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ABSTRACT

The research undertaken during the course of this program was
directed toward the development of an implantable glucose sensor that
could, ultimately, be incorporated into an Artificial Beta Cell for the
treatment of Type I diabetes. Specifically, the two main objectives of this
project were to develop improved instrumentation for imnplantable ampe:o-
metric sensors, and to develop and characterize an electrode encapsulation
technology with the potential for improved electrode stability and
biocompatibility for continuous in vivo monitoring.

An integrated bi-potentiostat controlier circuit for amperometric
sensors is described and characterized. The amperometric approach, and
the implementation entirely in CMOS technology, alleviates some of the
problems associated with packaging implantable sensors, since the
electronics can remain hermetically sealed and can be used in conjunction
with remote reference and indicating electrodes. This design features a
differential mode capability that provides a significant improvement in
selectivity through nulling the effect of spurious background currents. The
accuracy and precision of this instrument are comparable to a laboratory
analytical potentiostat.

Experimental results characterizing the use of perfluorosulfonic acid
polymer (Nafion®) as an encapsulating material for enzyme electrodes in
whole blood are presented. Results shew that Nafion effectively excludes
blood cells, plasma proteins and other blood constituents that denature the
enzyme and/or poison the catalytic activity of the platinum electrode.
Nafion coated electrodes yielded highly reproducible and accurate single
glucose assays in canine whole blood and plasma samples in vitro at room
temperature, and at 37°C. The first results of biocompatibility testing of
Nafion polymer implants are also presented which indicate excellent long-
term tissue and blood compatibility in rats. Histological examination of
tissues surrounding three and six month implants reveal a thin fibrous
tissue capsule around the implant and little, if any, evidence of a chronic
foreign hody inflammatory response. An implantable version of the Nafion
encapsulated glucose sensor electrode was designed, fabricated and tested

iv



in whole blood in vitro and in vivo. Prototype electrodes performed

satisfactorily in vitro, but intravenously implanted electrodes did not
perform well and were short-lived. Subsequent diagnostic experiments
identified flaws in the prototype design and fabrica.ion. Cerrective

measures were proposed along with suggestions for proceeding with the
next phase of this work.
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CHAPTER 1

Introduction

A sensor is an input, transducer to an electronic system that converts
a physical or chemical signal into an electrical signal. Advances in
analytical chemistry, particularly those involving sclid state devices, have
opened up possibilities for the application of sensor technoiogy to bicmedical
problems. New bionic devices can ncw be conceived which potentially offer
major advancements in the treatment and management of certain diseases
such as diabetes. The Artificial Beta Cell is one such device that could be
realized if a sufficiently stable and accurate glucose sensor could be
developed. The work presented here is directed toward this goal. A brief
introduction to the problems and state-of-the-art of biomedical glucose
sensing is given in this chapter, and the specific objectives and scope of the
work described in subsequent chapters is defined. An overview of the
glucose sensor configuration employed in this study is also presented,
including a few theoretical considerations important to an understanding
of the principals of operation. Finally, a summary is given which high-
lights the most important aspects of the work.

1.1 DIABETES AND THE IMPORTANCE OF GLUCOSE SENSING

Diabetes is now considered to be the third leading cause of death in
first-world countries. The most severe form of the disease is called Idio-
pathic Diabetes Mellitus—Type I, or Insulin-Dependent Diabetes Mellitus
IDDM). It arises due to the failure of the pancreatic beta cells of afflicted
ind*viduals to produce and secrete sufficient levels of the hormene insulin,
resulting in the deregulation of blood sugar levels[1]. The insulin
preducing beta cells are just one of the four cell types that comprise the so
called Islets of Langerhans which, collectively, comprise the endocrine
pancreas. The other three cell types—alpha, delta and pancreatic
polypeptide cells—are also important in the regulation of blood glucose
levels, but these cells together make up less than 30% of the Islet cells. Itis
the diminished beta cell activity that is primarily responsible for the
symptoms of Type I diabetes [2].



Conventional treatment of Type I Diabetes usually involves a strict
regimen of dietary management and daily prescribed doses of exogenous
insulin. Current insulin therapies, however, are ineffective in main-
taining normal blood glucose levels because of the intermittent nature of
insulin delivery via discrete injections [3,4]. That is, blood glucose levels in
diabetics fluctuate considerably in response to ingestion of foodstuffs,
activity levels, etc., and insulin requirements depend on the glucose
concentration (and the rate of change of the glucose concentration) in the
blood. Thus, withovt a means of sensing these instantaneous fluctuations,
it is not possible to maintain a physiclogically optimum concentration of
insulin in bodily tissues. Excessive or depressed insulin levels, relative to
glucose levels, can have severely adverse effects on many key cellular
metabolic processes. Over the course of several years, poor blood glucose
regulation can lead to blindness and other vision problems, impotence,
infertility, circulatory and kidney disorders, heart disease, chronic
infections, etc. [3,5].

It would of course be ideal if fundamental medical research could
produce a cure for Diabetes by correcting the pathological conditions which
cause the disease. However, in the meantime, it is essential to dzveiop
more physiologically optimal methods of delivering insulin, which more
closely model the endocrine functions of the healthy pancreas [6-3]. In
effect, what is required is the deveclopment of an Artificial Endocrine
Pancreas, or at least an Artificial Beta Cell (ABC). The two main com-
ponents of such a closed-loop blocod glucose control system would have to be:
(1) a glucose sensor, to continuously monitor th< glucose levels in the blood;
and (2) a servoactuated pump to administer controlled amounts of insulin
and glucose (or glucagon), based on the feedback signal from the sensor.
The latter component, and all of the associated electronic control circuitry,
can already be implemented in a form suitable for implantation using
presently available technology. Rather, it is the glucose sensor component
that has been identified as the greatest challenge to be overcome in tlie quest
to develop an implantable artificial beta cell [10,11]. A simplified block
diagram of a hypothetical artificial beta cell is shown in Figure 1.1.
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Block diagram of a hypothetical artificial beta cell system. In
this system, the glucose sensor component is based on an
enzymatic method. The digital signal processing and
computational block is shown as part of the sensor since, in
principle, this block could be integrated on the same chip as

the sensor control circuitry.




1.2 PTanilxMS AND PROGRESS

The {irst successful implementation of closed-loop glycaemic control
was reported by Albisser, et al. [12,13] in 1974. Albisser's group had
developed a complex bedside system that included a commercial laboratory
glucose analyzer, a powerful wminicomputer and peripherals, peristaltic
and pulsatile infusion pumps, and two intravenous catheters to interface
with the patient. This experimental system was capable of maintaining
normoglycaemia in hospitalized patients for extended periods of time, and
demonstrated the feasibility ¢f automatic blood glucose control by an
artificial device. This work provided a major impetus for subsequent
research and led to the development of the commercial Biostator® Glucose
Controlled Insulin infisiciy Sysiems (GCILS), which is used in hospitals
today [14,15]. The Biostator is ceriainly accurate and reliable, but it is not
portable and patients ar. continuously subjected to the discomfort (and risk)
of external intravenous catheters. Both of these problems could be
alleviated if the machine could be miniaturized and implanted.

A partial solution has been made available to some patients in the
form of portable open-loop insulin delivery systems. These are becoming
increasingly more popular due to much work that has been done to
optimize their performance [7,8]. Commercially available devices usually
consist of a subcutaneous catheter and a control/pump unit, worn
externally by the patient, which injects insulin continuously according to a
preprogrammed algorithm [16,17]. More recently, clinical trials have been
reported involving implantable (open-loop) insulin delivery systems [18,123).
However, surgical complications and stability problems have yet to be
resolved for long-term applications (e.g. six months to two years). These
devices are an improvement over discrete insulin injections for day-tc-day
diabetes management, but the same basic concerns persist regarding long-
term complications of the disease. Still, this research has provided a
foundation for developing algorithms which could be employed in closed-
loop systems [20-22]. Portable versions of such closed-loop systems are,
however, still in the experimental stage [23,24].



Glucose analysis is one of the most common clinical laboratory
assays, and enzymatic methods for precise nsse determination are well
developed [25]. The classical methods invc .mmobilized (as opposed to
soluble) enzymes have been reviewed extensively by Guilbault [25,26] and
others [27-29]. Enzymes are highly specific biological catalysts which,
when activated, can accelerate biochemical reactions by factors of 108 or
more. In fact, most reactions catalyzed by natural enzymes do not proceed
at detectable rates in the absence of the particular enzyvine involved. The
detailed mechanisms of enzyme catalysis are still a topic of research, but a

general description was given as early as 1948 by Linus Pauling which is
still considered useful [30]:

“I think that enzymes are molecules that are complementary
in structt ¢ to the activated complexes of the reactions that
they catalyze, that is, to the molecular configuration that is
intermediate between the reacting substances and the products
of reaction for these catalyzed processes. The attraction of the
enzyme molecule for the activated complex would thus lead to

a decrease in the energy of activation of the reaction and to an
increase in the rate of reaction.”

