocyte/macrophage-like cells is below 

the detection limit of 8.2 ± 0.4 pmol cm·2 s·1 a realistic conclusion regarding the effect 

of glucose consumption cannot be determined. The estimates from literature could 

be used to estimate an effect on sensor performance, however the large range of 

440 pmol cm·2 s·1 {mouse)34 to 2.69 pmol cm·2 s·1 {rat),31•34 which could be due to 

species differences, would make it difficult to relate the results to sensors implanted 

in humans. A literature report does show that injury to rat tissue will approximately 

double the consumption of glucose, based on increased influx of macrophages. 53 

Unfortunately, the data is presented in units that make teasing out the flux values 

needed, (requiring broad assumptions) to use for the calculations presented here, 

unreliable. Efforts focused on improving the performance of the BRC glucose probe 

would ultimately provide more information, because measurements could be made 

on human cells under known conditions. 
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Anecdotal evidence indicates that using the methods described by Chen et 

al. including the electropolymerization of phenol, followed by a stabilizing layer 

derived from (3-aminopropyl)trimethoxysilane (A TS) may provide a probe with better 

H20 2 exclusion capabilities.18 However, there was some indication that these probes 

may be less stable and have a prohibitively long response time. Because the probes 

developed for this research utilized the same electrodeposition of GOx followed by a 

single layer of Nafion@, there is no reason to believe the polyphenol plus ATS 

methodology will improve sensitivity. Using capillary sealed electrodes with deeper 

cavities where more Pt was etched away may provide a higher surface area that 

could increase sensitivity, and there is some evidence this may also provide greater 

H20 2 exclusion capabilities. However, these modifications must be balanced with 

ensuring adequate response time. Increasing the sensitivity is a primary goal for 

improving performance of these probes for use in this application, therefore using a 

platinized surface may increase sensitivity, if coupled with the electrodeposition of 

GOx.1 However, the high surface activity of this Pt black may be an issue for H202 

exclusion. Incorporated within the further development of the BRC glucose probe 

would be a complete characterization as presented by Jung et al. 1 These are a few 

suggestions for methods that may be applied to improve the BRC glucose probe. 

The objective is not only for easier fabrication, as proven here, but also to specifically 

measure the very low flux from the monocyte/macrophage-like cells used in the 

application presented here for the inflammatory response research. 

The measurement of H202 flux from KU glucose sensors showed that the 

H202 oxidation efficiency, at 40% of the total, is greater than the previously estimated 

value of 10%. However, it is recognized that the physical characteristics of the 
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membrane layers (e.g. thickness) can have a significant effect on the efficiency of 

the H202 oxidation reaction. This infonnation will provide more accurate data for 

future modeling of the interactions between KU glucose sensors and the in vivo 

microenvironment during an inflammatory response. Even though attempts to 

measure the H202 flux from inflammatory cells yielded no direct results, the data 

provided some very meaningful information. The fact that monocyte-macrophage 

cells release a species that amperometric sensors polarized at +0.6 V detect, could 

have significant implications for in vivo glucose sensing, which is explored in more 

detail in Chapter 5: Conclusions. Although, NO is the most likely interferent species, 

absolute identification should be pursued. This could be accomplished by using 

inhibition reagents for various respiratory burst products (e.g. NO, 02·, and H202) to 

isolate the interfering species.9•20•54 Once the interfering species is identified, efforts 

to produce a sensor that is specific for H202 should be initiated. A design that 

utilizes a lower polarization potential coupled to horseradish peroxidase (HRP) may 

be a possible avenue to pursue.ss.58 

If NO does prove to be the interfering species, then direct measurement of 

NO flux using the self-referencing technique would be a natural extension for this 

research.54•59 As suggested for the oxygen flux studies, measuring glucose, H202, 

and NO flux from the multiple cell types present during progressive inflammatory 

response stages would be appropriate. When flux measurements for all the analytes 

have been accomplished, the data could be rolled into a three or four dimensional 

computer model to describe the interactive influence of each analyte on the 

perfonnance of an in vivo glucose sensor during the inflammatory response. Were 

this final endpoint reached, a thorough understanding of the interactive 
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microenvironment would provide background for intelligent glucose biosensor 

design. 

3.5.3 Summary 
The original goal was to determine whether the consumption of the analytes 

that are part of the KU glucose sensor function and the inflammatory response can 

contribute to the glucose sensor response anomalies reported by numerous 

researchers. Based on the rough calculation performed for potential oxygen 

depletion, there appears to be a significant opportunity for sensor performance 

issues. The oxygen component may be the most important analyte to consider since 

the relative concentration in tissue is quite low, therefore any perturbation that could 

cause oxygen to become the limiting reagent would be reflected as a fluctuation in 

glucose sensor response. However, the whole environment surrounding the 

subcutaneously implanted sensor must ultimately be considered, primarily with 

respect to the interactive dynamics. Not only could oxygen contribute to glucose 

sensor response anomalies, but so could glucose depletion, and H20 2 and NO 

production. Although finite numerical data are not presented for these other 

analytes, their potential contribution to perturbations in the microenvironment are 

significant Because of the interdependent components, including mass transfer 

(flux) and chemical reactions (sensor and metabolic), a dynamic model must be 

considered to ascertain a definitive answer, which is presented in Chapter 5: 

Conclusions. 
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Chapter4 NO Release Sensor Development 

4.1 Introduction 
As has been described in previous chapters the inflammatory response to a 

foreign object, specifically a glucose sensor, implanted subcutaneously is 

significant. It also appears that this perturbation may affect the glucose sensor's 

ability to accurately measure glucose concentration in normal interstitial tissue. The 

changes in glucose concentration in normal interstitial tissue should provide a user 

with accurate information to determine the proper therapeutic action for hypo or 

hyperglycemic events. Therefore, if the tissue immediately surrounding the 

implanted site were to have a minimal inflammatory reaction to the sensor, i.e. 

reside in normal tissue, the accuracy of the glucose measurement would be 

improved. 

Minimization of inflammatory response through release of anti-inflammatory 

agents is not a new concept. It has been reported that dexamethasone, a well 

known anti-inflammatory agent, can be released to counteract the foreign body 

reaction. 1.2 Dexamethasone is a drug that is not naturally produced by the body; 

therefore, FDA approval of an implanted drug releasing device would be far more 

involved than the device alone, furthermore, negative side effects from chronic drug 

release in the body complicate this methodology. Nitric oxide (NO) is a naturally 

occurring metabolite released by nearly every type of cell in the body, including 

inflammatory cells. 3 The role of NO in the cardiovascular system is well 

documented, particularty with respect to its ability to prevent platelet adhesion and 

thrombosis.3•4•5 Nitric oxide also plays a role in wound healing,6-8 and has been 

reported to down regulate mediators of the inflammatory response such as 
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cytokines, chemokines, and growth factors which signal neutrophils and 

macrophages.s-11 The potential function of NO_ as a naturally occurring anti-

inflammatory agent, which can be incorporated in a polymer for use in fabricating a 

NO releasing sensor, was capitalized on for this research. 

The hypothesis is, if the inflammatory response can be reduced in tissue 

surrounding the glucose sensor it may help ameliorate adverse consequences that 

contribute to sensitivity fluctuations, specifically targeting the first 24 to 48 hours 

(the time frame for the acute inflammatory response). A collaboration with Mark E. 

Meyerhoff at the University of Michigan (Ann Arbor) incorporating the NO release 

technology developed in his laboratories was undertaken to fabricate a glucose 

sensor with NO release (NOr) capability. Development and in vivo characterization 

of a first generation NOr glucose sensor, to determine if further study is warranted, 

was successfully completed. 

The development of any biocompatible sensor indicates by definition: the 

sensor will minimally perturb the subcutaneous environment and the subcutaneous 

environment must not perturb the sensor function.12 Thus to merit further study the 

NOr sensor should decrease the inflammatory response and report interstitial 

glycemia more reliably than a control sensor without NO release. The initial in vitro 

characterization requires the sensor to retain similar sensitivity, linear range, 

response time, interferent rejection (selectivity) and stability as the control sensor. 

In addition, not only should the sensor perform in vivo at least as well as the control, 

but should show improved characteristics including: reduced inflammatory response 

and performance enhancements. The desired improvements are a reduced run-in, 

accurate glucose estimation between calibration, and extended time periods 
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between calibrations. Among the possible complications are the cytotoxicity of NO 

and its interference with the activity of glucose oxidase, thereby decreasing the 

useful in vivo function of a glucose sensor.13 14 The expected cytotoxic effects 

should be minimal because the short half-life of NO (<1s in presence of oxygen and 

hemoglobin), indicates that any NO released would be consumed very quickly in 

tissue surrounding the implanted sensor. It is also possible that excessive nitrated 

proteins due to NO release, leading to tissue degradation may cause impaired 

function. Given these possible drawbacks, in vitro characterization, along with 

verification of both in vivo glucose sensor function and tissue response to NO 

release from a glucose sensor has been investigated. 

4.2 In-Vitro Characterization 
The NOr glucose sensors described above were tested in vitro and compared 

to the response of control glucose sensors fabricated at the same time. The 

objective was to detennine whether incorporation of the NO releasing compound 

(Z)-1-[N-methyl-N-[6-(N-butylammoniohexyl)amino ]]-diazen-1-ium-1,2-diolate 

(DBHD/N20 2) in the outer polyurethane membrane of a glucose sensor affects the 

function of the sensor. The final goal is to fabricate sensors for in vivo evaluation; 

therefore, an NO releasing sensor should not interfere with sensor response. The 

sensors were fabricated in the Wilson laboratory at KU, and the in vitro testing was 

perfonned in the Meyerhoff laboratory at the University of Michigan. This was to 

facilitate the measurement of NO release from the sensors with the appropriate 

measurement instrumentation and using previously optimized experimental 

parameters. Results of this in vitro characterization have been briefly reported 

elsewhere, however a more detailed description is reported here.15 
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4.2.1 Sensor Design 
NO release sensors were fabricated as described in Chapter 1: Introduction, 

which uses a cellulose acetate/Nation® inner membrane, glutaraldehyde 

immobilized glucose oxidase (GOx) enzyme layer, and a PU/PDMS outer 

membrane. The control sensors are duplicated exactly as described, whereas the 

NO release sensors incorporate a diazeniumdiolate - N202 compound in the outer 

PU membrane. The polymer additive is synthesized by the Meyerhoff group 

specifically as (Z)-1-[N-methyl-N-[6-(N-butylammoniohexyl)aminoTI-diazen-1-ium-

1,2-diolate (DBHD/ N20 2) 16•17 as shown in Figure 4.1. The decomposition of the 

DBHD/ N20 2 in an aqueous environment, as found in tissue, releases two NO 

molecules (Figure 4.1). 

\° ~' H''"'"°';:;;1/N 
+ I I 

H,C-... ./".. ~NH _...N'°" ,....--.. .,,CH, 
'-' " "'-<Ct<,'-t.......,,,. '-' 

DBHD/N20z 

CH2(CH2hCH3 
I 

+ H20 - 2NO + HN(H2C)sNH 
I 
CH2(CH2hCH3 

Figure 4.1: Mechanism of NO release from DBHD/ N202 

The history of the development of these NO releasing compounds is 

described by Frost et al.15 The important aspect of that development is the 

substitution of the methyl group on a previously synthesized compound [(Z)-1-(N-

methyl-N-[6-(N-methylammoniohexyl)amino ]]-diazen-1-ium-1,2-diolate (DMHD/ 

N202)] with a butyl group. This serves to render the molecule more lipophilic, 

decreasing the chance of leaching out of a polymer matrix without having to 
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covalently link it to the polymer backbone. That enabled the DBHD/ N20 2 to be 

blended directly in to the PU/PDMS outer membrane used in fabrication of the 

Wilson group glucose sensor. A 2% 1:1 mole ratio of potassium tetrakis(4-

chlorophenyl)borate (KTpCIPB) and the NO release molecule, DBHD/N20 2, was 

added to the PU/PDMS solution, stirred and sonicated to form a uniform slurry that 

was used to loop coat the sensor outer membrane. The KTpCIPB functions to 

buffer the proton activity within the membrane to modulate the release of NO, thus 

extending the NO release time. Within twenty-four hours after fabrication the 

sensors are sealed in tubes under nitrogen to preserve NO release function till use. 

4.2.2 Experimental Design 
The parameters utilized to determine whether the glucose response is 

acceptable are sensitivity, linearity (linear range), stability, response time, drift, and 

interferent exclusion. The in vitro characterization also included evaluation of the 

NO release characteristics from the glucose sensors. The evidence that NO inhibits 

glucose oxidase activity means these parameters should be evaluated 

simultaneously with the measurement of NO release. 13 Simultaneous glucose and 

NO evaluation would also help to determine whether the outer membrane is 

compromised by incorporation and subsequent decomposition of the dibutyldiamine 

diazeniumdiolate (DBHD/ N20 2) and the borate salt. However, the protocol used to 

measure the NO release does not allow for simultaneous testing. Therefore, the 

NO release for each sensor wa~ monitored for one hour, and then they were tested 

for glucose response as outlined below. Additional sensors were measured for long 

term NO release, but were not subsequently tested for glucose response. The 

sensors fabricated at KU were tested by Dr. Youngmi Lee (glucose response) and 
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Melissa Batchelor {NO release) at the University of Michigan, according to the 

protocol outlined by me (glucose response), which is described below. 

4.2.2.1 Glucose Response Characterization 

The NOr glucose sensors and control standard glucose sensors were tested 

simultaneously to assess three functional glucose performance criteria: 1) glucose 

response, 2) stability mimicking implant conditions, and 3) stability mimicking 

storage conditions. Test 1: glucose response is conducted as follows: glucose 

sensors were tested for sensitivity on a multi-channel potentiostat (Model 3104 or 

BIQ2, Pinnacle Technology, Inc. Lawrence, KS). The glucose response test is 

performed with the sensor polarized at + 600 mV between working electrode and 

Ag/AgCI reference in constantly stirred PBS (1mM NaCl, 87mM Na2HPQ4, 15mM 

KH2PO4 adjusted to pH 7.4). The response is recorded as 5mM glucose injection 

steps, up to 20mM glucose, are injected at 10 minute intervals. To test interferent 

exclusion {i.e. inner membrane integrity) 25 µM H2O2 or 0.1 mM acetaminophen 

aliquots are injected into the test vessel after the final 5mM glucose step. 

Test 2: stability mimicking implant conditions is conducted as described 

above initially, 18 hours later, and again 48 hours later. The sensor is polarized 

continuously while soaking in 5mM glucose between glucose response tests. Test 

3: stability mimicking storage conditions is conducted exactly as for test 2, except 

the sensors are not polarized and stored dry between the initial, 18 hour, and 48 

hour test. The data are analyzed to determine the sensitivity, linearity, selectivity 

(interferent exclusion), stability (initial, 18 hours, & 48 hour), response time, drift, 

and background according to the specifications outline in Chapter 1: Introduction. 
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4.2.2.2 NO Release Measurement by Chemiluminesence 

Nitric oxide measurements were performed with a Sievers Nitric Oxide 

Analyzer (NOA), model 280 or 280i, set at the following parameters: flow rate: 

200mUmin, cell pressure 5.4 Torr, oxygen pressure 6.0 psig. Prior to each 

experiment the instrument is calibrated with zero gas and 45 ppm NO, producing a 

two point internal calibration. Sensor samples are placed in the NOA chamber and 

sealed with a rubber septum, a baseline NO value is then obtained. Two ml of 

deoxygenated PBS (pH 7.4, 37°C) are injected in to the chamber. The NO released 

is measured via chemiluminesence by purging the chamber with a constant nitrogen 

flow (5mUmim) delivered to an ozone reaction chamber. The data obtained via 

computer controlled DAQ are processed in Excel. The data is calculated as follows: 

Moles NO released = K•CNo•t. 

Where K = instrument specific constant (mol ppb"1 s·1), CNo= concentration 

NO (ppb), t= time interval (seconds). 

Surface Flux = CNo s·11t•SA, where SA = surface area. 

4.2.3 Results and Discussion 

4.2.3.1 NO Release Measurement 
The NOr sensors released an average 4.51 x 10·10 (SEM:1.05x10-1°) mol cm· 

2min·1 and a median of 2.80 mol cm·2min·1 at the maximum point, which is about 10 

minutes after submersion in aqueous solution (PBS). Fitting a trendline in Excel to 

the data showed an exponential decay of NO release from the maximum point 

continued for about 12 to 18 hours, when the release has diminished to< 0.5 x 10·10 

mol cm·2min·1• A representative graph of the NO release from a sensor is shown in 
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Figure 4.2. NO release sensors maintain good NO release characteristics, since 

sensors stored under nitrogen exhibit a similar profile to newly fabricated sensors as 

long as six months after fabrication. However, the NO release interval is relatively 

short, which is attributable to the extremely thin PU/PDMS membrane (~10 µm) that 

provides a rather small NO reservoir. The PU/PDMS membrane must be that thin 

to retain adequate sensitivity to glucose. It was determined that the NO release 

was adequate to ascertain the sensors viability for in vivo use. 

NO release profile 
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Figure 4.2:Two glucose sensor NO release profiles measured at 3 months and 6 
months post fabrication. Data is representative of NO release measurement from all 
sensors regardless of age. 
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4.2.3.2 Glucose Response Characteristics 
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Figure 4.3: Typical in vitro NOr glucose sensor 
response as compared to a control glucose sensor 

vitro 

The NOr sensors' in 

performance 

characteristics 

comparable to 

were 

control 

glucose sensors without NO 

release. A typical result of 

the glucose response test 

for a NOr sensor as 

compared to a control sensor 

is shown in Figure 4.3, and the corresponding glucose calibration plot is shown in 

Figure 4.4. 
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Figure 4.4: Corresponding calibration plot for data from 

There was no 

correlation for stability 

fluctuations between 

sensors that had been 

tested to mimic implant 

conditions and sensors 

under storage conditions, 

therefore, the reported in 

Figure4.3. vitro data are grouped only 

according to time point (0, 18, or 48 hours) and type (NOr or control). Because a 
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large body of data that is comparable to the control sensors tested exists, the 

number of control sensors tested during this particular experiment has been 

minimized. ,s.22 Table 4-1 summarizes the in vitro data with respect to sensitivity, 

linearity, stability, response time, and interferent rejection. There was no drift 

observed for any sensors tested, therefore no value is reported. 

Table 4-1: Summary of in vitro results 
NO release Control 

Test Statistic Initial 18 hour 48 hour Initial 18 hour 48 hour 
(SEM) (SEM) (SEM) (SEM) (SEM) (SEM) 
n=7 n=7 n=3 n=3 n=3 n=3 

Sensitivity 4.88 6.28 6.77 3.51 5.36 6.71 
(nA/mM) (1.14) {0.72) (1.22) (1.09) (1.41) (1 .85) 
Stability (% Median 75.5% 37.6% Median 60.7% 24.8% 
diff. initial) 11% (38%) (8%) 75.5% (46%) (3%) 
Linearity (% 20.4% 24.9% 24.6% 19.9% 28.6% 31.6% 
change 5 to (3.4%) (2.0%) (2.5%) (1 .9%) (2.5%) (2.9%) 
20mM 
Response 75 (10) 30 (10) 
time n=16 n=4 
(seconds) 
lnterferent <1% < 1% < 1% < 1% < 1% < 1% 
rejection 
(response as 
% of SmM) 

All the sensors tested (2 of 9 NOr did not respond to glucose) meet 

acceptable criteria for use in in vivo testing. It must be noted that the glucose 

sensors, which are of the same design as those used for clinical studies, 23•24 are 

normally conditioned (soaked in PBS) for 10 to 14 days prior to testing. Because 

the NO is released in aqueous solutions, neither the NOr or the control sensors 

utilized in this in vitro characterization were pre-conditioned. Therefore, it is 

reasonable to expect a significant change in the stability between the initial glucose 

response test and the test 18 hours later. Notable differences between NOr and 

control glucose sensors tested were seen in the response time (75 s and 30s 
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respectively) and linearity between testing time points. A students t test between 

the initial average linearity change and the 18 or 48 hour linearity change indicated 

that for the control sensor there is a significant difference (p<0.02), whereas the 

NOr was not different (p>0.2). This means that the NOr sensor linearity appears 

more stable than the control; a possible reason for this is discussed in the 

conclusions. 