Virtually all laboratory glucose analyzers, such as the Yellow
Springs Instrument and Beckman models, are based on the oxidation of the
beta anomer of D-glucose by the enzyme glucose oxidase, as first described
by Clark and Lyons [31] in 1962. In the presence of dissolved oxygen,
B-D-glucose is converted to D-gluconic acid and hydrogen peroxide; the rate
of the reaction (and hence the concentration of the substrate glucose) are
commonly determined spectrophotometrically or electrochemically [26].
These systems are difficult to miniaturize and require frequent recali-
bration and replacement of reagents.

The first miniature immobilized enzyme electrode for glucose
sensing was reported by Updike and Hicks [32] in 1967. This sensor is based
on the polarographic measurement of the rate of oxygen consumption in
the glucose oxidase reaction described above. Several other authors have
since described sensors based on oxygen uptake [33-36], but many of these



suffer from nonlinear effects due to oxygen transport limitations (depletion
zones) or physiological variations in dissolved oxygen tension due to factors
that are not necessarily related to glucose concentration. That is, if the
dissolved oxygen tension falls too low, then the reaction rate will become
limited by the oxygen concentration rather than glucose. A partial solution
to these problems was proposed by Cleland and Enfors [37,38] who described
an oxygen stabilized sensor. Most oxygen uptake type sensors, however,
are difficult to miniaturize due to the need for both internal and external
electrolytes, and more complicated membrane systems than other types.

Another electrochemical approach employing the same basic glucose
oxidase mediated reaction, is to determine the rate of hydrogen peroxide
production [39-44]. Presently, this is the least complicated and most
commonly employed detection mechznism for miniaturized glucose
sensors. Sensors of this type are also amperometric, but have a much
broader dynamic range than oxygen uptake sensors. This arises because
oxygen uptake sensors rely on differential measurements where both the
signal and background level can change significantly, whereas hydrogen
peroxide sensors measure a signal relative to a fairly constant background
level. As a consequence, it is somewhat less complicated to reduce the
sensitivity of a hydrogen peroxide electrode to dissolved oxygen. Glucose
determination by the measurement of hydrogen peroxide production is the
approach adopted in the present work, and further advantages and disad-
vantages of this technique will be discussed in later Chapters.

A few designs have also been reported which substitute an alternate
electron acceptor such as quinone [45] or ferrocene [46] in place of oxygen,
in an effort to realize an oxygen-independent sensor. The advantages of
this approach are that dissolved oxygen tension is no longer critical, and
the enzyme denaturing eff~ct that occurs with hydrogen peroxide
production over the long-term [28,29] is entirely avoided. This approach
may ultimately lead to the technology of choice for miniaturized glucose
sensors, but is still under development and many of these sensors incur
problems as a result of reactions between the alternate acceptor and
dissolved oxygen in the analyte solution [47]. Seeking to avoid the use of an
electron transfer intermediate has led others to investigate senscrs based



on the direct transfer of electrons from the enzyme-substrate complex to
conducting electrodes [47-49]. However, these electrodes can be expected to
be short-lived and to inherently exhibit poor sensitivity to glucose, since only

a monolayer of enzyme adsorbed onto the electrode surface actually
contributes to the electrode current.

Yet another method of detection based on the glucose oxid se reaction
is that of measuring localized pH changes due to the production of gluconic
acid. This is the method employed in the so called Enzyme Field Effect
Transistor (ENFET) which is fabricated by immobilizing the enzyme in a
membrane fixed or cast over the gate region of an H+ Ion Seasitive FET
(ISFET) [650-53]. These devices represent one of the few truly integrateu
glucose sensors which have appeared in the literature thus far, and could
potentially offer all of the touted advantages that accomnany this
technology. However, ENFET devices are very sensitive to variations in the
reaction kinetics, interfering species and liquid junction potentials. In the
words of one researcher': "unfortunatcly, [these devices] make better buffer
capacity sensors than glucose sensors”. These devices also tend to be
rather short-lived since the delicate gate oxide remains exposed and is
therefore vulnerable to contamination by (for example) sodium or chloride
ions which are also present in appreciable concentrations in all body fluids.
Macroscopic potentiometric glucose sensors based on pH determin-
ation [54-58] are more robust in this respect, but suffer from the same
sensitivity to buffer capacity, interfering species, efc. Furthermore, the
sensitivity to glucose of all potentiometric sensors is limited in that the
signal is logarithmic with respect to glucose concentration; whereas

amperometric sensors yield a signal that is linear with glucose concen-
tration (at least over some useful range).

There are several problems which plague all enzyme based glucose
sensors and these are discussed at length elsewhere [57-62]. The most
serious problem, with regard to implantable sensors, is the perpetual drift
in calibration characteristics due {mostly) to decreasing enzyme activity

t Steven D. Caras in a private conversation with the author at the Transducers '87 con-
ference in Tokyo (June 1987). Dr. Caras worked extensively with ENFET devices during
the course of his doctoral studies and is the author of several publications dealing wit
ENFET development and characterization.
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and electrode fouling over time. The working lifetime of the best enzyme
based electrodes, operated in discrete assay systems, is typically a few
months under carefully controlled storage conditions [26,62]. The lifetime
of these electrodes operated continuously in blocod at 37°C is seldom
reported, but is certain to be considerably shorter. Much of the current
research effort in this field is focused on developing methods of improving
the stability of the immobilized enzyme in order to reduce drift [63,64],
although progress in this area does not necessarily bear on the problems of
electrode fouling or enzyme inhibition by interfering species.

Several nonenzymatic methods have also been proposed for in vivo
measurements of glucose concentration. For example, several researchers
have experimented with electrocatalytic glucose electrodes [65-G8] which
are based on the direct electrochemical detection of glucose. Also,
Wingard [69] has described an immobilized flavin fuel ceil electrode where
the fla~in cofactor (FAD) of glucose oxidase is covalently attached to a solid
carbon electrode in order to facilitate direct electron transfer to the electrode
during the oxidation of giucose. Schultz, et al. [70] have devised a so called
"affinity sensor” based on techniques similar to those used in
radioimmunoassays. Optical methods, such as the measurement of the
Faraday rotation of polarized light [71] have also been applied to glucose
sensing. Most of these "exotic” methods are highly experimental and many
practical problems remain to be solved.

1.3 OBJECTIVES

The ultimate objective of research in this field is to realize a
miniature, sclid state glucose sensor, suitable for incerporation into an
implantable closed-loop blood glucose control system. Over the past two
decades, efforts worldwide have elucidated many of the obstacles that stand
in the way of this goal, and it has become clear that no single project could
realistically undertake to solve all of the problems at once. The research
described here is directed toward this ultimate goal, but we have elected to
focus on two main objectives as described below.

(1) Improved Instrumentation. Previous work in this field, involving

amperometric sensors, was done mainly with benchtop analytical



instruments or custom circuits fabricated from discrete components. One
of the objectives was to apply integrated circuit technology to the
development of practical electronic instrumentation for implantable (or
portable) glucose sensors. The main considerations were: miniature size,
low power consumption, high sensitivity, voltage output, and differential
measurement capability. Also a priority, was to design the circuit to be
flexible encugh to be useful as a research tool. An important, but
secondary, consideration was te employ a minimum number of devices so
as to minimize the chip area in order to facilitate later expansicn of the
design to incorporate further signal processing (and possibly compu-
tational) circuitry on the same chip. The provision for integrating micro-

electrode structures on the same chip wa. alse considered.

(2) Improved Electrode Stability and Biocompatibility. The interface
between the body and an implanted sensor, and the role of biocompatibility
in the performance and lifetime of the sensor, is poorly understood.
Glucose sensor development has generally proceeded using conventional
dialysis materials with the understanding that the problems of
biocompatibility would, eventually, be solved by incorporating additional
membrane layers comprised of biocompatible material. The second main
objective of this work was to explore a novel membrane material with the
potential for combined dialysis and biocompatibility functions.
Conceptually, the project was divided into multiple phases with the
following priorities: to learn about the requirements of biosensor dialysis
membranes, in general, in biological media in vitro; to characterize the
new material in the laboratory and characterize its effect on the operation
and stability of glucose sensors of the amperometric type in vitro; to
examine its biocompatibility and ascertain its suitability for in vivo studies.
We then approached the design of an implantable sensor prototype, guided
by the experience gained from the earlier in vitro studies. It is worth noting
that, even if sensors based on an alternate electron transfer mediator (or
direct electron transfer) are perfected, a dialysis membrane system would
still be required for sensors intended to operate in vivo.

The scope of the work undertaken here includes design, fabrication
and testing of integrated electronic devices; preparation and charact-



erization of pclymer dialysis membrarnes; and the design, fabrication and
testing of sensors incorporating the results of both instrumentation and
membrane aspects. The work includes some elements of electrical
engineering, chemistry, and biology. All data are empirical and no
thecretical modelling was undertaken. Both instrumentation and mem-
brai o 2spects are developed to the point of demonstrating the advantages
(and disadvantages) of the approach, elucidating some of the problems in
implementing this technology aand proposing some solutions. Further
development and »ptimization are left for future efforts, although some
discussion as to the direction of future work is presented in Chapter 6.

1.4 OVERVIEW OF THE SENSOR

1.4.1 Functional Components

As mentioned previously, the approach adopted in this work involves
the amperometric determination of hydrogen peroxide produced by the
enzymatic oxidation of glucose. The physical embodiment of the sensor
based on this approach is comprised of two main functional parts: a
glucose sensitive membrane system, coupled to a platinum iadicating
electrode, which converts the glucose concentration signal into an electrical
signal; and an integrated potentiost=t circuit which applies a controlled
bias potential to the electrode, and co.. erts the input electrode current into
a useful cutput voltage. A self-contained discussion of the function and
characteristics of the integrated potentiostat circuit will be presented in the
following chapter. The main focus of the rest of the thesis is, in fact, on the
glucose sensitive membrane/electrode system. It would be useful here to
introduce some of the complexities of this system in order to facilitate the
discussion presented in later chapters.

A schematic diagram of the glucose sensitive membrane/electrode
svstem is shown in Figure 1.2, which alsc depicts some of the important
functional aspects. The outermost membrane layer is the dialysis
component which also constitutes the critical interface between the body
and the sensor. Briefly, the function of this membrane is to permit
electrolytes, glucose and oxygen to diffuse into the reactive enzyme layer
and to exclude blood cells, plasma proteins, and other blood constituents
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Figure 1.2 Schematic cross sectional view of the glucose sensitive

membrane/electrode system. RBC, WBC, etc., refer to red
blood cells, white blood ceils, platelets, plasma proteins and
other blood constituents that have a detrimental effect on the
function of the immobilized enzyme (GOx) or the platinum
indicating electrode. Glu and HGlu refer to glucose and
gluconic acid respectively.
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that interfere with the chemical and electrochemical processes. Inter-
ference can take the form of generating a spurious signal, suppressing the
signal for glucose, or poisoning the enzyme/electrode system. In the
immobilized enzyme layer, glucose oxidase mediates the oxidation of
glucose to gluconic acid, and the reduction of oxygen to hydrogen peroxide.
The hydrogen peroxide then diffuses to the surface of the platinum
electrode and undergoes electrochemical oxidation that liberates oxygen,
protons and, most importantly, electrons which result in the measured
electrode current.

The dialysis membrane component would not be required if the
sensor were intended for glucose assays in aqueous buffer solutions.
However, living whole blood is a far more complicated matrix as shown in
Table 1.1 and many of the constituents of this matrix are detrimental to the
operation of the sensor. For example, some plasma proteins can cause
steric hindrances and disrupt or impede the access of glucose to the active
site of the enzyme; also, electroactive species such as ascorbic acid and
some waste products can interfere with electrochemical processes. Hence,
in a blood or biood plasma matrix, the dialysis membrane component
provides a crucial "screening function" to reduce or eliminate these species
from the internal regi. 1s of the membrane system. In the configuration
adopted here, the dialysis membrane component is also responsible for
biocompatibility, which is important not only from the point of view of the
host, but is also critical in maintaining a stable environment around the
sensor. Finally, the dialysis membrane also provides the capability to
control the mass transport of glucose relative to oxygen through the
membrane, in order to increase the dynamic range of the sensor and
linearize the response. The trade-off for these advantages is decreased
sensitivity, although this can be compensated for by increasing the gain of
the potentinttat circuit.

1.4.2 Chemical and Electrochemical Considerations

The reaction mechanisms involved in the conversion of a glucose
concentration signal to an electrical signal are fundamental to an under-
standing of the operation of the sensor, and thus warrant atleast a brief

o



TABLE 1.1 Normal concentrations of constituents of human arterial
plasma (compiled from various sources).

COMPONENT SPECIES CONCENTRATION
SOLVENT: Water 93% of plasma weight
ELECTROLYTES: Na+ 142 mM

K+ 4 mM

Cag* 2.5 mM

Mgot 1.5 mM

Cl- 103 mM

HCO3~ 27 mM

(Total) Phosphates 1 mM

S042- 0.5 mM
PROTEINS: Albumins 4.5 g/100 ml

Globulins 2.5 g/100 ml

Fibrinogen 0.3 g/100 ml

(Individual) Hormones 0.001-50 mg/100 ml
DISSOLVED GASES: CO2 2 mmol/100 ml

8] 0.2 mmol/100 ml

N 0.2 mmol/100 ml
NUTRIENTS: Carbohydrates 100 mg/100 mi (5.6 mM)

(Total) Amino Acids 40 mg/100 ml (2 mM)

(Total) Lipids 500 mg/100 ml (7.5 mM)

Cholesterol 150-250 mg/100 ml (4-7 mM)

{Individual) Vitamins
Trace Eiements

WASTE PRODUCTS: Urea

Uric Acid
Creatinine
Bilirubin

0.0001-2.5 mg/100 ml
0.001-0.3 mg/100 ml

34 mg/100 ml (5.7 mM)

5 mg/100 ml (0.3 mM)

1 mg/100 ml (0.09 mM)
0.2-1.2 mg/100 ml (3-18 mM)
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treatment here. These mechanis: s have been well studied and compre-
hensive treatments can be found in standard texts in enzymology [72,73]
and electrochemistry [74].

The glucose oxidase mediated reaction given in Figure 1.2 is actually
a net reaction that proceeds via two redox sieps and a hydrolysis step. The
first redox step involves the oxidation of glucose and the reduction of the
prosthetic group flavin adenine dinucleotide (FAD) according to

B-D-Glucose ——> 8-Gluconolactone + 2H* + 2e~ (1.1)

FAD + 2H+ +2e— —= FADH2 (1.2)

and the second redox step involves the reoxidation of FADH2 and the
reduction of oxygen, viz.

FADHs < FAD + 2H+ +2e- (1.3)
O2 + 2H+ + 2~ —— H202 (1.4)
which sum to yield the net (redox) reaction

GOx
B-D-Glucose + Og ——> 8-Gluconolactone + H202 (1.5)

where GOx represents the involvement of the enzyme glucose oxidase. The
hydrolysis of the lactone, viz.

5-Gluconolactone + HoO —— D-Gluconic Acid (1.6)

is spontaneous (i.e. does not depend on the involvement of the enzyme
catalyst). The reactions (1.5) and (1.6) sum to give the overall net reaction

GOx
B-D-Glucose + Og + HoO —— D-Gluconic Acid + H2O2 a.mn

which has been referred to repeatediy in previous sections.



Some of the hydrogen peroxide produced in the above reaction
diffuses to the surface of the platinum indicating electrode where it is
oxidized electrochemically according to the half-cell reaction

HoO2 — 2H* + O2 + 2e~ E° = +0.695 V vs. SHE (1.8)

where E° represents the electrode potential with respect to a standard
hydrogen electrode (SHE) at pH 0. At an electrode potential that is positive
of this value, reaction (1.8) is spontaneous (i.e. AG<0), although it may be
kinetically limited. At pH 7, the standard potential is shifted cathodically
(i.e. to a more negative potential ) by approximately 410 mV. Generally, in
order to overcome the kinetic barrier to oxidation and ensure that the rate of
reaction is limited by mass transport effects, a voltage significantly more
anodic (i.e. more positive than E°) is applied. A value of approximately
+0.94 V versus SHE is typically found to provide sufficient driving force to
ensure mass transport limitation. Under these conditions the current will
be proportional to concentration.

The SHE is not a convenient reference electrode to use and so a
saturated calomel electrode or a silver/silver chloride electrode is typically
used. The appropriate half cell reactions are

HgoCls + 2e— — 2Hg + 2C1— E° = +0.241 V vs. SHE (1.9)
2AgCl + 2e— — 2Cl- + 2Ag E° =+0.222V vs. SHE (1.10)

where it is understood that the internal electrolyte of the calomel electrode
is saturated KCl, and the silver/silver chloride cell is 1 M in chloride. In
this work, both of these references were employed for studies in the

laboratory, although the Ag/AgCl electrode was always used with the
integrated potentiostat.

The charge transfer between the indicating and reference electrodes
in solution is mediated by the supporting electrolyte. In blood, the
supporting electrolyte is comprised primarily of sodium and chloride ions
that are present in relatively large concentrations (see Table 1.1). The
electrons liberated in reaction (1.8) are the charge carriers that constitute
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the glucose dependent component of the electrode current. Additional
(interference) components may also exist, and must be accounted for in the
measurements.