4.2.4 In Vitro Conclusions 
Fabrication of glucose sensors with NO release functionality was successful, 

although with a relatively short NO release duration. A very thin outer membrane 

(-10µm) on the glucose sensors provides a relatively small reservoir for the 

DBHD/N20 2, which limits the time frame for NO release. Extension of the length of 

time the NO is released is not possible by creating a thicker membrane, as this 

would change the outer membrane diffusion characteristics which would adversely 

affect the sensitivity of the glucose sensor. Substituting a different polymer 

membrane with appropriate diffusion characteristics which is at the same time 

thicker, would involve a research effort beyond the scope and objective for this 

research project; therefore it has not been considered. Another possibility for 

extending the NO release time is to use a technique that generates NO from 

endogenous S-nitrosothiols and thiolates or ascorbate, developed in the Meyerhoff 

laboratory.25.25 A catalytic lipophilic copper(II) complex is incorporated in a polymer 

film, which when reduced to Gu(I) by thiolate or ascorbate will catalyze NO 

formation from S-nitrosothiols. If there is a sufficient concentration of these species 

in the interstitial tissue, a limitless supply of NO release is possible. Although in 

blood these compounds exist in high enough concentrations to support this 
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methodology, the concentrations in interstitial tissue are unknown. Because the 

benefit of NO release from subcutaneous implanted glucose sensors had not been 

established, development of this type of sensor was not undertaken. 

The overall in vitro glucose response experiments were encouraging; 

however, discussion of the small differences between the NOr and control sensors 

is needed. Inhibition of the glucose oxidase by NO does not appear to be a 

problem since the sensitivity and linear range to 20mM glucose exhibited by NOr 

sensors was similar to that of control sensors. During the in vitro characterization, 

interference from NO oxidized at glucose sensor Pt electrodes was not an issue, 

even though the 0.6 V polarization voltage of the glucose sensor is relatively close 

to the 0.9 V peak oxidation potential for NO.27 Most likely, in the in vitro experiment 

any possible interference is prevented because the NO diffuses away from the 

electrode before the leading edge of any NO oxidation current can be detected. 

However, the in vivo mass transfer conditions are significantly different, thus this 

topic is dealt with in much greater detail in that section. The average response time 

appears to be longer for the NOr, which may be due to a change in the diffusion 

path caused by the addition of the insoluble NO release carrier molecule {DBHD). 

However, control type sensors used for clinical studies are considered acceptable if 

the 90% response time is less than two minutes, therefore the average 75 second 

response time is reasonable. The stability between the initial test and 18 hours later 

is not ideal for either sensor type, but improves over time. This is expected given 

the fact that these sensors are not pre-conditioned. Whether this level of stability is 

adequate will be determined in the course of in vivo characterization. 
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A percent linearity change of less than 10% would be preferable, rather than 

closer to 25%, but the decrease in sensitivity that occurs in vivo, with a concomitant 

improvement in linearity, tends to offset this discrepancy.19 The phenomenon noted 

in the results section regarding differences in percent linearity change between the 

sensor types indicates that the control sensor linearity degrades over time, whereas 

the NOr appeared to be quite stable. It is possible that the borate salt added to the 

polymer to buffer the environment, has created very uniform pores when it dissolves 

out as the hydrogel swells in the aqueous environment. The combination of the 

pores and the NO carrier molecule {DBHD) creates a polymer mass transfer matrix 

which is more stable than the random changes in control sensor membranes that 

may be occurring, which is a fabrication method frequently used for controlled 

release drug implants.28 The effect of consistent linearity for in vivo calibration is 

significant; and is addressed in greater detail for the in vivo studies. Because the 

question of whether NO release would have any effect on the inflammatory 

response to the implanted sensor was unanswered, determining that seemed more 

important than extending the NOr time or making other sensor improvements. 

Therefore, the detennination was that these sensors performance specifications 

were adequate to move to the next phase of characterization, in vivo testing. 

4.3 In Vivo Characterization 
It will be necessary to establish that the NOr glucose sensor responds reliably 

in vivo and that the evolving NO minimizes the inflammatory response. Therefore, a 

careful evaluation of glucose sensor function while implanted subcutaneously with 

attention to calibration frequency, accuracy of glycemia measurements, and 

histological evaluation of the implant site was perfonned. This information was 
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obtained by running multiple in vivo experiments extended for one to three days, 

then excising the tissue samples surrounding the implant site (post euthanasia). 

The tissue samples were then evaluated for pathological inflammatory response 

and production of nitrotyrosine, an indicator of reactive nitrogen (NO) and oxygen 

(0£) species tissue damage. The samples obtained from protein digest to analyze 

for nitrotyrosine were also subjected to ion trap mass spectrometric analysis to 

identify what proteins were nitrated. 

4.3.1 Experimental Design 

4.3.1.1 In Vivo Protocol 

Pairs of control (with or without GOx) and NOr (with or without GOx) glucose 

sensors were implanted subcutaneously in the back of male Sprague-Dawley rats, 

and their response monitored. While under gas anesthesia (1.5 to 2.0% isoflurane 

delivered via a Forane RM3 vaporizer [River Medical Engineering, Keighley, UK]), 

four to six sensors were implanted in the back of the rat and connected to a multi-

channel potentiostat (model 3104 or 3102bp wireless, Pinnacle Technology, Inc. 

Lawrence, KS). On the same day as implant (day 1), an interperitoneal {i.p.) 

glucose load at 1g/kg is administered and the sensor performance is monitored via 

a custom Labview data acquisition program developed by Pinnacle Technology 

(Lawrence, KS). Periodic tail nick glucose measurements with a Medisense 

Precision QID glucometer are obtained while under anesthesia. The percent 

oxygen delivered to the animal can be adjusted from about 95% to 0% (for 

euthanasia). Primary sensor evaluation is at 25% oxygen, as this more closely 

mimics atmospheric air. When the experiment is complete, the sensors remain in 
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place either unconnected or connected to the wireless 3102bp backpack system 

that allows free movement of the awake rat and continuous monitoring of the sensor 

output. In most cases the wireless system allows the sensors to remain polarized 

continuously throughout the implant period, which should eliminate, or greatly 

reduce the stabilization period required for the experiment on day 3 post implant. 

However, because the rats are freely moving the sensors may become 

disconnected or have intermittent connection problems, which is corrected just 

before the day 3 experiment. Rats that are equipped with a backpack potentiostat 

are anesthesized again 48 hours post implant (day 3) and sensors monitored under 

i.p. glucose load. Post experiment either, after about 6 hours, 24 hours, or 48 hours 

the rat is euthanised and a section of the back tissue including the sensors is 

excised for histology studies or nitrotyrosine analysis. In some cases sensors are 

explanted and tested immediately following the experiment to determine in vitro 

function. The animal protocol was approved by the University of Kansas animal 

care facility and followed IACUC guidelines .. 

A total of 1 O in vivo experiments were performed. In five experiments the 

inhaled oxygen level was at 92% or 50%, and eleven NOr sensors and nine control 

sensors were tested. The first five experiments served primarily to practice the 

experimental technique and included evaluation of some post explant sensor in vitro 

response versus in vivo response. Histological data was also utilized from these 

experiments. There were trends that were consistent with the five experiments at 

25% inhaled oxygen. The atmospheric inhaled oxygen (25%) experiments tested 

eighteen NOr sensors and eleven control sensors. Included among those sensors 

tested were two NOr sensors without GOx (NOr blank} and one control without GOx 
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(control blank), in essence blank sensors, to observe any possible adverse 

response due solely to the presence of NO. 

4.3.1.2 Histology Protocol 
The tissue sample excised from the rat surrounding the sensors with sensor 

implanted was placed in a 10% solution of formalin and taken to the pathology lab 

at Lawrence Memorial Hospital (LMH). Michael Thompson, M.D., the pathologist 

sliced the tissue samples to allow for cross sections where the sensor had been 

implanted to be embedded in paraffin. The sensor was removed just prior to 

placement in fixture for paraffin embedding. The paraffin embedded tissue was 

sliced with a microtome to 6µm thick and mounted on glass slides by the histology 

staff at LMH. It was then processed on a Tissue-Tek VIP system (Sakura, 

Torrance, CA) and hematoxilin and eosin stained (H&E) in a Sakura Fine-Tek 

automated system fixed and sealed under glass cover slips. H&E staining produces 

pink and dark purple contrasting features to observe tissue and cellular morphology. 

Inflammatory response is indicated as dark purple stained neutrophils (both necrotic 

and healthy), monocyte, and macrophage infiltration to the site of implant. Each 

slide was scored, with the assistance of Dr. Thompson, from O to 4, with O being no 

inflammation and 4 showing large scale infiltration of neutrophils and tissue necrosis 

around the sensor implant site. A statistical tally of the scores for the 24 hour and 

48 hour time point was performed and a student's t-test performed to ascertain if 

there were any differences. 
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4.3.1.3 NO detection by Differential Pulse Voltammetry (DPV) and 
Amperometry 

NOr sensors and control sensors were measured in a volume of 100 µL of 

PBS or PBS plus SmM glucose and 25 µM H2O2. Individual or simultaneous 

measurement of NOr and control sensors was conducted by polarization at 0.6 V 

and the current monitored with the Pinnacle Technology 3104 potentiostat as 

described for the in vitro studies. The same solutions were used to perform 

differential pulse experiments {DPV) on a CH Instruments potentiostat Model 814 

(Austin, TX, USA). Differential pulse steps the baseline potential while applying a 

fixed potential pulse on top of the increasing baseline. A differential current is 

obtained by taking a measurement just before each pulse and a few ms prior to end 

of the pulse. This method subtracts the charging current and increases the 

sensitivity to the faradaic current, providing a peak that begins to approach the 

derivative of a linear sweep voltammogram.29•30 The DPV settings were: 

amplitude=0.05 V, pulse width=0.75 s, pulse period=1.5 s. Because formation of an 

oxide layer on the surface of the platinum electrode is required for efficient oxidation 

of H2O2. the pulse width for this experiment needed to be relatively long.31 

4.3.1.4 Nitrotyrosine Detection Protocol 
The determination of nitrotyrosine was done with the help of Dr. Giri 

Gokulrangan in Dr. Christian Schoneich's Laboratory (University of Kansas, 

Lawrence, KS). Details of the protocols used in this assay for proteins containing 

nitrotyrosine in rat tissue have been described previously. 32 Because the 

procedures utilized have become routine processes in the Shoneich laboratory only 
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brief descriptions of those methods are included here, with specific differences as 

noted. 

Sample preparation to obtain protein for nitrotyrosine detection was 

accomplished as follows. Two samples from pairs of NOr sensors (NOr 1 & NOr 2), 

one from a pair of control sensors (control), and one from tissue not near a sensor 

(tissue blank) were prepared. After the tissue samples were excised from the rat, 

tissue with sensors intact was frozen at -85°C until further processing. A tissue 

sample about 5 mm2 immediately surrounding the active cavity of the sensor was 

separated from the bulk tissue, the sensor was removed and the tissue chopped 

into fine pieces. The sample was digested and precipitated and prepared for 2-0 

electrophoresis with no further modifications to the previously described protocol. 

Protein content was determined as described using the Coomassie Plus assay 

reagent (Pierce, Rockford, IL, USA) with a calibration curve of BSA standards at 50, 

150, 300, 450, and 600 µg/ml prepared from stock 1200 µg/ml BSA with 

appropriate dilutions. 

Two dimensional gel (2-D gel) electrophoresis is utilized for separation and 

subsequent analysis of the proteins surrounding the in vivo sensor; which is an 

isoelectric focusing (IEF) step in the first dimension and polyacrylamide gel 

electrophoresis (PAGE) for the 2nd dimension. For Western Blot analysis to 

determine nitrotyrosine and silver staining of gel for total protein detection, 40 or 80 

µg of protein is loaded on a 7cm IPG strip; used for IEF. The smaller 7cm IPG 

strip, pH 3-10NL IEF strip, was selected initially to be able to observe two samples 

compared next too each other for the nitrotyrosine detection. 
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For the first dimension (IEF), sample with appropriate protein loading is 

loaded on to a pre-hydrated (with H2O) 7 cm IPG strip and run on the Multiphor II 

(Amersham Pharmacia) according to the voltage ramp outlined for the Western blot 

nitrotyrosine visualization. The second dimension utilized the same equipment with 

an Excel Gel 12-14% (Amersham Pharmacia). The protocol outlined previously, 

including the two stage electrophoretic conditions was duplicated. Western blot 

analysis with monoclonal antibody 1A6 mouse anti-3NT primary antibody (Upstate 

USA, Inc., NY, USA) was performed as described. Visualization of all proteins was 

achieved by using a silver stain on the 2-D gel with an 18 cm, pH 3-10NL IEF strip 

and an Excel Gel 12-14% (Amersham Pharmacia) with appropriate protein loading, 

according to the protocol and voltage ramp described. 

Three sets of paired experiments were performed to visualize the samples 

together. NOr sensor tissue and blank tissue each paired with the standard control 

sensor tissue in separate experiments at 40 µg load. The standard control sensor 

tissue results were used to normalize the nitrotyrosine intensity. The third 

experiment was a different NOr sensor tissue sample paired with the blank tissue, 

where the blank tissue was used to normalize the intensity. The intensity of eight 

selected spots from the Western blots was determined using Lispix, a microscopy 

data analysis program available through the NIST website (Lispix, version Lx29P, 

1 BMay, 2004, http://www.nist.gov/lispix/doc/contents.htm). A density profile was 

obtained for each spot and the area under the curve was calculated. Each of the 

eight spot intensities was normalized to its corresponding control from the 

experiment From this data two sets of relative intensity ratios for the nitrated 

protein spots were obtained: NOr and blank tissue each versus control sensor, and 
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NOr and control sensor each versus blank tissue. These data do not reflect 

absolute intensity between nitrotyrosine protein spots, only relative amounts of 

nitrated protein compared to controls. 

4.3.1.5 Data Analysis 
The sensors were calibrated utilizing a one and two-point calibration method 

as outlined in a previous publication.23.24 Briefly, for the two-point (2pt) calibration a 

glucose reading is selected just prior to glucose load (i.p. injection) and at a stable 

point during the increasing blood glucose levels, then using these points a linear 

curve fit is perfonned. From this data the apparent in vivo sensitivity (Sa2) and 

sensor zero glucose point (lo) is derived. The calibration points are plotted on an 

excel chart, and a linear trendline is applied, with the equation shown on the chart. 

The sensitivity is the slope and 10 is the Y intercept of the straight line. The one-

point (1pt) calibration assumes the sensor background is negligible and is set to 

zero, or a small fixed value. 23.24 The same Excel procedure is done, except the 

intercept was set to zero , and the slope is the apparent in vivo sensitivity (Sa1). 

These calibration equations are used to estimate in vivo glycemia from the sensor 

current output. Descriptive statistics, two-tailed and one-tailed unequal variance 

student's t test in Excel's data analysis tool kit were used to compare data sets. 

Clarke error grid analysis is used to evaluate the results between the NOr 

and control sensors. 33 The Clarke error grid is a correlation plot commonly used to 

compare the concomitant capill~ry glucose concentration obtained by some reliable 

method {benchtop or handheld glucose analyzer) with the estimated glucose 

concentration from the test device (sensors). The Clarke error grid is divided into 

sections labeled A through E. Values that fall in the A range are clinically accurate, 
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values in the B range are considered acceptable, meaning that a therapeutic action 

taken based on those values would be appropriate. Values in the C range are not 

considered acceptable, but are not as clinically devastating as values in the D & E 

range. In the D & E range the blood glucose is actually low but the reading 

indicates high, or vice versa, which could lead to diabetic coma or death. 

Therefore, the Clarke error grid is frequently employed to assess performance of a 

new glucose measurement technique or device. 

4.3.2 Results and Discussion 

4.3.2.1 In Vivo Sensor Response 
The in vivo data obtained from both the 95% Oi and 25% 02 experiments 

were calibrated by the one-point and two-point method and plotted. The data are 

calibrated once during the initial glucose bolus to access the accuracy of the sensor 

calibration during the experiment. Figure 4.5 shows a typical example of the data 

from an in vivo experiment, using a one-point calibration. All the data analyses that 

follow were extrapolated from these 'raw' data, to achieve more in depth 

interpretation. 
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Figure 4.5: Typical one-point calibrated sensor response for an In vivo experiment 
on Day 1 (A) and Day 3 (B). 
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4.3.2.2 Perfonnance Summary At 92% And 25% Oxygen 
Between the two series of experiments, five at high inhaled oxygen, and five 

at atmospheric inhaled oxygen, 29 NOr sensors were tested, with 11 unable to 

calibrate, and 20 control sensors, with 6 unable to calibrate. Thus results were 

obtained on 62% of NOr sensors, and 70% of control sensors, an excellent yield for 

the NOr sensors considering they were not pre-tested or selected. However, if this 

sensor design were for use in the marketplace - the acceptable yield would need to 

be nearly 100%, which may be possible when development issues are resolved and 

automated fabrication techniques are employed. An evaluation of the sensors that 

could not be calibrated indicated that NOr sensors with an initial apparent in vivo 

sensitivity of less than 0.5 nA/mM and greater than about 12nA/mM or apparent 

high background {> 20nA) were unacceptable. Pre-tested sensors in this range in 

vitro are not used for in vivo work, and would have been rejected. 

Table 4-2: Comparison of in vitro results for sensors explanted after in vivo test. 
sensitivtty nA/mM 

Sensor post-explant In Vitro 5 mM glucose 10mM 15mM % linearity Results glucose glucose 
ctl 753 pre-in vivo data 6 .05 5.70 5.35 -12% 

Ctl 753 in vivo 4 hours 6.04 4.58 4.06 -33% 
NOr 308 in vivo 4 hours 1.62 1.58 1.59 -2% 
NOr 311 in vivo 4 hours 0.66 0.51 0.47 -30% 

Ctl 754 pre-in vivo 11 .16 11 .05 10.43 -7% 
Ctl 754 in vivo 48 hours 2.34 2.05 1.79 -24% 
NOr 313 in vivo 48 hours 0.83 0.64 0.65 -22% 

ctl 727 pre-test 2.09 2.16 2.15 3% 
Ctl 727 in vitro only 1.51 1.44 1.42 -6% 
NOr 314 in vitro only 3.32 2.74 2.43 -27% 

Control Avg 3.30 2.69 2.42 -21% 
SEM Control 1.39 0.96 0.83 8% 

NO release Avg 1.61 1.37 1.28 -200/4 
SEM NOr 2.59 2.63 2.50 6% 
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Table 4-2 reports the results of pre-implant sensor performance compared to 

post-explant for control sensors; also included are the data for the NOr sensors 

tested post-explant. All the pre and post-explant data shown were obtained from 

the 95% 02 test series. The small number of sensors tested did not allow for 

determination of a correlation between pre-implant, in vivo performance and post-

explant control sensor performance. Because NOr sensors are not pre-tested there 

are no pre-implant data for NOr sensors. The experiments performed demonstrated 

that each channel of the multi-channel potentiostat will perform simultaneous 

measurement in vivo and in vitro independently. All sensors tested both in vivo and 

post-explant in vitro (control: 753, 754, and NOr. 308, 313) except NOr 311, 

provided good calibration data and measurable in vivo response. NOr 311 could 

not be calibrated and was attributed to its very low in vitro sensitivity (<0.5nA/mM). 

This experiment demonstrated that NOr sensors and control sensors provide similar 

post explant variations, and therefore additional in vivo studies would be 

appropriate. 

Table 4-3 is a summary of the pre-test in vitro data for the control sensors 

used for the in vivo experiments. The average performance characteristics for the 

pre-tested control sensors met acceptable criteria, except the average for interferent 

exclusion. The high average interferent response was primarily due to three 

sensors, which did not exhibit greater in vivo performance anomalies than other 

sensors. 