1.4.3 Kinetic Considerations

The linearity (or nonlinearity rather) of the sensor response with
respect to glucose concentration, depends on a number of kinetic factors.
These factors are complicated and it is beyond the scope of this thesis to
present a realistic theoretical analysis. However, as a first order
approximation, the kinetic model of Michaelis and Menton [75] provides a
reasonable qualitative description. This model is based on the generic
(single substrate) reaction

k; ks
E+Sc—ES— E+P (1.11)
ko

where E=enzyme, S=substrate, E-S=enzyme-substrate complex, P=product,
and kj, ko, k3 are the rate constants associated with the pathways indicated.
The conccutration of the E-S complex is assumed to rapidly attain a steady
state condition where

AIE-S] -k, [E](S] - (ky + k3) [E-S] =0 (1.12)
dt

and since, at any time, the total amount of free and bound enzyme must be
conserved (i.e. [E] + [E-S] = constant = [E],),

[E-S] = kj [E1o[S] (1.13)
(k2 + k3) + k[S]

where [E]g represents the total concentration of the enzyme at t=0. Then the
rate of formation V, of the product P, is

diP] _ y. lkikg[ELIS] (1.14)
dt (ko + k3) + ky[S]
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or

V = Vmax[S] (1.15)
Km + [S]

where Vmax = k3[E], and Km = (kg + k3)ki which is called the Michaelis
constant and is characteristic of a given enzyme/substrate system obeying
Michaelis Menton kinetics. In the present case, the substrate S refers to

glucose and the product P refers to hydrogen peroxide. Note that equation
(1.15) can be rearranged to obtain

1 _ Km 1 1 (1.16)
\Y% Vmax [S] Vmax

so that, if observed kinetic data are plotted as 1/V versus 1/[S], the value of

Km can be determined graphically from the slope and intercept. Such a plot
is called a Lineweaver-Burke plot [75].

Assuming that the electrochemical oxidation of hydrogen peroxide
described by reaction (1.8) proceeds at a much faster rate than V, then the
dependence of the electrode current on glucose concentration can be
approximated by

| [S] (1.17)
Km + [S]

which is hyperbolic in [S] (the concentration of giucose). Note that the value
of Km represents the glucose concentration at which the electrode current is
one half of the maximum current; and for concentrations small compared
to Km, the current is approximately linear with glucose concentration. The
value of Km thus serves as a useful figure of merit describing the linear
dynamic range of the sensor.

Equation (1.17) qualitatively describes the dependence of electrode
current on glucose concentration. However, the glucose oxidase
mechanism is considerably more complicated since two substrates are
actually involved (i.e. glucose and oxygen), and a number of intermediate
steps and alternate pathways exist {73,76]. Furthermore, this analysis
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totally neglects all mass transport effects including the effects of
immobilizing the enzyme and the effect of the presence of the dialysis
membrane. Nevertheless, equation (1.16) does give a reasonable fi. to the
calibration data obtained for the sensors described in this thesis. And an
apparent Km value can be determined for a given membrane/electrode
system from a graphical analysis (i.e. Lineweaver-Burke plot) of the
calibration data.

1.4 SUMMARY

The research undertaken during the course of this program, and
described herein, was directed toward the development of an implantable
glucose sensor for the Artificial Beta Cell. Electrochemical methods for
glucose analysis involving the highly specific enzyme glucose oxidase have
long been employed in laboratory plasma glucose assays in vitro. However,
efforts to miniaturize this technology and to develop a sufficiently stable
sensor for long-term in vivo applications have failed, primarily due to
electrode stability and biocompatibility problems. Both of these problems
have been addressed in the scientific aspects of this project and, in the
engineering aspects, advanced instrumentation for amperometric sensors
was developed.

The overall body of work is divided into four independent studies
which are reported here in a "paper format". That is, each independent
study is presented in a format that follows closely the format of the
published version of the study. Note that, as a result, some duplication of
references and explicatory material exists. Each of the following para-
graphs briefly summarizes the salient features of each of the four studies
presented in Chapters 2 through 5, respectively.

A Complementary Metal Oxide Semiconductor (CMOS) integrated
controller circuit that operates in an amperometric mode was developed
which greatly alleviates problems associated with packaging the sensor as
the chip can remain hermetically sealed, and be used in conjunction with
remote reference and indicating electrodes. Compared to potentiometric
systems, the amperometric approach offers enhanced precision and
immunity to noise and electrochemical interference. This design also



provides a significant improvement in selectivity due to the differential
mode capability which nulls the effect of spurious background currents.
The output voltage is linearly related to anode current down to a detection
limit of less than 10 nA, which is suitable for use with the small electrode
areas desirable for in vivo assay systems. This device represents an
essential step toward miniaturization and implantability.

A process was also developed for encapsulating gilucose oxidase
enzyme electrodes in a perfluorosulfonic acid polymer (Nafion®) membrane
that functions as a protective dialysis layer and yields superior
performance and reproducibility over conventional materials such as
cellulose and cellulose acetates. Experiments in viiro showed that Nafion
effectively excludes blood cells, plasma proteins and other blood
constituents that denature the enzyme and/or poison the catalytic activity of
the =lectr de surface. It was also shown that the mass transport of glucose
relative to oxygen through the membrane can be controlied in order to
obtain linear characteristics up to at least 540 mg/dl (>30 mM) glucose
concentration and that Nafion membranes have a minimal effect on the
response time of the electrode. This represents the first study
demonstrating Nafion polymer as a suitable dialysis membrane material
for use in whole blood samples and that it can be employed for preferential
s<paration of neutral species such as glucose.

In order to realize a reliable implantable sensor, the encapsulating
material must obviously invoke a minimal biological response, which has
proven to be a major problem with conventional materials. In regard to
this criterion, the first long-term biocompatibility studies on Nafion
polymer were conducted, and results indicated excellent tissue and blood
compatibility in rats. For example, histological examination of tissues
surrounding 3 month and 6 month Nafion implants reveals a thin fibrous
connective tissue capsule around the implant and little, if any, evidence of a
foreign body inflammatory response. The fibrous capsule appears to be
stable and permeabie to glucose and electrolytes, thus preserving the
microenvironment around the sensor. These findings may be applicable to

a broad range of problems afflicting other implantable biosensors, artificial
organs and prostheses.



An implantable version of the Nafion encapsulated glucose sensor
electrode was designed, fabricated and tested in whole blood in vitro and
in vivo. The implantable version incorporates modifications to the electrode
surface treatment that substantially improve the adhesion of both the
enzyme and Nafion polymer membranes. Prototype electrodes performed
satisfactorily in vitro, but intravenously implanted electrodes did not
perform well and were short-lived. Subsequent diagnostic testing
suggested significant differences exist in the dialysis membrane
requirements for in vivo versus in vitro glucose sensing in whole blood.
Flaws in the prototype design and fabrication were identified, and
corrective measures were suggested. These results represent the first step
in the transfer of Nafion encapsulation technology from discrete in vitro
glucose assays in the laboratory, to continuous in vivo monitoring.
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CHAPTER 2
A CMOS Potentiostat for Amperometric Chemical Sensorst

A simple CMOS integrated potentiostatic electrode control circuit is
described. The circuit maintains a constant bias potential between the
reference and indicating electrodes of an electrochemical measurement
cell. Chemical concentration signals are converted amperometrically to an
output voltage with a sensitivity (slope) of approximately 60 mV/pA. The
lower detection lim .. is less than 2 nA, and redox currents from 0.1 to
3.5 4A can be measured with a maximum nonlinearity of +2% over this
range. The total power consumption is less than 2 mW with power supply
voltages of 6 V. This design also provides the capability of performing
differential measurements which null the effect of spurious background
currents in order to enhance analyte selectivity. Experimental results are

reported showing the performance of the circuit as a chemical sensor
control system.

2.1 INTRODUCTION

Research in the field of solid state electronics has expanded in recent
years to include the development of data acquisition systems which
incorporate transducer elements as part of the integrated circuit. A variety
of new integrated chemical sensors realized using chemically selective
membrane technology have yielded the capability of performing
electrochemical analyses in real time, in remote applications, at reasonable
cost [1]. Biochemical sensors in particular have received a great deal of
attention due to interest in biomedical applications such as glucose
determination [2,3]. In general, the advantages of integrating biomedical
transducers incluade miniaturization for the purposes of implantation and
the capability of including additional "on-chip” circuitry for in situ signal
conditioning and control. Also, the application of integrated circuit design
strategies permits the optimization of application specific designs.

t A version of this chapter has been published as:

R.F.B. Turner, D.J. Harrison and H.P. Baltes, "A CMOS Potentiostat for Amperometric

Chemical Sensors”, I.LE.E.E. J. Solid-State Circuits, Vol. SC-22, No. 3, pp. 473-478,
June 1987.
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Most of the effort thus far in this area has been focused on chemically
sensitive semiconductor devices (CSSD's) [1,4], such as the icn-selective
field effect transistor (ISFET) which operates in a potentiometric mode [5].
That is, the input signal is an open-circuit electrochemical potential that
arises directly from concentration changes of the analyte species, or a
derivative of the analyte, in the test solution. Potentiometric systems can be
subject to difficulties arising from liquid junction potentials,
electrochemical noise due to high electrode impedances [6], and sensitivity
to buffer capacity [7] and interfering species in the test solution. Further-
more, the best sensitivity obtainable in a potentiometric mode is
59 mV/decade concentration change (logarithmic response), which also
limits the precision [6] of the technique.

The response of a number of membrane/electrode systems, for
example those using immobilized enzymes, can be determined either poten-
tiometrically, or amperometrically where a current is allowed to flow in the
cell. The current arises from the oxidation or reduction of the analyte (or a
derivative thereof) at an inert electrode and the signal is linear, rather than
logarithmic, with concentration. For a number of systems, many of the
aforementioned difficulties cited for potentiometric systems can be avoided
by operating in an amperometric mode. The present paper describes a
simple CMOS integrated circuit that facilitates this type of electrochemical
measurement.

An amperometric assay of a particular analyte consists essentially of
monitoring electrode current in order to obtain a quantitative measurement
of the rate of electrolysis of the analyte in the test solution. If a sufficiently
large potential difference is applied between the anode and cathode of an
electrolytic cell, and a steady state flux of analyte has been attainec, then a
mass transport limited current will flow in the external circuit. Assuming
a linear (i.e. Nernst) diffusion layer of fixed thickness 8, the current is
given by

Ip = —2FAD,Coy/d (2.1

for cathodic processes, and



Ia = ZFADredCredls (2-2)

for anodic pronesses [8]. Here z ia the number of moles of electrons trans-
ferred per mole of reactant, F is the Faraday constant (96,487 C/mole); A is
the electrode area (m?2); Doy, Dreqdq are the diffusion coefficients for the
oxidized and reduced species respectively (m2/8); and Cox, Cred are the bulk
concentrations of the oxidized and reduced species respectively (moles/m3),
in the test solution. The magnitude of the applied potential difference
depends on the theoretical half-cell potential for the particular redox
process under study, and on the type of reference electrode used. If the test
solution: contains additional electroactive species that are capable of
undergoing oxidation/reduction at the same applied potential as the

analyte, then a suitable chemically selective membrane must be employed
in order to isolate the species of interest.

Commercial instruments such as the Princeton Applied Research
Model 273 analytical potentiostat or the Yellow Springs Instruments
Model 53 Oxygen Monitor have provided standard means of performing
amperometric assays in the laboratory. Our approach has therefore been to
design an integrated circuit which emulates certain essential functions of a
laboratory potentiostat, tailored for a specific assay determined by the
design of the chemically selective electrodes. The advantage of this circuit
over previous designs [9] lies in its ability to accurately sense very small
currents (less than a few microamperes) with a minimal number of
devices, low porwer consumption, and without introducing excessive noise.
This design also utilizes a two-electrode measurement technique, rather
than the conventional three-electrode technique, which further simplifies
the implementation of the transducer elements by reducing the number of
electrodes (in addition to the reference) required for differential
measurements from three to two.

22 CIRCUIT DESCRIPTION
2.2.1 Principles of Operation

The function of the potentiostatic control circuit is to provide the
required constant bias potential between anode and cathode, and to make a

31



nonperturbing measurement of the resulting redox current. A block
diagram of the system designed for this purpose is shown in Figure 2.1.
The working electrode (WE), or indicating electrode, is presumed to be the
site where the current limiting process described by (2.1) or (2.2) occurs.
The same current flows through the reference electrode (RE), where a
complementary (albeit nonlimiting) process occurs. That is, if an oxidation
process occurs at the WE, then a reduction occurs at the RE, and vice versa.
The WE has been shown as the anode and the RE as the cathode, however
this polarity may be reversed depending on the application.

Under conditions where (2.1) or (2.2) is valid and the process at the
RE is nonlimiting, the WE behaves essentially as a concentration-
dependent current source which determines the drain current of transistor
M14. In equilibrium, the cperational amplifier (OA) controls the value of
Vgs of M14. If the concentration (and hence the current) changes, the finite
output resistance of M14 is sufficient to initiate a corresponding change in
the differential input voltage to the OA which, in turn, moves Vgs to a new
equilibrium value.

A practical implementation of the network depicted in Figure 2.1 is
shown in the schematic of Figure 2.2. The component values employed in
the fabrication of the prototype integrated circuit are given in Table 2.1. The
current-to-voltage conversion (I/V) is accomplished simply by mirroring
the electrode current through a resistance R,. The cathode has been
connected to the ground in the output stage so that V4 can be obtained from
the same subcircuitry as was used to establish the bias current of the OA.
The circuit of channel 2 is identical to channel 1 and shares the same
power supplies and ground. Differential measurements are performed by
comparing the outputs of channels 1 and 2.

2.2.2 Operational Amplifier

Since the operational amplifier is not required to source any current,
a simple two-stage design was used. The configuration shown has a dc
open loop gain of approximately 90 dB, and a unity gain bandwidth of
approximately 4 MHz with a differential stage bias current of 3.5 yA. A
right-hand plane zero occurs at approximately 0.5 MHz and hence the
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Figure 2.1 Block diagram of amperometric measurement system. Va is
the applied bias voltage between the WE and RE. The WE is
shown with a chemically selective membrane (CSM) wk.ch
determines the specificity of the assay for a particular analyte.
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TABLE 2.1 Component Values employed in realization of prototype

potentin<tat circuit. The dimensionless ratios refer to the geo—
metric channel width (um) vs. channel length (um) of each

transistor.

Component Value Component Value
M1 5/60 M9 35/15
M2 5/15 M10 5/120
M3 5/15 M11 35/15
M4 5/15 M12 5/120
M5 5/60 M13 15/15
M6 230/5 M14 140/5
M7 230/5 Ce 2.6 pF
M8 35/15 Ro 2.5 kQ




stability of the closed-loop system depends on the position of the low-
frequency pole contributed by the output stage which, in turn, depends on
the impedance characteristics of the electrodes.

2.2.3 Output Stage

The characteristics of the output stage determine the sensitivity of the
output voltage with respect to the concentration-dependent current from the
WE. In the present configuration, the current through the output resistor
R, is M times the WE current I; due to electrons (e~ in Figure 2.1) liberated
by the electrochemical process occurring at the WE. This results in an
output voltage of MI;R, and gives a sensitivity of

2V, = MR, + Rl dM 2.3)
ol, dl,

assuming the WE is the anode. For small currents (but not small enough
that M14 enters the tricde region), the second term is negligible and Vj is
approximately linear with I, as long as M14 remains in the saturation
region. For power supply voltages of 5 V, the linear range of operation is
approximately 0.1-2 pA, over which the output sensitivity is approximately
60 mV/pA. The upper end of this range can be extended to approximately
3.5 pA with a power supply of 26 V.

Substituting (2.2) for the WE current I, the sensitivity with respect to
changes in the concentration of the analyte Cg is

9V, = MR,zFAD,/8 (2.4)
2Cqa

over the linear range of operation. Note that the parameters A, Dy and

depend on the design of the transducing membrane/electrode, which is
thererore an integral part of the design.

Full integration of the transducing electrodes, including the
reference, with the controlling circuitry cannot be accomplished with a
standard CMOS process since the usual aluminum metallization layer
does not provide an electrochemically active electrode surface. Some



additional processing is t.ierefore required in order to make use of this or
any integrated circuit as an amperometric chemical sensor. However, the
inherent noise immunity of the amperometric technique allows this circuit
to be used to control externally connected electrodes. In some applications
{for example, in vivo bicchemical assays) this approach can be advan-
tageous in that the electronic part of the sensor can be hermetically sealed
against the chemically harsh environment in which the electrodes must
function, thus alleviating many of the packaging problems associated with
ISFET devices [2,7]. All experimental results reported here were obtained
using externally connected electrodes.

23 EXPERIMENTAL RESULTS

2.3.1 Electrical Performance

The circuit of Figure 2.2 was fabricated using a standard polysilicon-
zate CMOS process (Northern Telecom CMOS-1B). The minimum feature
size is 5 um and the total die area occupied by both channels of the sensor
circuit, excluding bonding pads, is 0.53 mm2. A photomicrograph of the
implemented circuit is shown in Figure 2.3. Additional implementation
data are provided in the Appendix.