196 



Table 4-3: Statistical summary for the control sensors In vitro pre-test response 
characteristics. 

• 

Control Pre-tn Sensitivity Sensitivity Sensitivity Stability '.4 LINEARITY lnterferent 
Vivo Data @5mM @10mM @15mM Change % loss& vs % 

(nAlmM} (nA/mM} (nA/mM) Sensitivity 15mM Response 

Mean 3.159 3.202 3.115 14% -2% 139% 
Standard Error 0.819 0.841 0.793 21% 4% 105% 
Median 1.722 1.883 1.956 -10% -5% 27% 
Standard 
Deviation 2.457 2.523 2.380 54% 12% 296% 
Sample Variance 6.039 6.366 5.666 0.296 0.013 8.785 
Minimum 1.349 1.281 1.193 -26% -22% 8% 
Maximum 7.730 7.676 7.179 104% 14% 869% 
Count 9 9 9 7 9 8 

A summary of the in vivo Sa1 and~ (average sensitivity 1 point and 2 point 

calibration) and 10 (background current) data for the high oxygen test series (95% 

0 2) and the atmospheric oxygen (25% 02) test series is presented in Table 4-4. 

The atmospheric oxygen test series is shown is the first two sections divided 

between NO release sensors (rows 1-8) and the control sensors (rows 9-16). 

Detailed summary statistics are reported for the 25% oxygen experiments, because 

most of the conclusions are drawn from this data. The 95% oxygen experiments 

are presented in data rows 19-21 for NO release and 22-24 for control sensors. For 

both the in vivo summary and the pre-test in vitro summary, only data for sensors 

with usable calibration and appropriate in vivo response for at least Day1 are 

included. 
. 

The general trend from the 25% 02 series was a decrease in Sa1 and S82 and 

an increase in lo between initial implant (01) and 48 hours later (03) which are 

In the 95% 0 2 test there were insufficient sensors (2) continued to the 48 hour point to make 
a reliable detennination of sensitivity trends. 
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shown across the first data row for the NO release sensors and the ninth data row 

for the control sensors. 

Table 4-4 Statistical summary comparing the in vivo response between NOr and 
control sensors for the 25% and 95% oxygen experiment series. 

25% Oxygen Sensitivity (S 1 pt) Sensitivity (S 2pt) Cale. lo (2 pt) Experiments 
NO Release Sensors NOrD1 NOr03 NOr01 D3NOr 01 NOr D3 NOr 

Mean 3.031 2.660 2.408 1.055 2.553 10.378 
Standard Error 0.915 0.777 0.677 0.330 3.572 3.502 

Median 2.175 2.100 1.538 0.636 1.415 6.700 
Standard Deviation 3.168 2.693 2.345 1.145 12.375 12.131 
Sample Variance 10.039 7.251 5.498 1.311 153.140 147.154 

Minimum 0.667 0.054 -0 .424 -0.091 -20.000 0.290 

Maximum 12.520 9.670 7.638 3.282 32.800 41 .620 

Count (n) 12 12 12 12 12 12 
Control Sensors Ctl 01 Ctl 03 D1 Ctl D3Ctl 01 Ctl 03Ctl 

Mean 2.015 1.172 1.929 0.449 0.849 5.461 

Standard Error 0.366 0.333 0.487 0.217 2.618 1.456 
Median 2.150 0.720 1.580 0.180 3.050 6.375 

Standard Deviation 1.098 0.943 1.379 0.615 7.854 4.1 18 

Sample Variance 1.206 0.888 1.900 0.378 61 .689 16.958 
Minimum 0.872 0.365 0.309 -0.172 -16.600 0.550 

Maximum 3.900 2.800 4.595 1.456 8.100 11.700 

Count (n) 9 8 8 8 9 8 
95% Oxygen 
Experiments 

NO Release Sensors NOrD1 NOr03 NOrD1 D3NOr D1 NOr 03NOr 

Mean 0.995 1.471 0.627 0.629 2.881 8.123 

Standard Error 0.262 0.277 0.260 0.001 0.772 2.766 

Count (n) 9 2 9 2 9 2 

Control Ctl 01 Ctl 03 01 Ctl 03 Ctl D1 Ctl D3Ctl 

Mean 2.624 1.686 1.028 1.468 12.474 4.104 
Standard Error 0.781 1.149 0.339 1.099 4.357 2.502 

Count (n) 7 2 7 2 7 2 
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These data were calculated from the linear trend lines used during the in vivo sensor 

calibrations. The one-point calibration produced a smaller mean Sa1 decrease of 

12% for NOr sensors and 32% for the control sensors, compared to the two-point 

calibration at 56% sensitivity (Sa2) decrease for NOr and 76% sensitivity decrease for 

control. These data indicate that the NOr sensors were more stable than the control, 

since the overall percent Sa decrease is less. Detailed analysis of sensitivities for 

individual sensors shows that the mean Sa decreased for the control, except one 

sensor. A decrease in Sa for control sensors which is generally what would be 

expected. However, the NOr individual sensor Sa did not always decrease, five of 

twelve sensors displayed an increased Sa. The lo, or calculated background, 

increased more for the control at 543% than the NOr sensors at 306%. This initial 

data evaluation indicates there· may be a fundamental difference between the NOr 

sensor in vivo function and the control sensor. Additional data analyses were 

conducted in an attempt to elucidate the nature of this difference. 

Results of student's two tailed t tests comparing the apparent Sa1 (one-point 

calibration) changes between NOr and control sensors for Day 1 (p=0.32) and Day 

3 (p=0.099) indicated an apparently less severe decrease in sensitivity for the NOr 

sensor (although not statistically different). In addition, the one-tailed test did 

indicate that comparisons of NOr and control sensor Sa changes between Day 1 and 

Day 3 (p<0.05) were statistically different and the two-point calibration evaluation 

had a similar trend (Day1: p=0.57, Day 3: p=0.09). When individual sensor types, 

NOr and control sensor Sa1 were compared from Day1 to Day3, the control sensor 

Sa1 changed more than the NOr sensors (NOr: p= 0.76, control: p=0.11). The same 

comparison with a two-point calibration was NOr: p=0.09 and control: p<0.02 
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followed the same trend. Because the p values for comparisons with control 

sensors are consistently smaller than NOr sensors, the conclusion is that the NOr 

sensor mean, Sa. changed less from Day1 to Day3 than the control sensors mean, 

Sa, The t test analysis supports a similar conclusion derived from the evaluation of 

individual sensor sensitivity changes presented in the previous paragraph. 

To determine the in vivo sensor linearity a calibration curve was plotted for 

multiple ascending blood glucose points versus the sensor response in 

nanoamperes (nA) for every sensor tested. The degree of linearity was compared 

between Day 1 and Day 3 based on visual inspection of the plot and the R2 value of 

the linear curve fit. The finding was that for the controls one sensor (which is ~12% 

of the sensors) showed improved linearity and for the other seven sensors linearity 

decreased or did not change. These seven sensor responses were usually 

associated with decreased sensitivity, and because lower sensitivity tends to have a 

positive effect on linearity, the unchanged linearity is consistent. For the NOr 

sensors four showed improved linearity (~33% of the sensors) and the other eight 

sensors became less linear or did not change. An example of these calibration 

curves for Day 1 (A) and Day 3 (B) is shown in Error! Reference source not 

found.. The inset for the calibration curve on Day 1 illustrates that, even though a 

linear curve can be drawn through the points, the sensor response actually 

becomes saturated at higher glucose concentrations and is non-linear. It can also 

been seen, for these particular sensors, that the linearity is improved on Day 3, with 

the control exhibiting reduced sensitivity. These charts also show an apparent 

increase in 10 for the NOr sensor, as noted in section 4.3.2.2: Performance 

Summary. The expectation for an in vivo sensor is usually decreased linearity, due 
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to degradation of the semi-penneable outer membrane in the in vivo environment, 

which in effect creates a sensor where oxygen becomes the limiting reagent. The 

apparent (although not necessarily statistically indicated) tendency for a higher 

percentage of NOr sensors to exhibit improved linearity is not expected, and is 

another indication of a difference between the function of the NOr sensor and the 
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control sensor in vivo. 

4.3.2.3 One-Point. Versus Two-Point Calibration 
The data from Errorl Reference source not found. can be used to illustrate 

the issues that can be encountered during sensor calibration. Figure 4.7 clearly 

shows how factors encountered in measuring in vivo glucose due to errors from the 

external reference method used to measure the blood glucose (e.g. glucometers), 

sensor non-linearity, systematic electronic noise, or unidentified biological factors 

can contribute to a significant fluctuation of points on a calibration curve. Some of 

these anomalies can be minimized by manipulation of the calibration technique, 

which is outlined by Choleau et al. 23·24 Choleau illustrated that a two-point 

calibration inherently produces more error; whereas a one-point calibration 

minimizes these errors and produces more accurate glycemia estimation. For the 

two-point calibration (Figure 4.7A), depending on which points are selected, there is 

a significant difference in the Sa2 and lo: line #1 Sa2= 1.58 nA/mM, lo= 16.2 nA; line 

#2 Sa2=5.15 nA/mM, 10= -8.8 nA. These differences, depending on which calibration 

is "correct", would produce considerable discrepancy for glycemia estimation in an 

in vivo experiment. Chart B, shows that using a one point calibration with the same 

high glucose points as used in chart A for calibration line #1 and #2, yields much 

more similar calibration Sa1 values of 3.5 nA/mM and 4.01nA/mM for line #1 and #2 

respectively. In the one-point calibration, even though different glucose points were 

selected to produce calibration line #1 and #2 the discrepancy between Sa values is 

considerably less, thus will contribute far less potential error. 
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Charts C & D illustrate that when using the one point calibration (solid lines) a 

change in apparent sensitivity from Day 1 to Day 3 can be significant, for the NOr 

sensor Sa1 of 1.96 nA/mM and 3.59 nA/mM and the control sensor at 3.83 nA/mM 

and 2.04 nA/mM on Day 1 and 3 respectively. For the control sensor on Day 3 the 

sensitivity from the one-point calibration appears to follow the actual decreased 

response trend. Whereas, the NOr sensor with the one-point calibration on Day 3 

may have an artificially high sensitivity, because the apparent high background is 

not used. The dashed lines show approximately what a two-point calibration curve 

would be {although more than one high and low point was used). In this case the 

NOr two-point calibration is significantly different than the one point with Sa1 of 3.59 

nA/mM and Sa2 of 1.36 nA/mM and a very high lo of 21.5 nA, whereas the control 

sensor is not as different with Sa1 of 2.04 nA/mM and Sa2 of 1.40 nA/mM and a 

reasonable 10 of 6.4nA. If the high lo for the NOr sensor is real, it may indicate 

membrane degradation, however, actually determining which calibration is best can 

only be done by comparing the two calibrations with real data. 

These charts are illustrative for potential errors and differences, but cannot 

provide information regarding which calibration is most accurate for the majority of 

the sensors. With respect to calibration for use in a continuous glucose monitoring 

system use of a method is selected based on its statistical validity for the majority of 

sensors. Selecting a calibration method on a sensor by sensor basis is impractical. 

The calibration method that provides the most accurate glucose estimation for this 

study, in vivo comparison of NOr sensors versus control sensors, is best 

determined by use of the Clarke error grid analysis. 
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Figure 4.7: Illustration of anomalies that may occur between the one-point and two-point calibration curve. 



4.3.2.4 Clarke Error Grid 
A comparison of one-point versus two-point calibration techniques is outlined 

by the percentage of correlation points in zones A&B versus points in zones C,D, 

and E summarized in Table 4-5. Figure 4.8 and Figure 4.9, the 25% oxygen 

experiment Day 1 and Day 3 Clarke error analyses, provides a visual illustration of 

the superior perfonnance for a one-point calibration versus the two-point calibration. 

The percentage of points in zone A&B for the control sensors in both the 25% and 

95% oxygen experiment series was greater for the one-point than the two-point 

calibration. This percentage difference between points in A&B for the two 

calibration methods increases on Day 3, from ~2% up to - 4%. The NOr sensors 

do not show any difference between the one-point and two-point calibration for 

Table 4-5: Clarke error grid summary of percentage of points in each zone. 

25%0XYGEN ZONE DAY1 DAY3 
one-point ~int one-point two-point 

A&B 99.7% 99.7% 98.9% 95.2% 
NOr C,D,&E 0.3% 0.3% 1.1% 4.8% 

A&B 96.3% 94.1% 96.8% 92.0% 
Control C,D,&E 3.7% 5.9% 3.2% 8.0% 

95% Oxygen 
A&B 94.5% 91.7% 96.8% 92.0% 

Control C,D,&E 5.5% 8.3% 3.2% 8.0% 
Day 1, but for Day 3 the difference is significant at about 4%. The fact that 

on Day 1 the NOr sensors' percentage of points in zones A&B of the Clarke error 

grid are the same, regardless of calibration technique, may indicate superior sensor 

performance. The factors mentioned above (glucometer errors, sensor non-

linearity, systematic electronic noise, or biological factors) that could contribute to 

calibration anomalies apparently are not a problem for Day 1 function of NOr 
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sensors. It is recognized that if glucose values below 4mM were obtained the error 

may be significantly greater. The demand for accuracy is much more stringent for 

values in the hypoglycemic region (3 mM to 5 mM), due to the high probability for 

values to fall in the D zone resulting in increased error. However, to obtain glucose 

levels in the hypoglycemic region it is necessary to inject insulin, a fairly challenging 

experiment 
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A comparison of the NO release sensor performance relative to the control 

sensors can also be derived from the Clarke error analyses shown in Figure 4.8 and 

Figure 4.9. Because the one-point calibration provides better sensor glycemia 

correlation with the blood glucose values, the comparison is based solely on the 

one-point calibration. NO release sensors tested Day 1 had 99.7% of points in zone 

A & Band control sensors had 96.3%. Day 3 the NO release sensors had 98.9% in 

zone A & B and control sensors 96.8%. The Clarke error grid analysis indicates 

superior performance for the NO release sensors as compared to the control 

sensors on both Day 1 and Day 3. The performance of the NOr sensor appears to 

deteriorate slightly over the 48 hour test period, while the control sensor 

performance seems to be constant. By the third day of implant the NO release from 

the sensor has been exhausted, therefore the deterioration and the similarity of the 

one-point and two-point calibration on Day 1 indicate that the release of NO may 

contribute to the superior performance of the NOr sensor. The ability for the NOr 

sensor to function in vivo is only one part of the evaluation. How the biological 

system responds to the implanted sensor is equally important 

4.3.2.5 Histological Evaluation 
The objective for the release of NO is to reduce the inflammatory response in 

the hope that less inflammation at the implant site will improve sensor performance. 

The histological studies showed a statistically significant decrease in neutrophil 

infiltration (p<0.0005) after a 24 hour implant for NO release sensors compared to 

control sensors as shown in Figure 4.10A (control sensor) and B (NO release 

sensor). The inflammation is indicated by the dark purple stained neutrophils 

infiltrated into the healthy pink tissue. 
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Figure 4.1 O: Histology cross section for 24 hour implant on control (A) and NOr (B) 
sensor. 

Score=3 

Figure 4.11 Histological cross section of sensor 48 hour implant site of NOr (A&B) 
and control (C). 
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Significant necrosis (nearly black clumps in Figure 4.10A) is seen in the control 

sensor cross section. The trend does not follow through to sensors implanted 48 

hours shown in Figure 4.11 (p=0.10). Histological sections at six hours showed little 

inflammatory reaction for either sensor type (data not shown). The obvious 

decrease in inflammation at 24 hours compared to sensors without NO release, 

coinciding with an increased inflammation at 48 hours when all the NO has been 

exhausted, indicates that the presence of NO inhibits the inflammatory response. 

Additionally since NO release has been completely exhausted by the 20 hour point, 

it appears that continuous NO release is required to sustain the anti-inflammatory 

effect. The limited time frame for anti-inflammatory effect coupled with the 

differences seen between NOr sensors and control between Day 1 and Day 3 

indicate that investigation of extending the release time may be beneficial. 

4.3.2.6 Sensor Response to NO In Vivo 
Positive overall sensor performance and anti-inflammatory properties are 

indicated with the data presented thus far; however the differences observed 

between the sensors require further investigation. It was determined that 78% of 

the NOr sensors appeared to have a reduced baseline signal within 30 minutes of 

implant and polarization, as compared to 4 to 10 hours for 89% of the control 

sensors. However, there also appeared to be a subsequent rise in response 

(hump) shortly thereafter, which was not seen in control sensors as shown in Figure 

4.12. In addition, a blank (no glucose oxidase function) NOr sensor compared to a 

blank control sensor showed similar behavior. Even though the NOr sensor 

appeared to have a reproducibly faster run-in, a very favorable characteristic, if it 

also responded to the NO released this could interfere with the accuracy of the 
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calibration. The glucose sensor is polarized at 0.6 V, which is 0.3V lower than the 
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Figure 4.12: Less than 30 minute run-in and subsequent 
NO hump exhibited by in vivo functional NOr sensor 
(pink), not seen from control sensor (blue). 

optimal polarization 

voltage of 0.9 V for 

oxidation of NO.27 It is 

possible that if the NO 

does not diffuse away 

or decompose rapidly 

and is of a high 

enough concentration 

in the immediate vicinity of the glucose sensor, the leading edge of the oxidation 

signal for NO could be detected. 

To investigate this phenomenon two in vitro experiments were performed: 1) 

amperometric measurement of the sensor response in a very small volume of PBS 

(100 µL), to simulate the in vivo environment and 2) differential pulse voltammetry in 

the same in vitro environment. The results of these experiments are shown in 

Figure 4.13 A (amperometric experiment) and B (DPV experiment). The 

amperometric experiment showed that the NOr sensor produces a strong response 

to the NO released from it (pink line) when running in PBS without any glucose. A 

control sensor (red line) without NO release function, tested simultaneously in the 

same microcentrifuge vial also responded to the NO from the NOr sensor. These 

sensor responses to NO are compared to a control sensor without NO release (blue 

line), run separately in PBS without glucose, where the typical in vitro response is 

exhibited. The response gradually decayed over the 6 hour test period, but still 
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Figure 4.13: In vitro amperometric (A) and DPV (B) experiments showing detection of NO 
by glucose sensors. 

exhibited significant response as compared to the control sensor's response in PBS 

tested in a separate vial (blue line). 

The DPV showed a definite overlap between the NO oxidation peak of a NOr 

sensor (dark blue line) and the H202 oxidation peak (red line) of a control sensor 

each tested individually. It can be seen that the interference of NO overrides the 

H202 oxidation peak (teal line) when glucose and H202 measurement is attempted 

by the NOr sensor in this very small volume. 

Given that it has been shown that the NOr sensors release NO at a rate of 

4.51 x 10-10 (SEM:1.05x10·1°) mol cm·2min·1, and that the polarization voltage of NO 

at a platinum electrode with respect to Ag/AgCI is 0.9V,27 these experiments show 

that the response hump seen shortly after sensor implant is most likely due to 

detection of NO. Even though a small hump due to NO is detected in vivo, 

stabilization of the sensor current (run-in) is still significantly faster than the control 

sensor, shown in Figure 4.12. Additionally, based on the Clarke error grid analysis 

this initial detection of NO does not interfere with the ability for the sensor to 

accurately measure the in vivo glucose concentration. Simultaneous biological 

degradation of the NO and the gradual decay of the NO release below levels 
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detectable in vivo, most likely results in this potential interference being insignificant. 

Determining the performance of the NOr sensors and the anti-inflammatory function 

are not the only possible outcomes that need to be considered; whether there is any 

adverse effect on the tissue is equally important. 

4.3.2.7 Nitrotyrosine Detection 
The detection of nitrotyrosine in the digested tissue surrounding the 

implanted sensors revealed, not unexpectedly, that there is some increase in the 

formation of nitrotyrosine from the NOr sensors as compared to the control sensors. 

Figure 4.14 shows a silver stained 2D electrophoresis gel revealing all the proteins 

retrieved from the tissue with an implanted NOr sensor as compared to tissue 

(blank) which had no sensor implanted. Silver stained gels for standard control 

sensors and tissue were very similar, however the NOr tissue shows a few more 

proteins than the control tissue. This may be indicative of the proteins that migrate 

toward the site during an inflammatory response. Figure 4.15 and Figure 4.16 are 

pictures of the monoclonal nitrotyrosine antibody Western blot for control sensor 

tissue versus tissue only and NOr sensor tissue versus control sensor tissue 

respectively. The two blots both appear to have more nitrated proteins in the 

presence of sensors (NOr and standard control) than when no sensor is present 

Relative quantification of several different spots on the Western blots was 

accomplished using densitometry (Lispix, version Lx29P, 18May, 2004, 

http://www.nist.gov/lispix/doc/contents.htm). Because of variations that may occur 

between Western blots the intensities are determined relative to the standard 

sensor control tissue, which was run on both Western blots shown in Figure 4.15 

and Figure 4.16. The chart in Figure 4.17 shows the results of the relative intensity 
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analysis where five different spots were compared, which are reported as 

normalized percent intensity. The spot numbers on all the Western blots correlate 

with those shown above the chart columns. For all percent intensity data in this 

section it is important to note that the percent intensity reported is a ratio between 

the NOr intensity and control sensor tissue (Figure 4.17) or blank tissue (Figure 

4.19), or control sensor tissue and blank tissue (Figure 4.19) for individual paired 

nitrated protein spots. This means that absolute intensities for individual spots are 

not reported, only relative comparisons showing whether particular proteins nitrate 

more or less than their paired counterpart in their associated control experiment. 

The chart in Figure 4.17 shows that the NOr sensor tissue was more nitrated 

than control sensor tissue, which was more nitrated than blank tissue only, except 

for spot number 5 at 40kD and ca. 6-9 pl. Spot number 5 shows that the control 

sensor tissue was less nitrated than the blank tissue, but not less than the NOr 

sensor tissue. 
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Figure 4.14: Silver stained 20 electrophoresis of protein digested from NOr sensor 
implant tissue compared to blank tissue only. 
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Figure 4.16: Westem blot of nitrated proteins at 40 µg load using nitrotyrosine mAb for 
tissue only compared to a standard control sensor. The boxes are the proteins used to 
detennine relative intensity of nitrated protein spots normalized to the standard sensor 
tissue spots. 
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Figure 4.15 Westem blot of nitrated proteins at 40 µg load using nitrotyrosine mAb for 
NOr sensor tissue only compared to a standard control sensor tissue. The boxes are 
the proteins used to detennine relative intensity of nitrated protein spots nonnalized to 
the standard sensor tissue spots. 

216 



0 .. c 
~o - () • 0 c-.! i:, 
C CD 
- N .. 

0 z 

250% 

200% 

150% 

100% 

50% 

0% 

Relative Nitrotyrosine Intensity Control Sensor 

S0kD pl~ SOkO pl 7-9 40kD pl~ 40kO pl 6-9 30kO pl 8-9 

Protein Blot ID 

Figure 4.17: Chart showing the relative intensity of nitrated proteins for blank 
tissue and NOr sensor tissue nonnalized to standard control sensor tissue 
intensity. The numbers above the columns correspond to the nitrated protein 
spot on the Western blots. 

This can be compared with the Western blot in Figure 4.18 and the relative 

quantification chart shown in Figure 4.19. The Western blot in Figure 4.18 

compares NOr sensor tissue with blank tissue at an 80 µg load, which is double that 

for the previous Western blots. It appears that when more protein is loaded, more 

nitrated proteins are evident, and not all the spots show NOr sensor tissue having 

greater nitration than blank tissue, such as for spot number 5 and also number 8. 

Also seen from the quantification chart in Figure 4.19 is that the standard control 

sensor relative intensity, when normalized to the blank tissue (data from Figure 

4.16), appears to exhibit more protein nitration than NOr sensors, except for spot 

number 5. What is more dramatic is the appearance of spots 2, 4, and 7 with much 

more nitration than blank tissue. These most likely are proteins that are directly 

involved in the inflammatory response to the NOr sensor at lower concentrations, 

but are minimal or not present in the blank tissue, thus showing a very high percent 

217 



intensity by comparison. This .comparison shown in Figure 4.18 is for a different 

NOr sensor than the data presented for relative intensities normalized to standard 

control sensors in Figure 4.17, which is indicative of some intra-implant variation. 

It is evident that the presence of NO released from sensors can cause more 

protein nitration, however these data also show significant nitration of proteins near 

standard control glucose sensors, and in blank tissue (e.g. spots 1,3,5,6,&B). Given 

the fact that the decrease in inflammation is tied to the formation of peroxynitrite 

which leads to protein nitration, the presence of nitrated proteins with NO release 

inflammatory suppression may be unavoidable.11 •34 This may be true if the reduced 

inflammation is generated by NO release, or some other mechanism. The 

significant amount of nitrated proteins also evident with standard control sensors is 

indicative of significant NO release as part of the inflammatory response to any 

glucose sensor. The nitration of blank tissue can be compared with work by the 

Schoneich group looking at rat skeletal muscle tissue relative to aging. Significant 

amounts of nitrotyrosine are also detected without any glucose sensor invasion, 

including the region for spot number 5 (ca. 40kD and pl ca. 6-9). 

The benefits of NO release to decrease inflammatory response around 

glucose sensors must be weighed against the consequences of increased protein 

nitration above that found in normal tissue, but not necessarily more than around 

standard control sensors. The presence of increased nitrotyrosine around the 

control sensor tissue indicates that the inflammatory response includes a significant 

release of NO, which may have greater detrimental effects with regard to glucose 

sensor function than the tissue nitration. A more in depth treatment of the 
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implications of production of NO by inflammatory cells in the proximity of glucose 

sensors is discussed in Chapter 5: Conclusions. 
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Figure 4.18: Western blot of nitrated proteins at 80 µg load using nitrotyrosine mAb for 
NOr sensor tissue compared to blank tissue only. The boxes are the proteins used to 
detennine relative intensity of nitrated protein spots normalized to the blank tissue 
spots. 
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Figure 4.19: Chart showing the relative intensity of nitrated proteins for NOr 
sensor tissue nonnalized to blank tissue intensity. The numbers above the 
columns correspond to the nitrated protein spot on the Western blot. 

The presence of NO released from the sensor does contribute to more subtle 

differences, as noted previously, between the NOr release sensor and the control 

sensor. In an effort to elicit improvement of this sensor, or other designs with 

improved biocompatibility it is important to try to ascertain why these functional 

differences occur. 
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4.3.2.8 Overestimate Versus Underestimation Determination 
Additional infonnation 

regarding the interplay 

between in vivo glucose 

sensors and the biological 

mechanisms involved in the 

transport of glucose between 

Figure 4.21 Simulation of relationship between blood cells, sensors, ISF, and 
glucose and ISF glucose. Copyright @ ADA from 
Diabetes Care 2003, 26, 2405-2409. Reprinted with blood can be garnered by 
permission from the American Diabetes Association. 
determining whether the glucose is overestimated or underestimated when blood 

glucose is increasing or decreasing. The physiological basis for this methodology 

comes from a theory offered by Aussedat et al.21 ·32 where a lag or lead between ISF 

exists depending on whether 

the glucose is increasing or 

decreasing as represented in 

Figure 4.20 The reason for 

Exogenous i P- Endogenous I 
'--_Gl_uco_ se_~J _' Gluco_se ___ lnsuhn '"---.---~ 

Blood 
Glucose 

Interstitial 
Glucose 

Elimination Sensor 

Cell 

this phenomenon is illustrated Figure 4.20 Model of glucose transport and sensing 
in ISF. Adapted from Kulcu et al. Diabetes Care 

in Figure 4.19, 21 •35 also 2003, 26, 2405-2409. 

proposed by Aussedat et al. where the glucose from blood moves through ISF and 

then is utilized by the cell. The rise and fall of glucose in the ISF is governed by the 

action of insulin and delivery or elimination of glucose, it is in this environment that 

the sensor detects the glucose. 
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With this model in mind four possible scenarios can occur with the detection 

of glucose in the ISF: 1) overestimation with increasing glucose (ISF leads blood 

[glucose]), which essentially never occurs, 2) overestimation with decreasing 

glucose (blood leads ISF [glucose]), 3) underestimation with increasing glucose 

(blood leads ISF [glucose]), and 4) underestimation with decreasing glucose (ISF 

leads blood [glucose]). If the theory presented above is correct and these were the 

only mechanisms involved in glucose sensing then only scenario three or four would 

be observed. 

With regard to this biological model the over or underestimation of glucose 

was determined by separating all the increasing and decreasing concomitant blood 

glucose and sensor glucose values and plotting them on a Clarke error grid. Based 

on the points above or below the diagonal of the chart the percentage of over and 

underestimates can be determined for each experimental group - then fitted into the 

four scenarios described. The plots of this data are shown in Figure 4.22, with 

tabulation in Table 4-6. 
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Table 4-6: Summary of NOr and control sensor glucose values that overestimate or 
underestimate blood glucose when the blood glucose is increasing or decreasing. 

NOrRELEASE CONTROL 
25%02 INCREASING DECREASING INCREASING DECREASING 

Overest/Underest Overest/Underest Overest/Underest Overest/Underest 

DAY1 54%/46% 54%/46% 71%/29% 27%/63%** 65%/35%* 
DAY3 47%/53% 57%/43% 54%/43% 32%/68% 

* Estimated % excluding one Day3 experiment with exceptionally high in vivo glucose 
causing sensor saturation. 
- High% overest. due to 3 sensors from one Day 1 experiment, 53%/47% if excluded. 

The actual data for this study do not appear to fit this model very well. Of the 

eight experimental determinations only the control sensors for both Day 1 and Day 

3 fit the expected scenario (# 4) with the underestimate of estimated glucose 

(compared to blood [glucose]) as the glucose concentration is declining. Of those 

two cases the underestimate on Day 1 is skewed by one experiment, indicating that 

there may have been some anomaly in this one experiment. Most of the cases 

exhibit an even distribution of points above and below the diagonal, which on 

average may indicate relative agreement of estimated glucose by the sensors with 

concomitant blood glucose concentrations or a statistically random distribution of 

points. However, there are two exceptions: the first is the control sensors for Day 1 

fit scenario (# 1) with the overestimate of estimated glucose (compared to blood 

[glucose]) as the glucose concentration is increasing and the second, is the NOr 

sensors for Day 3 fit scenario (# 2) with the overestimate of estimated glucose 

(compared to blood [glucose]) as the glucose concentration is decreasing. The 

second exception uses the data with one experiment excluded due to exceptionally 

high in vivo glucose (as noted in Table 4-6). 
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The implication of the data presented here is not to say that the model is 

incorrect, but that there are some distinct differences between NOr sensors and 

control sensors as used in the design of this particular study. A small caveat 

regarding the ability to use the increasing/decreasing information for biological 
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model interpretation should be mentioned. Due to a timing issue between the DAO 

software and the blood glucose readings, adjustments based on commented events 

were made to the designated time of blood glucose points with respect to sensor 

output. Therefore, the exact time point for these readings may be off by 1 to 2 

minutes, which makes the interpretation of small differences in concomitant glucose 

readings not absolutely accurate. In that respect, the aim of this study was not to 

try to fit or discern any particular biological mechanisms for the function of these 

sensors, therefore an in-depth discourse on that will not be presented. The intent 

was to determine if inclusion of NO as an anti-inflammatory on a glucose sensor 

would be of any benefit and merited additional study. To that end interpretations 

and proposed conclusions for the behavior observed are presented, followed by 

suggestions for additional study. 

4.3.3 In Vivo Conclusions 
The data enumerated above indicates that the NOr sensor can produce 

accurate estimates of glycemia and reduce the inflammatory response when 

compared to a control sensor, which is the original sensor design utilized in 

numerous clinical and animal studies.1s-21 .23.24,35,37 However, that is not the entire 

extent of what was learned from this study. A number of significant sensor 

performance differences were observed between the NOr sensor and the control 

including: sensitivity, background, linearity, calibration, run-in, and 

over/underestimation of glucose. In addition, distinct differences between the 

biological reactions were also observed such as: inflammatory response, 

nitrotyrosine detection. The differences in the biological observations are obviously 

due to the release of NO from the implanted sensor, since with respect to the 
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biological reaction that was the only difference between the two types of sensors 

implanted. 

4.3.3.1 Differences: Sensor Function or Biomechanism? 
Why variations in the sensor performance occur is not so obvious, and is 

most likely attributable to a combination of changes associated with a combination 

of sensor function and biological processes interacting with each other. The 

functional sensor issues are often associated with alterations in the semi-pem,eabte 

membranes that are critical to optimum perfonnance of the sensor. These are 

usually a degradation of either the outer membrane or the inner interferent 

exclusion membrane. When the outer membrane degrades, oxygen becomes the 

limiting reagent, rather than glucose, which primarily affects linearity (signal 

saturation). However, it is impossible to totally separate the problems associated 

with inner versus outer membrane changes since degradation of either influences 

background and sensitivity. Passivation of the platinum electrode, analyte flux 

obstruction through the membrane layers, and enzyme degradation can all lead to 

variations in sensitivity. However, because stability of GOx is exceptional and the 

enzyme is applied in excess and thus lost enzyme activity is rarely indicated as an 

issue.38•39 As has been shown, calibration methodology and the particular point(s) 

selected for calibration can contribute to apparent differences in sensitivity, 

background, linearity, and ultimately accuracy of glycemia estimation. 

Contributions to sensor performance anomalies associated with the biological 

mechanisms are even more elusive to identify. A fundamental difference between 

blood glucose and ISF is the most obvious, which may also be associated with 

physiological time lags between the two biological compartments. In addition any 
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changes in oxygen or glucose availability in the immediate vicinity of the sensor, 

possibly due to cellular consumption or production (chapter 4), will be reflected in 

the sensor signal. The availability of the glucose to the sensor, as proposed in 

chapter 2, is definitely affected by the adsorption of biological substances on the 

sensor as part of the foreign body reaction. Fluctuations in molecules that act as 

interferences that are not appropriately excluded by the sensor, such as ascorbate, 

acetaminophen, urate, endogenous nitric oxide or H202 may also make the sensor 

appear quite unstable. The degradation of the tissue, (e.g. contribution of 

nitrotyrosine) surrounding the sensor or some other as yet unidentified physiological 

phenomena may also affect the sensor performance. 

4.3.3.2 Sensitivity and Background Differences 
The initial result reported was a loss of apparent sensitivity and increase of 10 

by both sensor types (NOr and control) from Day 1 to Day 3 regardless of 

calibration method used (one or two-point). A decrease in sensitivity can be 

attributed to decreased diffusion of analyte to the active enzyme layer (reducing 

production of H20 2) or decreased diffusion of H202 to the electrode surf ace caused 

by the infiltration of small molecules (e.g. protein fragments) into the membrane 

layers. The action of the body's foreign body defense mechanisms (e.g. production 

of reactive oxygen species) may be contributing to the breakdown of the membrane 

layers, causing an increase in background, and also leading to decreased linearity 

(due to oxygen becoming the limiting reagent), which can appear to be smaller Sa, 

An incomplete run-in would produce an inaccurate calibration and could also appear 

as a sensitivity loss. 
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4.3.3.3 Linearity and Stability Differences 
The results of the students t test indicated that the decrease in Sa is less 

severe for the NOr sensors. The fact that the calculated Sa1 both increased and 

decreased for the NOr sensors, as compared to a predominance of decreased Sa1 

for the control sensors, is also indicative of some mechanistic difference. The 

possibility for the NOr sensors is, as indicated in the in vitro conclusions, the borate 

salt added to the outer membrane serves to stabilize and produce a more uniform 

diffusion matrix in the outer membrane, thereby decreasing the degradation in the 

linearity. This theory is supported by the indication that in more cases for the NOr 

versus the control sensor the linearity from day 1 to day 3 actually improved, which 

is not an expected result. Another possible reason for the decreased degradation of 

Sa and more stable linearity for the NOr sensor is that the release of NO is 

contributing to some physiological change that directly influences sensor 

performance. The NO could affect the physiological mechanism of the protein 

fragment adsorption to the sensor. This may be either by preventing continuous 

turnover or selectivity of specific types of fragments, thus stabilizing the diffusivity of 

the membrane (improved Sa). Or, because of the reduced inflammatory response, 

the tissue environment is different, allowing a greater availability of oxygen in the 

region surrounding the sensor (improved linearity). 

4.3.3.4 Run-In Differences 
Errors in calibration caused by incomplete run-in (background stabilization 

post implant) may also be reduced for the NO release sensor. The fact that for day 

1 the percentage of points in all zones on the Clarke error grid analysis for both the 

one-point and two-point calibration are exactly the same indicates that both 
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calibration methods work equally well. Anomalies caused by background issues 

that need to be compensated for by a one-point calibration, seem to be a moot point 

for the NOr sensor on day 1. Although, NO is detected by the sensor, by the time 

point when calibration is performed, at least two hours post-implant, the presence of 

NO has dissipated enough to be a non-issue. The indication is that an overall 

improved run-in, as shown in Figure 4.12 in the NO detedion section, is strongly 

implicated as a primary reason for the improved performance seen by the NOr 

sensor particularly on day 1. Unfortunately by day 3, when the NO release has 

been exhausted and the inflammatory response is quite active, the positive 

distinctions between the NOr sensor and the control become less pronounced. 

4.3.3.5 Over and Underestimation Differences 
Additional support for the mechanisms proposed above for the dissimilarities 

between the NOr sensor and the control can be garnered by analyzing the tendency 

for the individual sensors to over or underestimate glucose presented in section 

4.3.2.8. The cases where the estimations are approximately equal, in essence a 

random distribution above and below the Clarke error grid diagonal, do not reveal 

very much except as compared to those cases where an over or underestimation 

did occur. It is also noted, again, that the timing issue for the concomitant glucose 

readings may contribute to the inability to see subtle differences in this analysis. 

The first case, day 1 for the control sensor, which clearly indicated that the glycemia 

was overestimated when glucose was increasing, supports the incomplete run-in 

theory. If the run-in were complete, a stable background would produce a 

calibration that is not artificially high and provide glucose estimates that are not 

overestimated as compared to the blood glucose. This is the case with the NOr 
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sensor on day 1, where both the increasing and decreasing glucose estimates are 

accurate. Another explanation could be that in the control day1 case the ISF 

[glucose] could be leading the blood [glucose] when glycemia is increasing, but the 

fact that physiologically this does not occur, discounts that as a plausible 

explanation. Given the other evidence for run-in issues, the fact that the effect is 

not seen on day 3, and its opposition to the proposed !SF/blood glucose model the 

most probable reason for the control day 1 overestimate is incomplete run-in. 

The cases for decreasing glucose for control sensors on day 1 and 3, where 

the glucose is underestimated; according to the proposed model is a logical 

outcome. Choleau et al. point out that the effect of insulin facilitating transfer of 

glucose from ISF to cells may produce a faster decrease in ISF than in blood. 

However, in the same article it is also indicated that an error due to calibration may 

cause a similar phenomenon and because this effect is not seen 100% of the time, 

with implanted glucose sensors calibration anomalies cannot be ruled out. 22 For the 

NOr sensors on day 1 the underestimate with decreasing glucose is not seen, 

another indication that NOr sensors on day1 have some inherent biological and/or 

functional sensor difference (most likely improved run-in) that leads to improved 

estimated glycemia accuracy. 

All is not copasetic in the performance of NOr sensors. The least favorable 

situation for people with diabetes is a glucose detection method that overestimates 

glycemia when the glucose level in the body is decreasing. This circumstance 

increases the likelihood of a therapeutic error when a person with diabetes is 

heading toward a hypoglycemic event, and could lead to a diabetic coma or insulin 

shock. The overestimation during decreasing glucose is seen for NOr sensors on 
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day 3. Although, the overall perfonnance according to the Clarke error gird was 

quite good, and apparently better than the control (98.9% vs 96.8%), the critical 

aspect of this particular anomaly warrants trying understand why it may occur. 