The ocutput voltage linearity and control system performance were
tested using an HP 4145A Semiconductor Parameter Analyzer. For the
purpose of electronic testing, the actual WE was simulated by a swept
current source which varied the magnitude of the input current from O to
3 pA. The output voltage response characteristics of channels 1 and 2 are
superimposed on Figure 2.4, and the corresponding WE electrode bias
voltages are superimposed on Figure 2.5. These results are in reasonable
agreement with digital simulations of the same circuit using a version of
the commercially available SPICE simulatior: program.

The mask layouts uszd for each channel were identical, as were the
measurement conditions; the differences ‘n characteristics between the two
channels are thus attributed to process variations across the die. The
difference in the slopes of the output voltages of the two channels has the
most detrimental effect on the results of differential mneasurements. The
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Figure 2.3 Photomicrograph of prototype potentiostat circuit. The bonding
pads (not shown) are connected via the eight broad metal lines
leading away from the circuit; these lines are 25 um wide.
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main component of this difference is likely due to slight variations in the
values of R. for each channel, which were implemented as p* diffusion
resistors. The difference in the WE bias voltages is less than 10 mV, which
is negligible in most applications. The output voltages of both channels are
linear to within +2% and the WE bias voltages are maintained constant to
within 1% over the range of electrode currents from 0.1 t0 3.5 pA. Note that
the WE bias voltage reference levels were taken from the internal OA bias
network and could be adjusted over a substantial range (approximately
+0.5 V) by adiusting the power supply +osltages without degrading the
linearity or control function.

In CMOS technology, it is common practice to use a resistor in scies
with the compensation capacitor C. in order to eliminate the right half
plane zero. Omission of this resistor in this prototype design did not lead to
oscillation problems because the feedback magnitude is relatively small.

However, a series resistor was included in a later redesigned version of the
circuit.

2.3.2 Electrochemical Performance

In order to evaluate the performance of the circuit as an ampero-
metric sensor, an external (planar) platinum working electrode was
connected to the drain of M14, and an external Ag/AgCl reference electrode
was connected to the common circuit ground. The bias potential between
WE and RE was adiuzted to +0.7 V and the steady state output voltage was
recorded (allowing approximately 1 mir:. for the transient response to
decay) as aliquots of K4Fe(CN)g in 0.1 M KCl were added to a quiescent
0.1 M KC1 solution. The results for one channel are plotted in Figure 2.6;
similar results were obtained for both channels. The scatter present in the
data of Figure 2.6 is due to variations in the mass transport of Fe(CN)g4—
ions to the electrode surface caused by convection currents [8] in the test
solution. Data from a laboratory analytical potentiostat exhibit the same
degree of scatter under the same experimental conditions. The concen-
tration axis offset in Figure 2.6 is apparently an artifact from the chip

fabrication process; other chips from the same run do not exhibit such an
offset.
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Figure 2.6 Output voltage as a function of ferrocyanide concentration in
unstirred test solution. Data were obtained using a bare
platinum WE (1.65 mm diameter) attached to chan:iel 1.



The electrochemical transient response was also investigated. As
noted previcusly, equations (2.1) and (2.2) describe the steady state mass
transport limited current. Current during the transient period prior te the

establishment of a constant thickness Nernst diffusion layer is described by
the Cottrell equation [8], viz.

ig(t) = zZFAC,DV2q-V2¢-1/2 (2.5)

which applies to linear diffusion to a horizontal planar electrode. The WE
and RE were disconnected from the circuit and placed in a quiescent
solution of K4Fe(CN)g (in 0.1 M KCI1). At t=0, the electrodes weie switched
into the circuit, driving the WE to +0.7 V vs. Ag/AgCl, corresponding to a
thermodynamic potential at which Fe(CN)g4— is oxidized under mass
transport control. This essentially simulates a step increase in the
Fe(CN)g4— concentration at the electrode surfac . The output voltage was
recorded for 1 s from t=0 and several points were taken from the current
response trace and plotted against t-2 as shown in Figure 2.7. The slope of
the data in Figure 2.7 was used to compute e concentration of ferro-
cyanide in the test sclution, which agreed to within 5% of the known
concentration. This result demonstrates that the response time of the
circuit is sufficiently low to be able to follow abrupt changes in the analyte

concentration {(provided, of course, that the electrodes used also respond
rapidly).

In order to evaluate the differential measurement capability of the
sensor in a biochemical assay, a pair of working electrodes was prepared;
one WE was sensitive to glucose (connected to channel 1), and the other WE
was insensitive to glucose (connected to channecl 2). The glucose sensitive
membrane was cast directly over a platinum electrode surface and had an
approximate composition (by weight) of 20% glucose oxidase, 75% bovine
serum albnmin and 5% glutaraldehyde [10]. The non-glucose sensitive
membrane composition was 95% albumin and 5% glutaraldehyde and
hence could not oxidize glucose, yet presented a similar matrix for diffusion
of electrochemically active species in the vicinity of the electrode surface.
The enzwr_ rlucose oxidase reacts only with B-D-glucose and, in the

presence .. :zolved oxygen, produces gluconic acid and Hg02 [11]. Itis
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Figure 2.7 Cottrell plot of time dependence of output voltage after the
applied voltage is stepped to a potential at which ferrocyanide
is oxidized. Data were obtained using a bare (planar disc)
platinum WE (. 65 mm diameter) attached to channel 1.



the H202 derived from this reaction that is the actual analyte that is sensed
amperometrically, and the resulting output voltage depends on glucose
concentration as shown in Figure 2.8. Note that the nonlinearity of the
response to glucose is not a result of any characteristics of the integrated
potentiostat circuit, but rather is due to the chemical and mass transport
kinetics relating to the enzyme reaction itself [11].

Figure 2.9 shows the effect on the output voltage of each channel
when an interfering species is present that will react at both working
electrodes. An aliquot of H202 is introcduced (at point 'A’) into a solution
initially containing only 5§ mM glucose in buffered 0.1 M NaCl (pH 7.4) and
the solution is subsequently diluted (at point 'B') by adding more buffered
5 mM glucose solution. Note that the difference between the two output
voltages (i.e. V41—V,2) remains constant throughout the experiment,
reflecting the true concentration of glucose even in the presence of a
background concentration of H2Og in the bulk test solution. The momentary
increase in V,1 at point 'B' on the trace is apparently a mass transport
effect due to mixing (i.e. an electrochemical transient), anc¢ is not an
artifact due to the integrated circuit.

Figure 2.10 shows the result of a similar differential mode meas-
urement where the interfering species is ascorbic acid, rather than H3Os.
In this case, a series of aliquots of ascorbic acid were introduced into a cell
that initially contained only 5 mM glucose in buffered 0.2 M NaCl (pH 7.4).
Again, note that the differential signal (i.e. V51—V,2) remains essentially
constant, reflecting the true concentration of glucose even in the presence of
a background concentration of ascorbate in the bulk test solution. The
differential signal does, however, exhibit a downward drift toward the end

of the experiment, which is likely due to ascorbate poisoning of the
platinum electrode surface.

24 PERFORMANCE OF REVISED VERSIONS

The original prototype potentiostat circuit, as described in the
preceding sections, had a sensitivity of approximately 60 mV/uA and could
accurately measure redox currents over the range of 0.1 to 3.5 pA. Two
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Figure 2.8 Output voltage as a function of glucose concentration. An
enzymatic glucose-sensitive membrane was applied to a
platinum WE (0.643 mm diameter) attached to channel 1.
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Time record of output voltage response to changes in HoO2
interferent concentration. Prior to point '‘A’, the (buffered) test
solution contained 5 mM glucose and 0.1 M NaCl only. At
point 'A', an aliquot of non-enzymatically produced H2O2 was
added. At point 'B', the HoO2 was diluted by adding more
5 mM glucose (in buffered 0.1 M NaCl).
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improved versions of the original chip have been characterized and
employed in seme of the work presented in later chapters. The operational
amplifier blocks have remained identical to that of the original prototype
and the schematic layoui of the I/V conversion block also remained the
same. The only significant changes were in the size of the output resistors,
the implementation of the output resistors in polysilicon rather than p+

diffusion, and changes in the geometric width-to-length ratios of
transistors M12 and M13.

The first redesigried version of the original prototype circuit included
only minor modifications to the output circuit. The (polysilicon) output
resistors were increased to 3.2 kQ (the dimensions of the current mirror
transistors were unchanged). The performance of this version of the
integrated potentiostat circuit was therefore similar to that of the original
prototype, except that the sensitivity has been slightly increased, and

differerices in the current sensitivities between the two potentiostat
channels was virtually eliminated.