Reach et al. suggest in two different publications that during a rapid decrease in 

glucose that the equilibration of glucose in ISF may be slow in comparison to blood, 

therefore the ISF glucose concentration remains high longer than in blood.21 •40 

Then the differences between the NOr and control sensor, improved linearity, more 

oxygen availability at the tissue/sensor interface allows the NOr sensor to detect 

this small difference in the ISF. The other possibility is that the background signal 

for the NOr sensor is significantly higher, particularly during the calibration, causing 

a calibration error, which appears as an overestimation of glucose. This possibility 

is in conflict with the mechanism which was proposed for the differences in apparent 

background above, but this just illustrates the complexity of the biological interface 

of the glucose sensor function in vivo. 

4.3.3.6 Inflammatory Response and Nitrotyrosine 
The reduction of the inflammatory response in the presence of NO is quite 

evident from the results of the histological samples from this study. However, when 

the NO release is exhausted, the inflammatory response becomes apparent. 

Proposing an in-depth theory of the biological mechanism for the reduction of the 

inflammatory response is beyond the scope of this study. Even so, a brief 

suggestion is reasonable based on literature interpretation, which implies the action 

may be a signaling mechanism between the NO and local cells or possibly inhibition 

of reactive oxygen species' Fenton chemistry through NO-iron coordination (or other 

reactive metals).3·41 The presence of NO has also been shown to inhibit lipid 
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peroxidation, 42 which conflicts slightly with the observation that the presence of 

nitrotyrosine is increased in this study, since it is the reaction of NO with superoxide, 

a ROS, that leads to the formation of peroxynitrite. Peroxynitrite causes the 

nitration of protein tyrosine forming nitrotyrosine, which is used as a marker for the 

presence of peroxynitrite. Peroxynitrite is a very reactive molecule and leads to lipid 

peroxidation, which in tum causes breakdown of cellular membranes and tissue 

destruction. Hogg et al. describe in detail this dual role of NO and suggest that the 

rate at which NO is produced in the body determines whether it provides a 

destructive versus protective role.42 It has also been shown that peroxynitrite 

generated as a result of NO release is clearly a mediator of the inflammatory 

response. 11 •34 Given that NO will attenuate inflammation and as in the condition 

Hogg et al. outline, the situation for NO released from glucose sensors is two-sided, 

how much is too much remains to be determined. 

4.3.3.7 Summary 
The NOr sensor performs adequately as exhibited by the Clarke error grid for 

up to 48 hours, in spite of the initial detection of the NO released from the sensor. A 

significant improvement over the current sensor design is in the remarkable 

decrease in inflammatory response within 24 hours after implant and the apparent 

reduced run-in time {less than 2 hours). Sensors that did not fall within currently 

acceptable in vivo and in vitro performance parameters regarding sensitivity, 

linearity, response time, selectivity, and stability do not perform adequately, which is 

expected. A possible issue with overestimation of glycemia with decreasing 

glucose after 48 hours of implant requires further investigation, as well as the 

implications of increased nitrotyrosine formation in the tissue surrounding the 
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sensor. In summary the NOr sensor exhibited adequate function to justify additional 

research, which are proposed in the following section. 

4.3.3.8 Future Studies 
The attempt to propose reasons for the various effects observed in this study 

primarily serves to illustrate the complexity of trying to accurately measure glucose 

relative to blood glucose concentration, by implanting glucose sensors in 

subcutaneous tissue. To try to sort out the mechanisms, experiments that separate 

the sensor function from the biological influences need to be performed. In vivo 

studies that terminate at 6, 24, and 48 hours, where the sensor (NOr and control) is 

explanted in every case and then tested for sensitivity, linearity, response time, 

selectivity, and stability would help determine the extent of sensor function issues. 

In addition, a brief pre-test of the NOr sensors in sterile PBS just prior to implant 

would provide pre and post implant correlation information. The sensors from this 

study could also be examined for post-explant physical integrity possibly by the use 

of cross-sectional SEM examination. Another study which duplicates those 

described in chapter 2, where molecules absorbed to the sensors were identified, 

may provide additional insight, although improvement in detection limits may be 

needed. To determine what biological mechanisms may be contributing, a study 

similar to that conducted by Aussedat et al. would be appropriate. This is where 

examination of increasing and decreasing glucose, by different physiological 

mechanisms is utilized to determine a physiological glucose/oxygen delivery model 

while NO from a NOr sensor is present. 21 

Understanding the mechanism of the NOr sensor function in relationship to 

physiological mechanisms that are also present would be ideal. However, simply 
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extending the release of the NO beyond the current 14 to 18 hour limitation may 

produce results that are quite different than those presented here. Therefore, it 

would be worthwhile to develop a sensor using the endogenous S-nitrosothiols and 

thiolates or ascorbate, as described in the in vitro conclusion, to extend the in vivo 

NO release. 25•26 A sensor of this type would then be used to conduct a similar study 

to that conducted in the research described here. The expectations after all these 

experiments are complete, is that a viable sensor with improved biocompatibility 

would be available for development into a commercial product. The reality is 

though, more questions would probably arise and further research would be 

needed. 
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Chapter 5 Glucose Sensor Biocompatibility 
Conclusions 

The research described in the previous chapters only scratches the surface 

toward understanding the microenvironment surrounding a subcutaneously 

implanted glucose sensor. Particularly when compared to the biocompatibility issues 

that exist which are reflected by the previous research reviewed in the Chapter 1 : 

Introduction. The work does, however, present a significant step forward regarding 

biocompatibility of glucose sensors. Presented here is a summary of the significance 

and possible future directions for each research project (Chapter 2 - 4). In addition, 

a discussion is presented of how the research is interwoven and how each piece 

may fit into a model of the in vivo amperometric glucose sensor microenvironment. 

5.1 Biomolecule Identification - Chapter 2 

The results from the identification of biomolecules on subcutaneous 

implanted sensors indicated that primarily fragments or precursors of larger proteins 

migrate into the sensor membrane structure causing an initial loss of sensitivity. 

Other small molecules such as lipids were not eliminated as a potential source for 

sensitivity loss, but the methods used precluded detecting them. A positive 

identification for serum albumin, hemoglobin, and transferrin was made, and many 

other possible peptide identifications, predominantly smaller than 15kD, were 

proposed. Specific suggestions to overcome the challenges to absolute identification 

of these peptides were proposed. The suggestions were centered on increasing 

both the concentration and volume of sample, then submitting them for analysis with 
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greater sensitivity mass spectrometry techniques than the equipment currently 

available. 

The importance of identifying these biomolecules cannot be underestimated. 

A fundamental goal for glucose sensors is to offer an approach that minimizes 

glucose monitoring by discrete "finger stick" methods and provides a continuous 

monitoring method that tracks trends in patient glycemia for improved therapeutic 

regimens. An implanted glucose sensor with decreasing sensitivity in the first 6 to 18 

hours or that exhibits instability during the implant period (3 to 5 days) does not 

accomplish either goal. The 'biofouling' during the initial implant period has been 

identified as a major limitation to providing a reliable user friendly continuous glucose 

monitoring system. Therefore, identification and subsequent determination of the 

chemical nature of the molecules fouling the sensor would provide the background 

for mechanistic approaches to design biosensor surfaces that counteract the 

biofouling process. 

A critical question that stems from the work presented here is: where do the 

fragments originate from? There is evidence that the fragments exist endogenously 

1-e, or may be fragmented by proteolytic enzymes released during the inflammatory 

response 7, or fragmented by reactive oxygen species released by inflammatory cells 

and/or the sensor (e.g. H2O2). The initial section of Chapter 3: Inflammatory Flux 

Determination, where the interaction of cells with sensors was studied, clearty 

indicated that H2O2 released by the sensors can perturb the cells in the surrounding 

environment. Therefore, it is conceivable that the sensor's production of H20 2, a 

reactive oxygen species, may cause fragmentation of proteins in the in vivo 

environment. Determining the source of the fragments adsorbed to the glucose 
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sensor, could also provide important information to aid in intelligent design for in vivo 

glucose sensors. 

The evidence is very strong, based on previous studies and the studies 

conducted here, that small molecules including peptide fragments (<15kD) are the 

primary source of initial decreased in vivo sensitivity.8•9 However, it has not been 

proven conclusively, as seen in the initial studies in this chapter, that indicated 

reduced sensitivity may also be caused by amino acids, anti-oxidants, or GOx 

inhibitors. Many methods have been used to reduce the adherence of proteins to 

biosensor surfaces, which are reviewed by Wisneiwski & Reichert and show varying 

degrees of success.10 One particular study, conducted after that review, that reports 

no significant sensitivity loss in vivo, is the "wired" sensor from Heller's group. 11 The 

sensor described uses polyethylene glycol (PEG) as the outermost tissue contacting 

layer (to eliminate protein adsorption), but the sensor also does not rely on the 

oxidation of H2O2 to measure glucose. Some methods that reduce biofouling, but do 

not necessarily eliminate all sensitivity losses; indicate that elimination of protein 

adhesion alone does not solve the problem.12 Therefore, the loss of sensitivity could 

very well be caused by the other mechanisms described (H2O2 consumption or GOx 

inhibition) that are inherent with using enzymatic H2O2 production and oxidation to 

measure glucose. The multiple studies with sometimes conflicting results, simply 

points to the complexity of the question regarding in vivo sensitivity decreases. 

5.2 Inflammatory Cell Flux Determination - Chapter 3 

The measurement of oxygen, glucose, and H2O2 flux from inflammatory 

(macrophage-like) cells yielded interesting results. An average of 1.1 pmol cm·2 s·1 
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oxygen consumption by cells was measured and used to show that, according to a 

first approximation, the in vivo fluctuation of oxygen by cellular consumption is 

significant, and therefore, could contribute to apparent sensor instability. A similar 

judgment regarding glucose could not be made due to insufficient flux measurement 

probe sensitivity. However, significant progress was made in development of a more 

robust glucose microelectrode probe for measuring flux. Suggestions for research to 

provide additional flux information at varying stages of the inflammatory response 

were presented, as well as proposals for further improvement of the glucose probe. 

The inability to measure H2O2 flux, however presented an important discovery. 

The release of an electroactive species from the inflammatory cells that is 

detected at +0.6V (interference with H2O2 measurement) was hypothesized to be 

nitric oxide (NO). The absolute confirmation of NO as a flux component is proposed 

as future work, in addition to measuring the magnitude of this flux. However, the 

studies in Chapter 4: NO Release Sensor, proved that an amperometric sensor (the 

glucose sensor) poised at +0.6V detects the release of NO. The implications of NO 

released from inflammatory cells in the microenvironment adjacent to the glucose 

sensor implant site is substantial. 

The estimated rate of NO production by an NO release sensor is 0.009 to 

0.044 pmol/s, which was detected by the KU glucose sensor both in vivo and in vitro. 

Comparing the rate of NO release detected by the KU glucose sensor with the rate of 

NO released by macrophage-like cells provides an appreciation of possible 

deleterious effects to KU glucose sensor response. An estimate based on literature 

flux measurements for macrophage-like cells is 0.17 pmol/s. This number is based 

on an area surrounding the sensor cavity that is 10 layers thick with 50% cell fraction 
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infiltration.13 This calculation makes it apparent that the production of NO by 

inflammatory cells is significantly larger than the flux that was detectable by the KU 

glucose sensor within the same surface area. Therefore, it is quite probable that a 

KU glucose sensor residing in tissue with a significant concentration of inflammatory 

cells would reflect a fluctuating signal from the oxidation of the NO released by the 

cells. The glucose sensor membrane layers intended to exclude interferents 

(cellulose acetate and Nation®} would eliminate nitrate and nitrite, but have no effect 

on NO and since the in vivo diffusion range of NO is relatively large (100 µm) there is 

nothing to counteract the detection of N0.14•15 Although, many mechanisms for in 

vivo glucose sensor instability related to the inflammatory response have been 

suggested (reviewed in Chapter 1: Introduction), there have been no reports that 

suggest that production of NO by cells could contribute to these anomalies. 

5.3 NO Release Sensor- Chapter 4 

Results of the development of a nitric oxide releasing (NOr} glucose sensor 

and preliminary in vivo characterization were very promising. The NOr sensor met 

all the appropriate in vitro parameters (sensitivity, linearity, response time, specificity, 

and stability} to be utilized for in vivo studies. The in vivo studies indicated that the 

NOr sensor showed good performance over 48 hours when compared by Clarke 

error grid analysis to a control sensor without NO release capability (Day 3 NOr 

98.9% A&B versus control 96.8% A&B}. There were two remarkable and distinct 

differences between the NOr sensor and the control sensor, both indicative' of 

improved performance by the NOr sensor. The first is a faster run-in, within 30 

minutes as compared to the protracted run-in of up to 12 hours by the control sensor. 
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The most significant difference is the reduced inflammatory response during the time 

period the sensor actively releases nitric oxide, up to about 24 hours. 

There were also some possible negative consequences of NO release in 

vivo, however additional investigation is needed to confirm if they could be 

problematic in the measurement of glucose. One is an apparent tendency on Day 3 

for the NOr sensor to overestimate glucose when the glucose level is decreasing, a 

potentially catastrophic situation for people with diabetes. The second potential 

issue is an increased nitration of proteins in the tissue where NOr sensors are 

implanted, which may lead to tissue degeneration. The reasons for these differences 

are discussed in-depth in the text. In summary it is clear that the differences are 

related to the release of NO. However, because of the complexity of the in vivo 

environment, attributing these differences to the physiological changes due to 

decreased inflammation versus functional sensor changes due to the presence of 

NO can only be theorized. 

The increase in nitrotyrosine on proteins near the NOr sensor implant is not 

surprising, since it is well known that NO reacts with superoxide to form peroxynitrite, 

which nitrates proteins. In contrast, the presence of the nitrated proteins, caused by 

peroxynitrite formation is linked to the reduction in inflammation.16 Sato et al. 

reported that neutrophil chemotactic activity is reduced by NO induced formation of 

peroxynitrite, which leads to reduced inflammatory response. 17 Several other 

researches also showed that exogenous production of NO with keratinocytes, 

dendritic cells, mast cells, and microglia reduces inflammation via suppression of 

adhesion factors, chemotactic factors, and cytokines.1s..22 Therefore, it appears that 
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the increased presence of nitrotyrosine at the implant site may be indicative of 

inflammatory response suppression. 

The finding that the KU glucose sensor responds to nitric oxide production at 

concentrations less than the concentration inflammatory cells are capable of 

producing, was an inadvertent result of the NOr sensor development. The response 

of the glucose sensor to NO release from the sensor's surface, does not significantly 

affect the accuracy of the in vivo glucose measurement by the NOr sensor. 

However, as described above, the KU glucose sensor's sensitivity to NO released by 

inflammatory cells could have significant implications regarding the future 

development of amperometric glucose sensors. One way of determining how 

serious this effect could be is to incorporate the detection of NO by the glucose 

sensor into a mathematical model, along with the oxygen, glucose, and hydrogen 

peroxide data. 

5.4 Assimilation of Data into a Mathematical Model 

Development of a mathematical model that incorporates all the findings in this 

research study is beyond the scope of this dissertation. However, a general 

discussion of how to begin the process and utilize the data, can be included based 

on modeling of sensors reported in the literature. Modeling of glucose sensor 

function has been reported by several researchers, including one example of a 

closed loop system incorporating a controller for insulin based on the output of a 

glucose sensor. 23 This is the original concept envisioned by researchers of how a 

glucose sensor would be utilized, as the control unit in an artificial pancreas. Such a 
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model may be employed to help develop an appropriate therapeutic algorithm for an 

individual patient's glycemic response. 

Because development of the glucose sensor is the most critical factor, 

modeling of the sensor function was recognized as a key step that may aid in 

development of glucose sensors without depending solely on empirical methods. 

Significant work has been reported by Gough et al., among others, and will be the 

focus of the proposal presented here.24-27 Several of these reports are simulating the 

response of a sensor that measures the decrease in oxygen due to consumption by 

the reactions: 

Glucose+ GOx-FAD GluconicAcid + GOx-FADH2 

and 

GOx-FADH2 + 02 GOx-FAD + H202. 

As an expansion of this model Gough et al. also developed a numerical 

method to simulate the response of a sensor that measures the production of H202, 

which is the functional mechanism of the glucose sensor used in this research. 28 

With this method it is reported that the model can accurately predict the response of 

the sensor to dynamic changes in glucose concentration. 

When considering a possible model to predict the function of a glucose 

sensor in the in vivo environment, including consideration of the inflammatory tissue 

region it is helpful to review the diagram in Figure 5.1. The diagram represents the 

environment with three basic compartments: the glucose sensor, the inflammatory 

tissue, and the normal tissue. The sensor and inflammatory compartment also 

include additional elements, for the sensor it is the membrane layers and for the 

inflammatory tissue it is distinct layers of cells. To describe potential development of 
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a model from familiar concepts the problem is initially divided into two separate 

problems: 1) the function of the sensor with a boundary interface between the 

inflammatory tissue compartment and the outermost semi-permeable sensor 

membrane, and 2) the inflammatory tissue compartment between the sensor and the 

normal tissue compartment 
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Figure 5.1: Diagram of glucose sensor In vivo model depicting flux of 02, glucose, 
H20 2, or NO within the inflammatory tissue region, sensor, and normal tissue. 

To simulate the response of the sensor use of the model developed by 

Gough et al. is proposed. A multivariate numerical method is employed with 

equations developed around the diffusion of 02, glucose, and H202 in the sensor 

membrane layers and the chemical reaction of the same components within the 

enzyme layer. This gives a problem with two major controlling factors: mass transfer 

and a chemical reaction. The mass transfer in the Gough equation is governed by 
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Fick's diffusion law and the chemical reaction by Michaelis-Menten kinetics. The 

square of the Thiele modulus, which is the ratio between the chemical reaction and 

the internal diffusion, is incorporated into the model. This ratio is the primary 

indicator regarding which factor is controlling. For the KU glucose sensor designed 

here, because of the glucose diffusion limiting outermost membrane the system is 

diffusion controlled rather than chemical reaction controlled (first order reaction). A 

solution to these relationships is developed with Faraday's law to convert the analyte 

diffusion and reaction components into current. The details of these calculations are 

described in Gough's reports.26•27 

Utilizing the numerical method described above only provides a partial picture 

for the sensor component in the case presented for this research. The diffusion of 

H2O2 and NO from the environment (production by inflammatory cells) external to the 

sensor must also be factored in. These external components are not involved in a 

chemical reaction within the sensor. The ref ore, only the mass transfer portion of the 

model needs to be modified to include any current that may result from additional 

H2O2 and NO diffusing into the sensor. The infiltration of fragments of proteins may 

also be factored into this model by adjusting the mass transfer functions to reflect 

increased diffusivity through the sensor membranes. 

The second part of the model that is proposed is the inflammatory tissue 

region. Gough's model did not extend beyond the flux of oxygen and glucose into 

the sensor, therefore a different method that accounts for variations in the analyte 

concentrations due to the metabolic function of the inflammatory cells is required. A 

simulation using a simple iteration finite difference method is under development in 

the Wilson laboratory for microdialysis determination of brain glucose. The proposal 
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is to adapt that method to determine what the concentration of each individual 

analysis component, 02, glucose, H202, and NO, would be at the sensor. 

inflammatory tissue interface. 

In this case the region is divided into finite cell layer sections with the normal 

tissue as the outside boundary and the sensor being the inside boundary. As for the 

sensor model, the equations are developed with a mass transfer component and a 

chemical reaction component, which is the consumption of 0 2 and glucose, or 

production of H20 2, and NO by cells. These reaction rates can be modified within 

the model to simulate first order, second order, or saturation (Michaelis-Menten) 

kinetics. The simulation is iterated starting with an initial zero concentration of the 

analyte of interest at the sensor surface, and a fixed concentration in the normal 

tissue, and a rate of consumption or production by cells based on first order, second 

order, or saturation kinetics in each layer. The final result after iteration through each 

finite layer would be a concentration of analyte from the normal tissue to the sensor 

surface. These values would then be fed into the numerical model described above 

for the sensor, to simulate current response. 

The simplest way to accomplish the goal is to perform the inflammatory tissue 

finite difference simulation for each analyte individually, and then use those results 

for the numerical simulation of the sensor. However, a more sophisticated method 

would be to develop a multivariate finite difference simulation (incorporating the four 

analytes) for the inflammatory region and couple this directly to the numerical sensor 

simulation. The mathematical development and testing of the model proposed ties 

most of the findings in this dissertation to a single point, which would be an ideal 

conclusion for the work presented. A brief summary of other research {described in 
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detail in each chapter) that may need to be conducted to provide more complete data 

to run the simulation is presented below. 

5.5 Future Directions 

A description of techniques that could be utilized to enhance the possibility of 

additional biomolecule identification, which would confirm the presence of fragments 

of many different proteins, would help clarify the biofouling process. Expanding this 

study to include the sensors with NO release function or other anti-fouling coatings 

may be helpful in determining both the effectiveness of the anti-fouling mechanism 

and the mechanics of the biofouling process. 

To expand the biological data for the various analyte components for the 

model (glucose, H202, and NO), BRC type probes with greater sensitivity and 

specificity should be developed and used to make additional inflammatory flux 

measurements. Including cell types that represent different phases of the 

inflammatory response in the flux determinations would add important biological data 

to the proposed model. A study of that type may indicate which phases of the 

inflammatory reaction are most problematic with regard to sensor stability. 

The most obvious future work for the NO release sensor is to continue 

development and characterization including a methodology that extends NO release 

time. Incorporated in this work would be an expansion of the in vivo NO release 

studies to include insulin injections so sensor function could be determined in the 

critical low glucose ranges (<5 mM). To add to the lower glycemia characterization, 

a study like the one conducted by Aussedat et al., where the glucose sensor 

response is monitored during decreasing and increasing blood glucose conditions 
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should be performed. 28 A study of this type would clarify the apparent tendency of 

the NOr sensor to overestimate glucose when glucose is decreasing. 

Based on the findings presented in this dissertation, along with consideration 

of all the research reported by multitudes of glucose sensor researchers over the 

previous three decades, it appears that the impediments to reliable continuous 

monitoring glucose systems are still significant. However, it can also be observed 

that huge strides have been made in understanding and overcoming the obstacles 

that were present, which is evidenced by the three different glucose monitoring 

systems currently approved by FDA. Continued research in the area of glucose 

monitoring will only provide improvements to the technology and thus benefit the 

ever growing population of millions of people with diabetes. 
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Appendix A: Possible Proteins Identified by M/Z for 
Chapter 2 

http://au.expasy.org/tools/tagident.html 
Scan done on 24-May-2004. 
Swiss-Prot Release 43.4 of 24-May-2004: 152040 entries 

M/Z found on in vivo membranes, Pt/Ir electrodes, and GOx+BSA digested 
control - but not found on blank membrane, blank Pt/Ir electrodes, or other 
GOx membrane controls. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 3330 
delta-pl = 5.00 
delta-MW = 66 
os or oc = RA nus 
KW keyword = ALL 
8 proteins found in the specified pl/Mw ranges 
DEF4 RAT (Q62714) Source for in vivo samples? 

Neutrophil antibiotic peptide NP-4 precursor (Neutrophil defensin 4) 
(RatNP-4). 
pl: 8.96, MW: 3338.97 Neutrophil antibiotic peptide NP-4. 
• FUNCTION: Active in vitro against S.aureus, fungi, Gram-positive 

and Gram-negative bacteria and to a lesser extent against an 
enveloped virus. 

• SUBCELLULAR LOCATION: Secreted. 
• TISSUE SPECIFICITY: Highest expression in bone marrow and to a 

much lesser extent in small intestine. 
• SIMILARITY: Belongs to the corticostatin/defensin family. 

DEFA RAT (Q62713) 
Neutrophil antibiotic peptide NP-3 precursor (Neutrophil defensin 3) 
(RatNP-3a). 
pl: 9.25, MW: 3271.83 Neutrophil antibiotic peptide NP-3. 

DEFB RAT (Q9Z1 F1) 
Neutrophil antibiotic peptide NP-3 precursor (Neutrophil defensin 3) 
(RatNP-3b). 
pl: 9.25, MW: 3271.83 Neutrophil antibiotic peptide NP-3 
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GLUC RAT (P06883) Source for GOx+? 
Glucagon precursor [Contains: Glicentin; Glicentin-related polypeptide 
(GRPP); Oxyntomodulin (OXY) (OXM); Glucagon; Glucagon-like peptide 1 
(GLP-1); Glucagon-like peptide 1(7-37) (GLP-1(7-37)); Glucagon-like peptide 
1(7-36) (GLP-1(7-36)); Glucagon-like peptide 2 (GLP-2)]. 
pl: 3.91, MW: 3381.44 Glicentin-related polypeptide (By 

GLUC RAT (P06883) 
Glucagon precursor [Contains: Glicentin; Glicentin-related polypeptide 
(GRPP); Oxyntomodulin (OXY) (OXM); Glucagon; Glucagon-like peptide 1 
(GLP-1); Glucagon-like peptide 1(7-37) (GLP-1(7-37)); Glucagon-like peptide 
1(7-36) (GLP-1(7-36)); Glucagon-like peptide 2 (GLP-2)]. 
pl: 5.53, MW: 3355.71 Glucagon-like peptide 1(7-37) (By 

GLUC RAT (P06883) 
Glucagon precursor [Contains: Glicentin; Glicentin-related polypeptide 
(GRPP); Oxyntomodulin (OXY) (OXM); Glucagon; Glucagon-like peptide 1 
(GLP-1); Glucagon-like peptide 1(7-37) (GLP-1(7-37)); Glucagon-like peptide 
1(7-36) (GLP-1(7-36)); Glucagon-like peptide 2 (GLP-2)]. 
pl: 5.53, MW: 3298.66 Glucagon-like peptide 1(7-36) (By 

• FUNCTION: Glucagon plays a key role in glucose metabolism and 
homeostasis. Regulates blood glucose by increasing gluconeogenesis and 
decreasing glycolysis. A counterregulatory hormone of insulin, raises plasma 
glucose levels in response to insulin-induced hypoglycemia. Plays an 
important role in initiating and maintaining hyperglycemic conditions in 
diabetes. 

• FUNCTION: GLP-1 is a potent stimulator of glucose-dependent insulin 
release. Play important roles on gastric motility and the suppression of 
plasma glucagon levels. May be involved in the suppression of satiety and 
stimulation of glucose disposal in peripheral tissues, independent of the 
actions of insulin. Have growth-promoting activities on intestinal epithelium. 
May also regulate the hypothalamic pituitary axis (HPA) via effects on LH, 
TSH, CRH, oxytocin, and vasopressin secretion. Increases islet mass 
through stimulation of islet neogenesis and pancreatic beta cell proliferaton. 
Inhibits beta cell apoptosis. 

• FUNCTION: GLP-2 stimulates intestinal growth and up-regulates villus height 
in the small intestine, concomitant with increased crypt cell proliferation and 
decreased enterocyte apoptosis. The gastrointestinal tract, from the stomach 
to the colon is the principal target for GLP-2 action. Plays a key role in 
nutrient homeostasis, enhancing nutrient assimilation through enhanced 
gastrointestinal function, as well as increasing nutrient disposal. Stimulates 
intestinal glucose transport and decreases mucosa! permeability. 

• FUNCTION: Oxyntomodulin significantly reduces food intake. 
• FUNCTION: Glicentin may modulate gastric acid secretion and the gastro-

pyloro-duodenal activity. 
• SUBCELLULAR LOCATION: Secreted. 
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• TISSUE SPECIFICITY: Glucagon is secreted in the A cells of the islets of 
Langerhans. GLP-1, GLP-2, oxyntomodulin and glicentin are secreted from 
enteroendocrine cells throughout the gastrointestinal tract. 

• INDUCTION: Glucagon release is stimulated by hypoglycemia and inhibited 
by hyperglycemia, insulin, and somatostatin. GLP-1 and GLP-2 are induced 
in response to nutrient ingestion. 

• PTM. Proglucagon is posttranslationally processed in a tissue-specific 
manner in pancreatic A cells and intestinal L cells. In pancreatic A cells, the 
major bioactive honnone is glucagon cleaved by PCSK2/PC2. In the 
intestinal L cells PCSK1/PC1 liberates GLP-1, GLP-2, glicentin and 
oxyntomodulin. GLP-1 is further N-terminally truncated by posttranslational 
processing in the intestinal L cells resulting in GLP-1(7-37) GLP-1-(7-
36)amide. The C-terminal amidation is neither important for the metabolism of 
GLP-1 nor for its effects on the endocrine pancreas. 

• SIMILARITY: Belongs to the glucagon family. 

Digested In Vivo Sensor Membrane M/Z Search 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 5080 
delta-pl = 10.00 
delta-MW= 101 
OS or QC = RA nus 
KW keyword = ALL 
3 proteins found in the specified pl/Mw ranges 

CATL RAT (P07154) 
Cathepsin L precursor (EC 3.4.22.15) (Major excreted protein) (MEP) (Cyclic 
protein-2) (CP-2). 
pl: 9.26, MW: 5056.75 Cathepsin L light chain. 

The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 5577 
delta-pl = 5.00 
delta-MW= 55 
OS or OC = RA nus 
KW keyword = ALL 
3 proteins found in the specified pl/Mw ranges 
TGFA RAT (P01134) 

Transfonning growth factor alpha precursor (TGF-alpha) {EGF-like TGF) 
(ETGF) (TGF type 1). pl: 6.53, MW: 5623.39 Transforming growth factor 
alpha 
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The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 7919.94 
delta-pl = 5.00 
delta-Mw = 158 
OS or OC = RA TTUS 
KW keyword = ALL 
8 proteins found in the specified pl/Mw ranges 
4 proteins duplicates of key word Inflammatory response search below 

FCEG RAT (P20411) 
High affinity immunoglobulin epsilon receptor gamma-subunit 
precursor (FceRI gamma) (lgE Fe receptor gamma-subunit) (Fe-epsilon 
RI-gamma). 
pl: 7.97, MW: 7856.14 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 7919.94 
delta-pl = 5.00 
delta-Mw = 158 
OS or OC = RA TTUS 
KW keyword = INFLAMMATORY RESPONSE 
4 proteins found in the specified pl/Mw ranges 

GRO RAT (P14095) 
Growth regulated protein precursor (CXCL 1) (Cytokine-induced 
neutrophil chemoattractant) (CINC-1) (Platelet-derived growth factor-
inducible protein KC). 
pl: 9.1 O, MW: 7849.37 Growth regulated protein. 

SY03 RAT (P50229) 
Small inducible cytokine A3 precursor (CCL3) (Macrophage 
inflammatory protein 1-alpha) (MIP-1-alpha). 
pl: 5.19, MW: 7853.90 Small inducible cytokine A3. 

SY04 RAT (P50230) 
Small inducible cytokine A4 precursor (CCL4) (Macrophage 
inflammatory protein 1-beta) (MIP-1-beta). 
pl: 5.09, MW: 7820.79 Small inducible cytokine A4. 
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SY05 RAT (P50231) 
Small inducible cytokine A5 precursor (CCL5) (T-cell specific RANTES 
protein} (SIS-delta}. 
pl: 8.76, MW: 7876.01 Small inducible cytokine A5. 

The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 10146 
delta-pl = 5.00 
delta-Mw = 202 
OS or QC = RA TTUS 
KW keyword = ALL 
17 proteins found in the specified pl/Mw ranges 

CTRB RAT (P07338) 
Chymotrypsinogen B precursor (EC 3.4.21.1 ). 
pl: 6.28, MW: 10047.57 Chymotrypsin B chain C. 

KLK9 RAT (P07647) 
Glandular kallikrein 9, submandibular precursor (EC 3.4.21.35) (Tissue 
kallikrein) (S3 kallikrein) (Submandibular enzymatic vasoconstrictor) (SEV) 
(KLK-S3). 
pl: 9.30, MW: 9953.34 Glandular kallikrein 9 light chain. 

KLKA RAT (P36375) 
Glandular kallikrein 10 precursor {EC 3.4.21.35) {Tissue kallikrein) {T-
kininogenase) {K10) (Proteinase 8) (Endopeptidase K) (Fragment). 
pl: 7.93, MW: 10266.64 T-kininogenase light chain. 

PGSG RAT (P04917) 
Secretory granule proteoglycan core protein precursor (Chondroitin sulfate 
proteoglycan core protein) (Proteoglycan 1 OK core protein) (PG19 core 
protein) (Cytolytic granule proteoglycan core protein). 
pl: 3.60, MW: 10190.39 

S108 RAT (P50115) 
Calgranulin A (Migration inhibitory factor-related protein 8) (MRP-8) (p8). 
pl: 5.69, MW: 10107.32 
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SYC1 RAT (P51672) 
Lymphotactin precursor (XCL 1) (Cytokine SCM-1) (Small inducible cytokine 
C1). 
pl: 10.35, MW: 10045.75 Lymphotactin. 

S205 RAT (P97885) 
Small inducible cytokine 85 precursor (CXCL5) (Cytokine LIX). 
pl: 9.84, MW: 10098.13 Small inducible cytokine 85. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 11865 
delta-pl= 5.00 
delta-Mw = 593 
OS or QC = RA nus 
KW keyword = INFLAMMATORY RESPONSE 

1 proteins found in the specified pl/Mw ranges 
MIF RAT (P30904) 

Macrophage migration inhibitory factor (MIF) (Phenylpyruvate 
tautomerase) (EC 5.3.2.1) (Glutathione-binding 13 kDa protein). 
pl: 7.28, MW: 12346.05 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 11865 
delta-pl = 5.00 
delta-MW = 237 
OS or OC = RA nus 
KW keyword = ALL 
18 proteins found in the specified pl/Mw ranges 

IL 13 RAT (P42203) 
lnterleukin-13 precursor (IL-13) (T-cell activation protein PG00). 
pl: 8.59, MW: 12082.73 lnterleukin-13. 

82MG RAT (P07151) 
Beta-2-microglobulin precursor. 
pl: 7.08, MW: 11636.30 Beta-2-microglobulin. 

FKB1 RAT (Q62658) 
FK506-binding protein 1A (EC 5.2.1.8) {Peptidyl-prolyl cis-trans isomerase) {PPlase) 
{Rotamase) (12 kDa FKBP) (FKBP-12) (lmmunophilin FKBP12). 
pl: 8.08, MW: 11791.44 
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FKBB RAT (P97534) 
FK506-binding protein 18 (EC 5.2.1.8) (Peptidyl-prolyl cis-trans isomerase) (PPlase) 
(Rotamase) (12.6 kDa FKBP) (FKBP-12.6) (lmmunophilin FKBP12.6). 
pl: 8.64, MW: 11663.37 

THl2 RAT (P97615) 
Thioredoxin, mitochondrial precursor (Mt-TRX) (Thioredoxin 2). 
pl: 4.88, MW: 11835.58 Thioredoxin. 

GLRX RAT (Q9ESH6) 
Glutaredoxin (Thioltransferase) (TTase). 
pl: 8.94, MW: 11747.69 

• FUNCTION: Has a glutathione-disulfide oxidoreductase activity in the 
presence of NADPH and glutathione reductase. Reduces low 
molecular weight disulfides and proteins. 

• SUBCELLULAR LOCATION: Cytoplasmic. 
• SIMILARITY: Belongs to the glutaredoxin family 

THl2 RAT (P97615) 
Thioredoxin, mitochondrial precursor (Mt-TRX) (Thioredoxin 2). 
pl: 4.88, MW: 11835.58 Thioredoxin. 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw=23727 
delta-pl= 5.00 
delta-MW = 237 
OS or OC = RA TTUS 
KW keyword = ALL 
29 proteins found in the specified pl/Mw ranges 

C1QB RAT (P31721) 
Complement C1 q subcomponent, B chain precursor. 
pl: 9.14, MW: 23730.92 Complement C1q subcomponent, B chain. 

FGFG RAT (054769) 
Fibroblast growth factor-16 (FGF-16). 
pl: 9.39, MW: 23752.85 

MA32 RAT (035796) 
Complement component 1, Q subcomponent binding protein, 
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mitochondrial precursor (Glycoprotein GC1QBP) (GC1Q-R protein). 
pl: 4.39, MW: 23595.94 

MABA RAT (P19999) 
Mannose-binding protein A precursor (MBP-A) (Mannan-binding protein). 
pl: 7.55, MW: 23526.46 Mannose-binding protein A. 

• FUNCTION: Binds mannose and N-acetylglucosamine in a calcium-
dependent manner. Is capable of host defense against pathogens, by 
activating the classical complement pathway independently of the antibody. 

• SUBUNIT: Oligomeric complex of 6 set of homotrimers. 
• SUBCELLULAR LOCATION: This protein is located intracellular, most 

predominantly in the rough endoplasmic reticulum and in the Golgi apparatus, 
and little or no MBP is present in plasma membranes and lysosomes. The 
MBP is exclusively localized in the cistemal space of the organelles, probably 
as a loosely bound membrane protein. 

• SIMILARITY: Contains 1 C-type lectin family domain. 
• SIMILARITY: Contains 1 collagenous domain 

SOC 1 RAT (Q9QX78) 
Suppressor of cytokine signaling 1 (SOCS-1). 
pl: 11.21, MW: 23826.24 

TRY1 RAT {P00762) 
Trypsin I, anionic precursor (EC 3.4.21.4) (Pretrypsinogen I). 
pl: 5.02, MW: 23604.71 Trypsin I, anionic. 

TRY2 RAT (P00763) 
Trypsin II, anionic precursor (EC 3.4.21.4) (Pretrypsinogen II). 
pl: 4.94, MW: 23797.91 Trypsin 11, anionic. 

TRY3 RAT (P08426) 
Trypsin Ill, cationic precursor (EC 3.4.21.4) (Pretrypsinogen Ill). 
pl: 8.43, MW: 23723. 79 Trypsin Ill, cationic. 
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The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw=61500 
delta-pl = 5.00 
delta-MW = 1230 
OS or QC = RA TTUS 
KW keyword = ALL 
Number of proteins found in the specified pl/Mw ranges 54 
The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 61500 
delta-pl = 5.00 
delta-MW= 615 
OS or OC = RA TTUS 
KW keyword = ALL 
Number of proteins found in the specified pl/Mw ranges 25 

C4BP RAT (063514) 
C4b-binding protein alpha chain precursor (C4bp). 
pl: 7.14, MW: 60918.35 C4b-binding protein alpha chain 

GPV RAT (O08TT0) 
Platelet glycoprotein V precursor {GPV) (CD42D). 
pl: 8.87, MW: 61733.87 Platelet glycoprotein V 

GRN RAT (P23785) 
Granulins precursor (Acrogranin) [Contains: Granulin 1 (Granulin G); Granulin 
2 (Granulin F); Granulin 3 (Granulin B) (Epithelin 2); Granulin 4 {Granulin A) 
{Epithelin 1); Granulin 5 (Granulin C); Granulin 6 (Granulin D); Granulin 7 
(Granulin E)]. 
pl: 5.96, MW: 61489.42 Acrogranin 

• FUNCTION: The GPlb-V-IX complex functions as the von Willebrand 
factor receptor and mediates von Willebrand factor-dependent platelet 
adhesion to blood vessels. The adhesion of platelets to injured vascular 
surfaces in the arterial circulation is a critical initiating event in hemostasis 
(By similarity). 

• SUBCELLULAR LOCATION: Type 1 membrane protein. 
• SIMILARITY: Contains 14 leucine-rich (LRR) repeats 
• FUNCTION: Granulins have possible cytokine-like activity. They may play 

a role in inflammation, wound repair, and tissue remodeling. 
• SUBCELLULAR LOCATION. Secreted. 
• TISSUE SPECIFICITY: Ubiquitous; most abundant in the spleen and 

several tissues of endocrine significance. 
• PTM: Granulins are disulfide bridged. 
• SIMILARITY: Belongs to the granulin family 

IRL1 RAT (Q62611) 
lnterleukin-1 receptor-like 1 precursor (Fas-responsive gene 1 protein) 
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(Fit-1). 
pl: 9.28, MW: 61425.90 lnterteukin-1 receptor-like 1. 