The performance of this version coupled to an actual sensing
electrode was compared to that of a comimercial three-electrode Pine RDE-4
potentiostat. A Pt electrode (0.823 mm?2), coated with a thin membrane of
Nafion polymer in order tc decrease mass transport related noise, was used
as the working electrode. A bias voltagz of +0.7 V was appliec! between the
WE and a Ag/AgCl wire which served as RE =xd cathode. The WK and RE
were alternately switched between the IC and Pinc polentiostats in order to
obtain an electrode current measurement usingz =ach instrument in the
same electrochemical cell, without moving the electredes. igure 2.11
shows a comparison of the cutput of the two systems as the concentration of
Fe(CN)g4— is varied (cf. Figures 2.6). In tuis measuremeni, the cell was also
stirred with an air-driven magnetic stirrer. The lower limit of current
measurable with this version of +*.e integrated potentiostat is less than 2 nA
and the maximum current mr ea:::rable (with a 5 V power supply) is 2 uA,
although this can easily be extenced to more than 3 pA if the power supply
voltages are increased somewhat. The sensitivity of the output of the
integrated potentiostat for currents of ~10 nA to 200 nA is 75 mY/uA, and
the linearity of the cross correlation of the two instruments is £0.5% over
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Cross correlation between the twc-electrode integrated poten-
tiostat circuit and a commercial three-electrode analytical
potentiostat (Pine Instrument Company model RDE-4). Data
correspond to Fe(CN)g4— oxidation currents at a Pt electrode
coated with a thin (< 0.5 pm thick) layer of Nafion polymer.



this range. Below approximately 10 nA the sensitivity is increased to
95 mV/tA, indicating some non-linearity of the circuit at very low currents.
This version of the circuit is, in fact, the one that was employed in the

Nafion membrane characterization studies presented in the following
Chapter.

The output current mirror of the most recent version of the circuit
has been redesigned to yield a considerably higher current sensitivity of
180 mV/pA, and a broader dynamic range of 10 nA to 10 pA. In this
version, the output resistors were increased to 5.7 kQ, and the dimensions
(i.e. ratios of W/L in pum) of the current mirror transistors are M12 = 10/10
and M13 = 320/10. Again, the output resistors have been implemented in
polysilicon, rather than p* diffusion (in the original prototype), which has
virtually eliminated any discrepancy in the slopes of the output voltages of
the two independent charnnels. The difference in WE bias voltages between
the two channels is less than 10 mV. The measured electronic
performance characteristics of this redesigned version are shown in
Figure 2.12 for the range of redox currents measurable with external power
supply voltages of approximately +8 V (cf. Figures 2.4 and 2.5). The
performance of this version of the circuit coupled with an implantable

version of the glucose-sensitive electrode in whole blood (in vitro) is
demonstrated in Chapter 5.

In one other recent version, a p* resistor {~420 Q) was placed in
series with the compensation capacitor in order to realize an improvement
in the phase margin. This version of the circuit was never actually used
with a sensing electrode since process variations in the final CMOS 1B run
resulted in poor matching between potentiostat channels. The circuit was
stable and performed satisfactorily during tests with an electronic swept
current source as before, although no oscillatory behavior was ever
observed with other design versions either (i.e. those that did not utilize this
compensation technique). No actual frequency response data were obtained
for this or any other version of the circuit since only low frequencies are
important to the present application.
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Figure 2.12 Electrical response characteristics of an improved version of
the integrated bi-potentiostat circuit. The electrode current is
simulated by a swept electronic current source cennected to the
reference and working electrode inputs.



25 CONCLUSIONS

We hav~ ~resented a new CMOS integrated circuit that can be used to
perform amperometric electrochemical assays with an accuracy
comyparable o tho~e performed by a laboratory potentiostat. The circuit is
specifically desigried to measure small currents in order to facilitate its use
with microelectrodes, which may or may not be integrated with the actual
signal processing and control circuitry. Our experimental results
demonstrate the utility of this circuit as a chemical sensor control system.
Importantly, the circuit may be operated in a differential mode in order to
null the effect of spurious interfering species not excluded either by the
choice of the working electrode bias voltage, or the chemical selectivity of
the membrane/electrode system employed. With minor modifications (o the
bias network, any electrochemically significant working electrode bias
voltage can, in fact, be realized with this same basic design. And, the
approach of taking the WE bias voltage reference levels from the internal
OA bias network, lenas itself to adaptation for programmable operation
simply by controlling the power supply levels.

Several improvements to the original circuit have been incorporated
into revised versions that further enhance the performance. For example,
the output resistors have been implemenied in poiysilicoen, rather ihan p*
diffusion, which has virtually eliminated the differences in current
sensitivity between the two channels. Modifications have also been made to
the I/V conversion block in order to increase the sensitivity and expand the
cperating range. Unless otherwise noted, one of these improved versions

was employed in all of the work presented in subsequent chapters invelving
the integrated pcientiostat.

There exists a large vzriety of electrochemical assays that can be
performed amperometrically, and a miniaturized integrated potentiostat
provides tremendous flexibility in the design and application of chemical
sensors based on this technique. For example, commercial benchtop
glucose analyzers determine glucose amperometrically due to the inherent
advantages this approach provides for glucose oxidase based electrode
systems. The microelectronic circuit presented here offers the same



advantages for a miniaturized glucose sensor that can be used with

microciectrodes which could potentially be implanted, for example, as part

of an insulin delivery system for the treatment of Type I diabetes.

2.6

[1]

(2]

(3]

(4]

(5]

(8]

[9]

REFERENCES

H. Wohiltjen, "Chemical Microsensors and Microinstrumentation”,
Anal. Chem., Vol. 56, No. 1, pp. 87A-103A, 1984.

P.W.Cheung, D.G. Fleming, W.H. Ko and M.R. Neuman, Eds.,
Theory, Design and Biomedical Applications of Solid State Chemical
Sensors, CRC Press, West Palm Beach, Fl., 1978.

J.S. Soeldner, Ed., "Symposium on Potentially Implantable Glucose
Sensors”, Diabetes Care, Vol. 5, No. 3, p. 147, 1982.

J.N. Zemel, "Ion Sensitive Field Effect Transistors and Related
Devices”, Anal. Chem., Vol. 47, No. 2, pp. 255A-268A, 1975.

J. Janata and R.J. Huber, Eds., Solid State Chemical Sensors,
Aczdemic Press, London, 1985.

K. Cammann, Working with Ion Selective Electrodes, Springer-
Verlag, Derlin, 1976.

S.D. Caras, J. Janata, D. Saupe and K. Schmitt, "pH-Based Enzyme
Potentiometric Sensors"”, Part I, Anal. Chem., Vol. 57, pp. 1817-1920,
1985. See also: Part II, Ibid., pp. 1920-1923; and Part 111, Ibid., PP.
1924-1925.

J.A. Plambeck, Electroanclytical Chemistry, J. Wiley & Sons, New
York, 1582.

W. Sansen and M. Lambrechts, "Glucose Sensor with Telemetry
System”, in Implantable Sensors for Ciosed-Loop Prosthetic Systems,
W.H. Ko, Ed., Ch. 12, pp. 167-175, Futura, Mount Kisco, NY, 1985.



(10] T. Yao, "A Chemically-Modified Enzyme Membrane Electrode as an

Amperometric Glucose Sensor”, Anal. Chim. Acta, Vol. 148, pp. 27-
33, 1983.

[111 G.G. Guilbault, Analytical Uses of Immobilized Enzymes, Marcel
Dekker, New York, 1984.



CHAPTER 3

Characterization of Perfluorosulfonic Acid Polymer Coated
Enzyme Electrodes for Glucose Analysis in Whole Bloodt

The perfluorcsulfonic acid polymer Nafion® leads to highty
reproducible electrode preparation and performance when used a= a
dialysis membrane material on glucose oxidase/Pt electrodes in the
determination of glucose in whole blood. Protection from enzyme electrode
fouling in whole blood was demonstrated for a 1.7 um thick Nafion mea-
brane during 6 days of continuous in vitro measurement in fresh whole
blood samples at 37°C. Nafion encapsulation yields enzyme electrodes with
a linear response up to at least 28 mM glucose, and response times of 5-17 s
which are superior to those for electrodes coated with cellulose dialysis
membranes. A custom designed CMOS two-electrode potentiostat was used
to control the electrode bias potential and measure electrode current. The
current sensitivity of the circuit is approximately 75 mV/yA, the response
is linear over the range of 10 nA to 2 pA, and the current detection limit is
<2 nA. The differential mode capability of the circuit permits nulling of the
background current due to interfering species in whole blood, yielding an
accuracy of +2% relative to a Beckman glucose analyzer.