• FUNCTION: Possibly involved in helper T cell function (By 
similarity). 

• SUBCELLULAR LOCATION: Type I membrane protein. lsoform 8 
is secreted. 

• TISSUE SPECIFICITY: lsoform A is detected in spleen, lung, 
bone marrow and lymh node. lsoform B is predominant in 
fibroblasts. 

• INDUCTION: By FOS. 
• SIMILARITY: Belongs to the interleukin-1 receptor family. 
• SIMILARITY: Contains 3 immunoglobulin-like C2-type domains. 
• SIMILARITY: Contains 1 TIR domain 

IRL2 RAT (Q62929) 
lnterteukin-1 receptor-like 2 precursor (lnterleukin-1 receptor- related 
protein 2) (IL 1 R-rp2). 
pl: 7.03, MW: 61820.83 lnterteukin-1 receptor-like 2. FUNCTION: 
Receptor for interleukin 1 family member 9 (IL 1 F9). Binding to the 
agonist leads to the activation of NF-kappa-B (By simllarlty). 

• SUBCELLULAR LOCATION: Type I membrane protein. 
• TISSUE SPEC/RC/TY: Predominant expression in the lung and 

epididymis, with lower expression in cerebral cortex and testis. 
Expression in the brain is non-neuronal and associated with the 
cerebral vasculature. Not detected in any cell line tested. 

• MISCELLANEOUS: Does not bind interleukin 1 alpha (IL-1A) or 
interleukin 1 beta (IL-18) (By similarity). 

• SIMILARITY: Belongs to the interleukin-1 receptor family. 
• SIMILARITY: Contains 3 immunoglobulin-like C2-type domains. 
• SIMILARITY: Contains 1 TIR domain 

PGMU RAT (P38652) 
Phosphoglucomutase (EC 5.4.2.2) (Glucose phosphomutase) (PGM). 
pl: 6.32, MW: 81271.95 

• FUNCTION: This enzyme participates in both the breakdown and synthesis 
of glucose. 

• CATALYTIC ACTIVITY: Alpha-D-glucose 1-phosphate = alpha-D-glucose 6-
phosphate. 

• COFACTOR-. Binds 1 magnesium ion per subunit (By similarity). 
• SUBUNff: Monomer (By similarity). 
• SUBCELLULAR LOCATION: Cytoplasmic. 
• SIMILARITY: Belongs to the phosphohexose mutase family 
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Not Digested In Vivo Sensor Membrane M/Z Search 
The search in Swiss-Prat has been launched with the following values: 
pl= 7 
Mw= 3780 
delta-pl = 5.00 
delta-Mw = 75 
os or oc = RA nus 

keyword = ALL 

Number of proteins found in the specified pl/Mw ranges Z 
DEF1 RAT (062716) 
Neutrophil antibiotic peptide NP-1 precursor (Neutrophil defensin 1) (RatNP-1). 
pl: 9.99, MW: 3835.54 Neutrophil antibiotic peptide NP-1. 

DEF2 RAT (Q62715) 
Neutrophil antibiotic peptide NP-2 precursor (Neutrophil defensin 2) (RatNP-2). 
pl: 9.69, MW: 3766.43 Neutrophil antibiotic peptide NP-2. 

GLUC RAT (P06883) 
Glucagon precursor [Contains: Glicentin; Glicentin-related polypeptide (GRPP); 
Oxyntomodulin (OXY) (OXM); Glucagon; Glucagon-like peptide 1 (GLP-1); 
Glucagon-like peptide 1(7-37) (GLP-1(7-37)); Glucagon-like peptide 1(7-36) (GLP-
1 (7-36)); Glucagon-like peptide 2 (GLP-2)]. 
pl: 4.30, MW: 3796.18 Glucagon-like peptide 2 (By similarity). 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 3839 
delta-pl= 5.00 
delta-Mw = 76 
OS or QC = RA nus 

keyword = ALL 
Number of proteins found in the specified pl/Mw ranges 1 O 

DEF1 RAT (Q62716) 
Neutrophil antibiotic peptide NP-1 precursor (Neutrophil defensin 1) 
(RatNP-1). pl: 9.99, MW: 3835.54 Neutrophil antibiotic peptide NP-1. 

DEF2 RAT (Q62715) 
Neutrophil antibiotic peptide NP-2 precursor (Neutrophil defensin 2) 

(RatNP-2). pl: 9.69, MW: 3766.43 Neutrophil antibiotic peptide NP-2. 
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GLUC RAT (P06883) 

Glucagon precursor [Contains: Glicentin; Glicentin-related polypeptide 
(GRPP); Oxyntomodulin (OXY) (OXM); Glucagon; Glucagon-like peptide 1 
(GLP-1); Glucagon-like peptide 1(7-37) {GLP-1(7-37)); Glucagon-like peptide 
1(7-36) (GLP-1(7-36)); Glucagon-like peptide 2 (GLP-2)). pl: 4.30, MW: 
3796.18 Glucagon-like peptide 2 (By similarity). 

PSPC RAT {P11685) 
Pulmonary surfactant-associated protein C precursor (SP-C) (Pulmonary 
surfactant-associated proteolipid SPL(Val)). 
pl: 9. 70, MW: 3780.95 lipoprotein - for gas transport 

RELX RAT (P01347) 
Prorelaxin precursor. 
pl: 6.24, MW: 3909.51 Relaxin B chain. In insulin family (found in ovarian for 
muscle relaxing) 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 6900 
delta-pl= 5.00 
delta-MW = 138 
OS or QC = RA TTUS 
KW keyword = ALL 
5 proteins found in the specified pl/Mw ranges Nothing of any consequence 
found 

The search in Swiss-Prat has been launched with the following values: 
pl= 7 
Mw= 9923 
delta-pl = 5.00 
delta-MW = 198 
OS orOC = RATTUS 
KW keyword = ALL 
Number of proteins found in the specified pl/Mw ranges14 

S108 RAT (P50115) 
Calgranulin A {Migration inhibitory factor-related protein 8) (MRP-8) (p8). pl: 
5.69, MW: 10107.32 

• FUNCTION: Has maximal chemotactic activity for neutrophils. May play an 
important role in cellular immune reactions. 

• SUBUNIT: Homodimer and/or heterodimer. 

• MASS SPECTROMETRY: MW=10149; MW_ERR=2; METHOD=Electrospray; 
RANGE=1-88. 
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• MISCELLANEOUS: Binds two calcium ions per molecule with an affinity 
similar to that of the S-100 proteins (By similarity). 

• SIMILARITY: Belongs to the S-100 family. 

• SIMILARITY: Contains 2 EF-hand calcium-binding domains. 

SYC1 RAT {P51672) 
Lymphotactin precursor {XCL 1) (Cytokine SCM-1) (Small inducible cytokine 
C1). 
pl: 10.35, MW: 10045.75 Lymphotactin. 

S205 RAT (P97885) 
Small inducible cytokine 85 precursor (CXCL5) (Cytokine LIX). 
pl: 9.84, MW: 10098.13 Small inducible cytokine 85 

KLK1 RAT (P00758) 
Glandular kallikrein, pancreatic 1 precursor {EC 3.4.21.35) (Tissue kallikrein) 
{PS kallikrein) (RGK-1). 
pl: 4.98, MW: 10036.16 Glandular kallikrein 1 chain 1. 

KLK9 RAT (P07647) 
Glandular kallikrein 9, submandibular precursor (EC 3.4.21.35) (Tissue 
kallikrein) (S3 kallikrein) (Submandibular enzymatic vasoconstrictor) (SEV) 
{KLK-S3). 
pl: 9.30, MW: 9953.34 Glandular kallikrein 9 light chain 

• FUNCTION: Glandular kallikreins cleave Met-Lys and Arg-Ser bonds in 
kininogen to release Lys-bradykinin. This enzyme has a vasoconstrictor 
activity. KLK-9 has both a chymotrypsin-like and a trypsin-like properties. 

• CATALYTIC ACTIVITY: Preferential cleavage of Arg-1-Xaa bonds in small 
molecule substrates. Highly selective action to release kallidin (lysyl-
bradykinin) from kininogen involves hydrolysis of Met-1-Xaa or Leu-1-Xaa. 

• SUBUNIT: Heterodimer of a light chain and heavy chain linked by a disulfide 
bond. 

• SIMILARITY: Belongs to peptidase family S1. Kallikrein subfamily 
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The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 11350 
delta-pl = 5.00 
delta-MW = 227 
OS or OC = RATTUS 
KW keyword = ALL 
15 proteins found in the specified pl/Mw ranges 

BIM RAT (088498) 
Bcl-2-like protein 11 (Bcl2 interacting mediator of cell death) (Bcl-2 related 
ovarian death protein). 
pl: 6.28, MW: 11153.58 Bcl-2-like protein 11, isoform 8OD-S 

CYTA RAT (P01039) 
Cystatin alpha (Epidermal thiol proteinase inhibitor) (Stefin, epidermal) 
(Cystatin A). 
pl: 5.42, MW: 11563.17 

• FUNCTION: This is an intracellular thiol proteinase inhibitor. 
• SUBCELLULAR LOCATION: Cytoplasmic. 
• SIMILARITY: Belongs to the cystatin family 

THIO RAT (P11232) 
Thioredoxin. 
pl: 4.80, MW: 11542.28 

• FUNCTION: Participates in various redox reactions through the reversible 
oxidation of its active center dithiol to a disulfide and catalyzes dithiol-
disulfide exchange reactions (By similarity). 

• SUBCELLULAR LOCATION: Cytoplasmic (By similarity). 
• SIMILARITY: Belongs to the thioredoxin family. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 11582 
delta-pl = 5.00 
delta-MW= 231 
os or oc = RA nus 
KW keyword = ALL 
22 proteins found in the specified pl/Mw ranges 
Reduced delta Mw to minimize number of hits. 
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The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 11582 
delta-pl= 5.00 
delta-MW = 115 
OS or OC = RATTUS 
KW keyword = ALL 
10 proteins found in the specified pl/Mw ranges 

82MG RAT (P07151) 
Beta-2-microglobulin precursor. 
pl: 7.08, MW: 11636.30 Beta-2-microglobulin. 

• FUNCTION: Beta-2-microglobulin is the beta-chain of major histocompatibility 
complex class I molecules. 

• SUBCELLULAR LOCA T/ON: Secreted. 
• SIMILARITY: Contains 1 immunoglobulin-like domain 

CYTA RAT (P01039) 
Cystatin alpha (Epidermal thiol proteinase inhibitor) (Stefin, epidem,al) 
(Cystatin A). 
pl: 5.42, MW: 11563.17 

THIO RAT (P11232) 
Thioredoxin. 
pl: 4.80, MW: 11542.28 

The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 13083 
delta-pl = 5.00 
delta-Mw = 130 
OS or OC = RA TTUS 
KW keyword = ALL 
Number of proteins found in the specified pl/Mw ranges13 
ILS RAT (008125) 

lnterleukin-5 precursor (IL-5) (T-cell replacing factor) (TRF) (B-cell 
growth factor II) (BCGF-11) (Eosinophil differentiation factor) (Cytotoxic 
T lymphocyte inducer). 
pl: 6.90, MW: 13074.22 lnterfeukin-5. 

VEGD RAT (035251) 
Vascular endothelial growth factor D precursor (VEGF-0) (c-fos 
induced growth factor) (FIGF). 
pl: 6.88, MW: 13115.08 Vascular endothelial growth factor D 
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The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 13385 
delta-pl = 5.00 
delta-MW= 133 
os or oc = RA nus 

keyword = ALL 
13 proteins found in the specified pl/Mw ranges 

EMBP RAT (063189) 
Eosinophil granule major basic protein precursor (MBP). 
pl: 11.46, MW: 13451.58 Eosinophil granule major basic protein 

• FUNCTION: Cytotoxin and helminthotoxin. MBP also induces noncytolytic 
histamine release from basophils. It is involved in antiparasitic defense 
mechanisms and immune hypersensitivity reactions (By similarity). 

• SUBCELLULAR LOCATION: Matrix of eosinophil's large specific granule 
(crystalloid core) (By similarity). 

• SIMILARITY: Contains 1 C-type lectin family domain 

IL 15 RAT (P97604) 
lnterleukin-15 precursor (IL-15). 
pl: 4.60, MW: 13375.16 lnterfeukin-15 

• FUNCTION: Cytokine that stimulates the proliferation of T-lymphocytes. 
Stimulation by IL-15 requires interaction of IL-15 with components of IL-
2R, including IL-2R beta and probably IL-2R gamma but not IL-2R alpha 
(By similarity). 

• SUBCELLULAR LOCATION: Secreted. 
• ALTERNATIVE PRODUCTS: 

o Alternative splicing [2 named forms] Display all isoform 
sequences in Fasta format 

Name Long 
lsoform ID P97604-1 
This is the isoform sequence displayed in this entry. 

Name Short 
lsoform ID P97604-2 
Features which should be applied to build the isoform 
sequence: VSP 002662. 

• SIMILARITY: Belongs to the IL-15 family 
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SGS0 RAT (Q04807) 
Sulfated 50 kDa glycoprotein precursor (SGP50) (Endothelial ligand 
FOR L-selectin) (Glycosylation-dependent cell adhesion molecule 1) 
(GlyCAM-1). 
pl: 4.61, MW: 13455.65 Sulfated 50 kDa glycoprotein 

• FUNCTION: Adhesion molecule that accomplishes cell binding by presenting 
carbohydrate(s) to the lectin domain of L-selectin. 

• SUBCELLULAR LOCATION: Associated with the lumenal surface of the high 
endothelial venules of peripheral lymph nodes. 

• TISSUE SPECIFICITY: Lymph nodes. 
• PTM: Extensively O-glycosylated (By similarity). 
• SIMILARITY: Belongs to the PP3 / GlyCAM-1 family. 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 13792 
delta-pl = 5.00 
delta-MW = 137 
OS or QC= RATTUS 
KW keyword = ALL 
Number of proteins found in the specified pl/Mw ranges16 
CHM1 RAT (070367) 

Chondromodulin-I precursor (ChM-I) (Leukocyte cell-derived 
chemotaxin 1) [Contains: Chondrosurfactant protein (CH-SP)]. 
pl: 7.10, MW: 13760.39 Chondromodulin-I {By similarity). 

HV01 RAT (P01805) 
lg heavy chain V region IR2 precursor. 
pl: 7.99, MW: 13874.54 lg heavy chain V region IR2. 

IL4 RAT (P20096) 
lnterleukin-4 precursor (IL-4) (B-cell stimulatory factor 1) {BSF-1) 
(Lymphocyte stimulatory factor 1) (B-cell IGG differentiation factor) {B-
ee II growth factor 1 ). 
pl: 9.10, MW: 13762.95 lnterfeukin-4 

PA25 RAT (P51433) 
Calcium-dependent phospholipase A2 precursor (EC 3.1.1.4) 
(Phosphatidylcholine 2-acylhydrolase) (PLA2-10) (Group V phospholipase 
A2). 
pl: 8.45, MW: 13839.93 Calcium-dependent phospholipase A2. 

• FUNCTION: PA2 catalyzes the calcium-dependent hydrolysis of the 2-acyl 
groups in 3-sn-phosphoglycerides. This isozyme hydrolyzes L-alpha-
palmitoyl-2-oleoyl phosphatidylcholine more efficiently than L-alpha-1-
palmitoyl-2-arachidonyl phosphatidylcholine, L-alpha-1-palmitoyl-2-
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arachidonyl phosphatidylethanolamine or L-alpha-1-stearoyl-2-arachidonyl 
phosphatidylinositol. 

• CATALYTIC ACTIVITY: Phosphatidylcholine + H20 = 1-
acylglycerophosphocholine + a fatty acid anion. 

• COFACTOR: Binds 1 calcium ion per subunit (By similarity). 
• SUBCELLULAR LOCATION: Secreted. 
• PTM: This enzyme lacks one of the seven disulfide bonds found in similar 

PA2 proteins. 
• SIMILARITY: Belongs to the phospholipase A2 family 

PDGA RAT (P28576) 
Platelet-derived growth factor, A chain precursor (PDGF A-chain) 
(PDGF-1). 
pl: 9.45, MW: 13655.76 Platelet-derived growth factor, A chain 

THRB RAT (P18292) 
Prothrombin precursor (EC 3.4.21.5). 
pl: 4.46, MW: 13845.17 Activation peptide (fragment 2). 

VERY SIGNIFICANTIII 
The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 14015 
delta-pl = 5.00 
delta-Mw = 140 
OS or OC = RATTUS 
KW keyword= INFLAMMATORY RESPONSE 
1 proteins found in the specified pl/Mw ranges 

SY02 RAT (P14844) 
Small inducible cytokine A2 precursor (CCL2) (Monocyte chemotactic 
protein 1) (MCP-1) (Monocyte chemoattractant protein-1) (Immediate-
early serum-responsive JE protein). 
pl: 9.30, MW: 14075.07 Small inducible cytokine A2. 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 14015 
delta-pl = 5.00 
delta-MW= 140 
as or oc = RA nus 

keyword = ALL 
Number of proteins found in the specified pl/Mw ranges1 0 

PA2A RAT (P14423) 
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Phospholipase A2., membrane associated precursor (EC 3.1.1.4) 
(Phosphatidylcholine 2-acylhydrolase) (Group IIA phospholipase A2.) (GIIC 
sPLA2). 
pl: 9.16, MW: 14081.14 Phospholipase A2, membrane associated. 

PA2X RAT (Q9QZT3) 
Group X secretory phospholipase A2 precursor (EC 3.1.1.4) 
(Phosphatidylcholine 2-acylhydrolase GX) (GX sPLA2) (sPLA2-X). 
pl: 5.22, MW: 13951.99 Group X secretory phospholipase A2. 

• FUNCTION: Thought to participate in the regulation of the phospholipid 
metabolism in biomembranes including eicosanoid biosynthesis. Catalyzes 
the calcium-dependent hydrolysis of the 2-acyl groups in 3-sn-
phosphoglycerides. 

• CATALYTIC ACTIVITY: Phosphatidylcholine + H20 = 1-
acylglycerophosphocholine + a fatty acid anion. 

• COFACTOR: Binds 1 calcium ion per subunit (By similarity). 
• SUBCELLULAR LOCATION: Membrane-associated. 
• MISCELLANEOUS: Group II phospholipase A2. is found in many cells and 

also extracellularly. The membrane-bound and secreted forms are identical 
and are encoded by a single gene. 

• SIMILARITY: Belongs to the phospholipase A2. family. 

The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 20340 
delta-pl = 5.00 
delta-MW = 203 
OS or QC = RA TTUS 
1Wv keyword = ALL 
17 proteins found in the specified pl/Mw ranges 

NGAL RAT (P30152) 
Neutrophil gelatinase-associated lipocalin precursor (NGAL) (P25) 
(Alpha-2-microglobulin-related protein) (Alpha-2U globulin-related 
protein) (Lipocalin 2). 
pl: 7.92, MW: 20509.09 

SDC2 RAT (P34900) 
Syndecan-2 precursor (Fibroglycan) (Heparan sulfate proteoglycan core 
protein) (HSPG) (SYND2). 
pl: 4.47, MW: 20189.35 Syndecan-2 

• FUNCTION: Cell surface proteoglycan that bears heparan sulfate. 
• SUBCELLULAR LOCATION: Type I membrane protein. 
• SIMILARITY: Belongs to the syndecan proteoglycan family 
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The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 39099 
delta-pl= 5.00 
delta-Mw = 390 
OS or QC = RA TTUS 
KW keyword = ALL 
43 proteins found in the specified pl/Mw ranges 
Reduced delta Mw to minimize number of hits 

The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw= 39099 
delta-pl = 5.00 
delta-Mw = 195 
OS or OC = RA TTUS 
KW keyword = ALL 
20 proteins found in the specified pl/Mw ranges 
CL T1 RAT (Q924T8) 

Cysteinyl leukotriene receptor 1 (Cysl TR1 ). 
pl: 9.48, MW: 39143.47 

• FUNCTION: Receptor for cysteinyl leukotrienes mediating 
constriction of the microvascular smooth muscle during an 
inflammatory response. This response is mediated via a G-protein 
that activates a phosphatidylinositol-calcium second messenger 
system (By similarity). 

• SUBCELLULAR LOCATION: Integral membrane protein. 
• SIMILARITY: Belongs to family 1 of G-protein coupled receptors. 

CYR6 RAT (Q9ES72) 
CYR61 protein precursor (Cysteine-rich, angiogenic inducer, 61) (Insulin-like 
growth factor-binding protein 10). 
pl: 8.43, MW: 39177.87 CYR61 protein 

• FUNCTION: Promotes cell proliferation, chemotaxis, angiogenesis and cell 
adhesion. Appears to play a role in wound healing by up-regulating, in skin 
fibroblasts, the expression of a number of genes involved in angiogenesis, 
inflammation and matrix remodeling including VEGA-A, VEGA-C, MMP1, 
MMP3, TIMP1, uPA, PAl-1 and integrins alpha-3 and alpha-5 (By similarity). 
Cyr61-mediated gene regulation is dependent on heparin-binding (By 
similarity). Down-regulates the expression of alpha-1 and alpha-2 subunits of 
collagen type-1 (By similarity). Promotes cell adhesion and adhesive 
signaling through integrin alpha-6/beta-1, cell migration through integrin 
alpha-1/beta-5 and cell proliferation through integrin alpha-v/beta-3 (By 
similarity). 
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• SUBUNIT: Interaction with integrins is heparin- and cell-type-dependent and 
promotes cell adhesion (By similarity). 

• SUBCELLULAR LOCATION: Secreted. 
• SIMILARITY: Belongs to the CCN family. 
• SIMILARITY: Contains 1 C-terminal cystine knot-like (CTCK) domain. 
• SIMILARITY: Contains 1 IGFBP domain. 
• SIMILARITY: Contains 1 TSP type-1 domain. 
• SIMILARITY: Contains 1 WJFC domain 

DIAC RAT (001460) 
Di-N-acetylchitobiase precursor (EC 3.2.1.-). 
pl: 5.54, MW: 38998.02 Di-N-acetylchitobiase. 

• FUNCTION: Involved in the degradation of asparagine-linked glycoproteins. 
Hydrolyze of N-acetyl-beta-0-glucosamine (1-4)N-acetylglucosamine 
chitobiose core from the reducing end of the bond, it requires prior cleavage 
by glycosylasparaginase. 

• SUBCELLULAR LOCATION: Lysosomal. 
• SIMILARITY: Belongs to family 18 of glycosyl hydrolases 

HPL 1 RAT (P03994) NOTE: Hyaluronic acid proposed as an anti-inflammatory 
agent 

Hyaluronan and proteoglycan link protein 1 precursor (Proteoglycan link 
protein) (Cartilage link protein) (LP). 
pl: 7.98, MW: 39188.24 

• FUNCTION: Stabilizes the aggregates of proteoglycan monomers with 
hyaluronic acid in the extracellular cartilage matrix. 

• ALTERNATIVE PRODUCTS: 
o Alternative splicing [2 named fonns] Display all isoform 

sequences in Fasta format 
• SIMILARITY: Belongs to the HAPLN family. 
• SIMILARITY: Contains 1 immunoglobulin-like V-type domain. 
• SIMILARITY: Contains 2 Link domains 

IGB1 RAT (008836) 
lmmunoglobulin-binding protein 1 (CD79a-binding protein 1) (Alpha4 
phosphoprotein). 
pl: 5.79, MW: 39135.16 

L YOX RAT (P16636) 
Protein-lysine 6-oxidase precursor (EC 1.4.3.13) (Lysyl oxidase). 
pl: 7.70, MW: 39179.07 Protein-lysine 6-oxidase. 

• FUNCTION: Responsible for the posttranslational oxidative deamination of 
peptidyl lysine residues in precursors to fibrous collagen and elastin. 
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• CATALYTIC ACTIVITY: Peptidyl-L-lysyl-peptide + H20 + 0 2 = peptidyl-
allysyl-peptide + NH3 + H202. 

• COFACTOR: Copper and L TQ (By similarity). 
• SUBCELLULAR LOCATION: Extracellular. 
• TISSUE SPECIFICITY: Aorta and lung. 
• PTM: The lysine tyrosylquinone cross-link (L TQ) is generated by 

condensation of the epsilon-amino group of a lysine with a topaquinone 
produced by oxidation of tyrosine. 

• PTM: The N-terminus is blocked. 
• SIMILARITY: Belongs to the lysyl oxidase family 

PAFR RAT (P46002) 
Platelet activating factor receptor (PAF-R). 
pl: 9.17, MW: 39204.33 

SELP RAT (P25236) 
Selenoprotein P precursor (SeP). 
pl: 6.47, MW: 38943.65 Selenoprotein P, isoform Se-P6 

• FUNCTION: Might be responsible for some of the extracellular antioxidant 
defense properties of selenium or might be involved in the transport of 
selenium. May supply selenium to tissues such as brain and testis. 

• SUBCELLULAR LOCATION: Secreted. 
• TISSUE SPECIFICITY: Widely expressed, mainly by the liver. Secreted in 

plasma. 
• PTM: lsoform Se-P1 contains several disulfide bridges and a selenide-sulfide 

bond between Sec-59 and Cys-62. These bonds are speculated to serve as 
redox active pairs. 

• MISCELLANEOUS: Plasma contains 4 isoforms, which are named isoforms 
Se-P10, Se-P6, Se-P2 and Se-P1, according to the number of 
selenocysteines they contain. All isoforms arise from the same mRNA. The 3 
shortened isoforms terminated at the opal STOP codons at positions 264, 
282, 371, when selenocysteine has not been inserted. 

ZNT2 RAT (062941) 
Zinc transporter 2 (ZnT-2). 
pl: 6.56, MW: 39276.51 

• FUNCTION: Involved in accumulation of zinc in endosomal/lysosomal 
vesicles. 

• SUBCELLULAR LOCATION: Integral membrane protein. Localized in the 
membrane of endosomal vesicles (Probable). 

• TISSUE SPEC/RC/TY: Intestine, kidney, seminal vesicles and testis. 
• SIMILARITY: Belongs to the cation diffusion facilitator (CDF) transporter 

2.A.4) family. SLC30A subfamily 
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The search in Swiss-Prot has been launched with the following values: 
pl= 7 
Mw= 41905 
delta-pl= 5.00 
delta-MW= 419 
OS or OC = RA TTUS 
KW keyword = ALL 
57 proteins found in the specified pl/Mw ranges 
Reduced delta Mw to minimize number of hits 

The search in Swiss-Prot has been launched with the following values: 
pl=7 
Mw=41905 
delta-pl = 5.00 
delta-Mw = 209 
OS or OC = RA TTUS 
KW keyword = ALL 
28 proteins found in the specified pl/Mw ranges 

AMAC RAT (P70473) 
Alpha-methylacyl-CoA racemase (EC 5.1.99.4) (2-methylacyl-CoA 
racemase) (2-arylpropionyl-CoA epimerase). 
pl: 6.41, MW: 41696.89 

• FUNCTION: Racemization of 2-methyl-branched fatty acid CoA esters. 
Responsible for the conversion of pristanoyl-CoA and C27-bile acyl-CoAs to 
their (S)-stereoisomers. Has a role in drug metabolism as well as probably in 
lipid metabolism. The 2-arylpropionic acid (2-APA's} derivatives, including 
ibuprofen, are the most widely used anti-inflammatory analgesic 
cyclooxygenase inhibitors. The (-)-R-enantiomer, which is inactive in terms of 
cyclooxygenase inhibition, is epimerized in vivo via this enzyme to the 
cyclooxygenase-inhibiting (+ )-S-enantiomer. 

• CATALYTIC ACTIVITY: (2S)-2-methylacyl-CoA = (2R)-2-methylacyl-CoA. 
• PATHWAY: Required for bile acid synthesis and for catabolism of branched-

chain fatty acids. 
• SUBUNIT: Monomer. 
• SUBCELLULAR LOCATION: Peroxisomal and mitochondrial. 
• SIMILARITY: Belongs to the caiB/baiF CoA-transferase family 

CCR5 RAT (P34997) 
C-X-C chemokine receptor type 5 (CXC-R5) (CXCR-5) (Burkitt'S 
lymphoma receptor 1 homolog) (Neurolymphatic receptor) 
(NLR). 
pl: 8.36, MW: 42012.55 
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CML 1 RAT (035786) 
Chemokine receptor-like 1 CG-protein coupled receptor DEZ) 
(G-protein coupled chemoattractant-like receptor). 
pl: 8.26, MW: 41722.83 

5H1F RAT (P30940) 
5-hydroxytryptamine 1F receptor (5-HT-1F) (Serotonin receptor 
1F). 
pl: 9.17, MW: 41880.27 

FUNCTION: This is one of the several different receptors for 5-
hydroxytryptamine (serotonin), a biogenic hormone that 
functions as a neurotransmitter, a hormone, and a mitogen. The 
activity of this receptor is mediated by G proteins that inhibit 
adenylate cyclase activity. 
SUBCELLULAR LOCATION: 
Integral membrane protein. 
SIMILARITY: Belongs to family 1 of G-protein coupled 
receptors. Strongest to the other SHT-1 subtype receptors 

EVL RAT (008719) 
Ena/vasodilator stimulated phosphoprotein-like protein 
(EnaNASP-like protein). 
pl: 8.74, MW: 42094.88 

GDN RAT (P07092) 
Glia derived nexin precursor (GDN) (Protease nexin I) (PN-1). 
pl: 9.72, MW: 41777.63 Glia derived nexin 

• FUNCTION: This glycoprotein promotes neurite extension and is a serine 
protease inhibitor with activity toward thrombin, trypsin, and urokinase. Binds 
heparin. 

• SUBCELLULAR LOCATION: Extracellular. 
• SIMILARITY: Belongs to the serpin family. 

MK12 RAT (Q63538) 
Mitogen-activated protein kinase 12 (EC 2.7.1.37) (Extracellular signal-
regulated kinase 6) (ERK-6) (Stress-activated protein kinase-3) (Mitogen-
activated protein kinase p38 gamma) (MAP kinase p38 gamma). 
pl: 5.91, rvrN: 41985.26 

• FUNCTION: Responds to activation by environmental stress and pro-
inflammatory cytokines by phosphorylating downstream targets. Plays a role 
in myoblast differentiation and also in the downregulation of cyclin D1 in 
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response to hypoxia in adrenal cells suggesting MAPK12 may inhibit cell 
proliferation while promoting differentiation. 

• CATALYTIC ACTIVITY: ATP + a protein = ADP + a phosphoprotein. 
• COFACTOR: Magnesium. 
• ENZYME REGULATION: Activated by phosphorylation on threonine and 

tyrosine. 
• SUBUNIT: Interacts with the PDZ domain of the syntrophin SNTA 1 (By 

similarity). 
• SUBCELLULAR LOCATION: Cytoplasmic (By similarity). 
• TISSUE SPECIFICITY: Highly expressed in skeletal muscle and also in the 

heart of both adult and neonatal rats. 
• SIMILARITY: Belongs to the Serfrhr protein kinase family. MAP kinase 

subfamily. 

MK13 RAT (Q9WTY9) 
Mitogen-activated protein kinase 13 (EC 2. 7.1.37} (Stress-activated protein 
kinase-4} (Mitogen-activated protein kinase p38 delta) (MAP kinase p38 
delta). 
pl: 8.67, MW: 42050.65 

SSR4 RAT (P30937} 
Somatostatin receptor type 4 (SS4R). 
pl: 8.70, MW: 42087.73 

• FUNCTION: Receptor for somatostatin-14. The activity of this receptor is 
mediated by G proteins which inhibits adenylyl cyclase. It is functionally 
coupled not only to inhibition of adenylate cyclase, but also to activation of 
both arachidonate release and mitogen-activated protein (MAP) kinase 
cascade. 

• SUBCELLULAR LOCATION: Integral membrane protein. 
• TISSUE SPECIFICITY: Brain, lung, heart and islets. Moderate levels in the 

hippocampus, cortex and olfactory bulb. 
• SIMILARITY: Belongs to family 1 of G-protein coupled receptors. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw=66568 
delta-pl = 5.00 
delta-MW = 332 
OS or OC = RA TTUS 
KW keyword = ALL 

14 proteins found in the specified pl/Mw ranges 

CD93 RAT (Q9ET61) 
Complement component C1 q receptor precursor (Complement 
component 1, q subcomponent, receptor 1) (C1qRp) (C1qR{p)) 
(C1q/MBUSPA receptor) (CD93 antigen) (Cell surface antigen AA4). 
pl: 4.87, MW: 66530.04 Complement component C1 q receptor. 
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MM09 RAT (P50282) 
92 kDa type IV collagenase precursor (EC 3.4.24.35) (92 kDa gelatinase) 
(Matrix metalloproteinase-9) (MMP-9) (Gelatinase 8) (GELB). 
pl: 5.42, MW: 66544.99 92 kDa type IV collagenase. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw=66568 
delta-pl= 5.00 
delta-Mw = 665 
OS or QC = RA TTUS 
KW keyword = ALL 
34 proteins found in the specified pl/Mw ranges 
NOTE: Delta Mw needed to be increased to locate serom albumin for this mlz 
AFAM RAT (P36953) 

Afamin precursor (Alpha-albumin) (Alpha-Alb). 
pl: 5.74, MW: 66915.36 Afamin 

• FUNCTION: Possible role in the transport of yet unknown ligand. 
• SUBCELLULAR LOCATION: Secreted. 
• SIMILARITY: Belongs to the ALBIAFPNDB family. 
• SIMILARITY: Contains 3 albumin domains 

ALBU RAT (P02TT0) 
Serum albumin precursor [Contains: Neurotensin-related peptide 
(NRP)]. 
pl: 5.80, MW: 65904.31 Serum albumin. 

GBP2 RAT (063663) 
Interferon-induced guanylate-binding protein 2 (GTP-binding protein 2) 
(Guanine nucleotide-binding protein 2) (p67). 
pl: 5.54, MW: 67109.05 

PGH1 RAT (063921) 
Prostaglandin G/H synthase 1 precursor (EC 1.14.99.1) (Cyclooxygenase -1) 
(COX-1) (Prostaglandin-endoperoxide synthase 1) (Prostaglandin H2 
synthase 1) (PGH synthase 1) (PGHS-1) (PHS 1). 
pl: 6.07, MW: 66109.62 Prostaglandin G/H synthase 1 

• FUNCTION: May play an important role in regulating or promoting cell 
proliferation in some nonnal and neoplastically transfonned cells. 

• CATALYTIC ACTIVITY: Arachidonate + AH2 + 2 02 = prostaglandin H2 + A + 
H2O. 

• COFACTOR: Binds 1 heme B (iron-protoporphyrin IX) group per molecule 
(By similarity). 
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• PATHWAY: Prostaglandins and thromboxanes biosynthesis from 
arachidonate; first step. 

• SUBUNIT: Homodimer (By similarity). 
• SUBCELLULAR LOCATION: Membrane-associated. Microsomal membrane. 
• MISCELLANEOUS: This enzyme acts both as a dioxygenase and as a 

peroxidase. 
• MISCELLANEOUS: This enzyme is the target of nonsteroidal anti-

inflammatory drugs such as aspirin. 
• SIMILARITY: Belongs to the prostaglandin G/H synthase family. 
• SIMILARITY'. Contains 1 EGF-like domain. 

PIGR RAT (P15083) 
Polymeric-immunoglobulin receptor precursor (Poly-lg receptor) (PIGR) 
[Contains: Secretory component]. 
pl: 5.14, MW: 65965.46 Secretory component. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw=69909 
delta-pl = 5.00 
delta-Mw = 349 
os or oc = RA rrus 
KW keyword = ALL 
13 proteins found in the specified pl/Mw ranges 

INSR RAT (P15127) 
Insulin receptor precursor (EC 2. 7.1.112) (IR). 
pl: 5.37, MW: 69899.40 Insulin receptor beta subunit 

S6A6 RAT (P31643) 
Sodium- and chloride-dependent taurine 
transporter. 
pl: 6.99, MW: 69869.01 

• FUNCTION: Required for the uptake of taurine. 
• SUBCELLULAR LOCATION: Integral membrane protein. 
• TISSUE SPECIFICITY: Brain and peripheral tissues. 
• SIMILARITY: Belongs to the sodium:neurotransmitter symporter (SNF) family 
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The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw= 69909 
delta-pl = 5.00 
delta-Mw = 699 
OS or OC = RA TTUS 
KW keyword = ALL 

30 proteins found in the specified pl/Mw ranges 
NOTE: Delta Mw increased to locate logical possible proteins 

ELS RAT (099372) 
Elastin precursor (Tropoelastin) (Fragment). 
pl: 10.35, MW: 70586.63 Elastin. 

• FUNCTION: Major structural protein of tissues such as aorta and nuchal 
ligament, which must expand rapidly and recover completely. 

• SUBUNIT: The polymeric elastin chains are cross-linked together into an 
extensible 3D network. 

• SUBCELLULAR LOCATION: Extracellular matrix of elastic fibers. 
ALTERNATIVE PRODUCTS: 

o Alternative splicing (8 named forms] Display all isoform 
sequences in Fasta format 
Comment: Experimental confirmation may be lacking for some 
isoforms. 

GR78 RAT (P06761) 
78 kDa glucose-regulated protein precursor (GRP 78) (lmmunoglobulin heavy 
chain binding protein) (BiP) (Steroidogenesis-activator polypeptide). 
pl: 5.01, MW: 7047 4.59 78 kDa glucose-regulated protein. 

The search in Swiss-Prot has been launched with the following values: 
pl =7 
Mw=77007 
delta-pl= 5.00 
delta-Mw = 770 
OS or OC = RA TTUS 
KW keyword = ALL 
20 proteins found in the specified pl/Mw ranges 

IPL 1 RAT (P59824) 
X-linked interleukin-1 receptor accessory protein-like 1 precursor (IL 1 RAPL-1 ). 
pl: 5.70, MW: 77076.08 

NCPR RAT (P00388) 
NADPH-cytochrome P450 reductase (EC 1.6.2.4) (CPR) (P450R). 
pl: 5.30, MW: 76831.69 
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• FUNCTION: This enzyme is required for electron transfer from NADP to 
cytochrome P450 in microsomes. It can also provide electron transfer to 
heme oxygenase and cytochrome BS. 

• CATALYTIC ACT/Vl1Y: NADPH + N oxidized hemoprotein = NADP+ + N 
reduced hemoprotein. 

• COFACTOR: FAD and FMN. 
• SUBCELLULAR LOCA T/ON: Endoplasmic reticulum. Anchored to the ER 

membrane by its N-tenninal hydrophobic region. 
• SIMILARITY: Contains 1 FAD-binding domain. 
• SIMILARITY: Contains 1 flavodoxin-like domain 

TAP2 RAT (P36372) 
Antigen peptide transporter 2 (APT2). 
pl: 6.27, MW: TT713.07 

• FUNCTION: Involved in the transport of antigens from the cytoplasm to the 
endoplasmic reticulum for association with MHC class I molecules. Also acts 
as a molecular scaffold for the final stage of MHC class I folding, namely the 
binding of peptide. Nascent MHC class I molecules associate with TAP via 
tapasin (By similarity). 

• SUBUNIT: Heterodimer of TAP1 and TAP2. 
• SUBCELLULAR LOCA T/ON: Integral membrane protein. Endoplasmic 

reticulum. The transmembrane segments seem to fonn a pore in the 
membrane. 

• DOMAIN: The peptide-binding site is shared between the cytoplasmic loops 
of TAP1 and TAP2 (By similarity). 

• SIMILAR/1Y: Belongs to the ABC transporter family. MOR subfamily 
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