3.1 INTRODUCTION

Continuous monitoring of physiological glucose levels using an
implantable glucose sensor based on glucose oxidase enzyme electrodes
was proposed a number of years ago [1-3]. Since that time, research efforts
have been directed toward improved design of the electrode and the
necessary membrane materials required for proper operation of the
sensor [3-10]. Miniaturization of both the sensor and the electronics for
implantation has been addressed using pH sensitive ion sensitive field
effect transistors (ISFET) coated with a glucose oxidase enzyme layer. This

T A version of this chapter has been published as:

D.J. Harrison, R.F.B. Turner and H.P. Baltes, "Ck -z ~terization of Perfluorosulfonic

Acid Polymer Coated Enzyme Electrodes and a Miniaturized Integratcd Potentiostat for

gme Agglysis in Whole Blood", Analytical Chemistry, Vol. 60, No. 19, pp. 2002-2007,
r 1988.
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device is8 a potentiometric sensor with a response proportional to the
logarithm of the glucose concentration [11,12]. Macroscopic potentiometric
glucose sensors have been examined in detail and are found to suffer from
sensitivity to buffer capacity, interfering species, and liquid junction
potentials [13,14] to a rmuch greater extent than glucose oxidase based
amperometric sensors. A recent study of the enzyme coated ISFET demon-
strates that the same difficulties also plague the miniaturized potentio-
metric device [12]. In fact, successful commercial bench-top glucose

analyzers such as the Yellow Springs instrument are based on the ampero-
metric approach.

With these considerations in mind, we developed the integrated
CMOS based potentiostat [15] described in Chapter 2, which can be used fer
the amperometric determination of glucose and is sufficiently small, with
low enocugh power demands, that it could easily be implanted as part of an
artificial pancreas. Full integration of the transducing electrodes on the
CMOS chip is not necessary to obtain high noise immunity since
amperometry is inherently less sensitive to noise than high impedance
potentiometry. This obviates many of the difficulties associated with

packaging ISFET devices [16] since the entire silicon chip can easily be
hermetically sealed.

The oxidation of glucose to produce gluconic acid and H2O¢ in the
presence of glucose oxidase is a weli known means of obtaining a glucose
selective electrode reaction. The choice of membrane system depends on
whether Og or HoOs5 is to be determined, and whether or not all the
electrodes in the cell are located on the same side of the membrane.
Lucisano, ef al. have recently reviewed [17] the performance of Og electrodes
of the Clark type with all electrodes on one side of the membrane, and the
monopolar type where only the working electrode is membrane coated. All
methods have advantages and disadvantages in terms of response time,
stability and sensitivity to Og tension. We have elected to utilize H202
determination since, with this method, it is possible to easily reduce
sensitivity to variations in O2 tension in the analyte solution [5]. This is
accomplished by using a semi-permeable membrane that reduces the ratio
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of glucose to O2 flux until the overall reaction rate is controlled by glucose
mass transfer and not by Os.

wne of the key difficulties in developing a HoO2 based implantable
glucose sensor is in the design of a semi-permeable membrane
structure [3,5-9] that ensures satisfactory electrochemical performance, yet
prevents or at least reduces degradation of the sensor in the biological
environment. A number of dialysis membranes have been suggested in the
literature including cellulose and cellulose acetates [3,5,8,9]1, poly(ure-
thane) [7], and poly(propylene) [8]. These membranes are semi-permeable
to glucose, and decrease the rate of glucese mass transfer relative to Osg,
leading to reduced sensitivity to Oz tension. However, they generally also
serve another function. When a glucose oxidase membrane on a Pt
electrode is directly exposed to blood, reversible fouling of the electrode
occurs, presumably due to adsorption of species from solution, and the
response to glucose is almost completely eliminated. The outer dialysis
membrane must prevent this phenomenon, and may also reduce longer
term effects such as clotting and fibrous encapsulation of the sensor. We
have investigated cellulose and cellulose acetate membranes as dialysis
layers, and we find it is difficult to reproducibly obtain satisfactory results
with these materials. Similar concerns have been raised for poly(urethane)
coatings [18].

In this paper, we present experimental results characterizing the
DuPont perfluorinated ionomer Nafion® as a dialysis membrane material
for use in whole blood. The chemical structure of the repeating unit of
Nafion polymer is shown in Figure 3.1. Nafion has been used previously as
a protective, selective coating on electrodes in intracellular fluids of nerve
and brain tissue in order to reduce ascorbic acid response when
determining various neurctransmitters [19-21]. We find that it also serves
as an excellent dialysis membrane for use in whole blood when cast from
solutions of the ionomer, allowing satisfactory voltammetry and high
reproducibility of electrode preparation for membranes of approximately
0.8 um thickness or greater. To our knowledge, this is the first report of the
use of Nafion polymer as a dialysis membrane in the determination of
glucose or other neutral species.
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32 MATERIALS AND METHODS

3.2.1 Reagents

High-purity glucnse oxidase (EC 1.1.3.4) (Type X, from Aspergilius
niger, 100,000-150,000 units/g), bovine serum albumin (Fraction V, 98-99%
albumin) and glutaraldehyde (25% aqueous solution) were obtained from
Sigma Chemical and used as received. All other chemicals were of reagent
grade. Solutions were prepared using double-distilled, deionized water.
Cellulose dialysis membrane (Spectra Por®) was obtained from Fisher
Scientific and Nafion (5% solution, 1100 e.w) was obtained from Solution
Technology. Canine whole blood from both healthy and diabetic animals
was collected in heparinized Vacutainers® and stored at 4°C prior to use.

A stock buffer solution of pH 7.4 was prepared from phosphate salts
(u=0.056 M) with 5 mM sodium benzoate and 1 mM ethylenediammine
tetraacetic acid (EIDTA) as preservatives, and 0.1 M NaCl as supporting
electrolyte. To this, glucose was added and allowed to mutarotate overnight
at room temperature to yield a 0.1 M stock glucose solution that was
subsequently stored at 4°C. Unbuffered solutions of 0.5% Nafion and 1%
Nafion were prepared by dilution of the 5% solution with 1:1 isopropanol
and water.

3.22 Electrode Preparation

Platinum wires (1.024 mm diameter) were sealed in glass tubing
(56 mm o0.d.), grecund and polished to leave exposed a circular platirum
electrode (0.823 mm?2). Electrodes were polished using 1 um AlgOg as the
finish, etched for 1 minute in aqua regia, anodized at +1.9 V, and then
cycled between —0.24 and +1.1 V vs. SCE in 0.5 M HoSOy4 prior to coating.
Electrodes were paired for differential measurements based on a
comparison of areas by cyclic voltammetry.

Glucose-sensitive working electrodes were prepared by a method
similar to that described by Yao [22]. That is, platinum electrodes were
dipped in an acetate buffered solution (pH 5.5) containing 19.5 mg/mL
glucose oxidase (GO), 73.2 mg/mL albumin (BSA) and 5 mg/mL glutar-



aldehyde, and then inverted to dry for at least two hours in air at room
temperature. The resulting (dry) membrane composition is approximately
20% GO, 75% BSA and 5% glutaraldehyde. Glucose-insensitive working
electrodes were prepared by dip-coating from a similar solution in which
the GO component was replaced by an equivalent weight of additional BSA.
Nafion dialysis membrane overcoats were applied by dip-coating the
working electrodes in one of the Nafion stock solutions and inverting to dry
for at least one hour. The procedure was repeated until a Nafion dialysis
layer of desired thickness was obtained. It was found necessary to first coat
with several dips in 0.5% Nafion solution, before making several dip-coats
in 1% or 5% solutions. If the electrode was first dip-coated in the 5%
solution as received, the enzyme activity was substantially reduced,
whereas the procedure outlined above led to much more active electrodes.
The reason for this is not clear since the sclvent composition was the same
for the more dilute Nafion solutions. It raay be that the higher proton
activity in the 5% solution is sufficient to partially denature the enzyme
when there is no intervening Nafion coating to protect it.

Cellulose dialysis membranes were affixed to the electrodes by
inserting both glucose active and inactive working electrodes into a length
of dialysis tubing, folding the ends of the tubing together, gathering the
excooss membrane away from the electrode tips, and securing it with
cellophane tape. Care was taken to avoid stretching the membrane and to
ensure that it was in intimate contact with the working electrode tip over
the entire active area of the electrodes.

3.2.3 Nafion Film Thickness

The thickness of the Nafion coatings on glass shrouded Pt electrodes
(0.823 mm?2) were estimated electrochemically. Ru(NHg3)g3+ was ion
exchanged into Nafion films coated un clean Pt electrodes from a solution of
5 mM Ru(NH3)e3*+ and 0.1 M KCl. The amount of Ru complex exchanged
into the film was determined by integration of the cyclic voltammetric curve
obtained in a solution of 50 pM Ru(NH3)g3* and 0.1 M KCIl, where the
complex was added to reduce loss from the film. The integral yielded the
charge transferred during the cathodic scan, viz.
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Q = ZFArRu 3.1)

where z is the number of moles of electrons transferred per mole of
Ru(NH3)¢3+ reduced (z=1); F is the Faraday constant (96,500 C/mol); A is the
area of the electrode (8.23 x 103 ¢cm2); and I'gy, is the surface density of
membrane bound Ru complex (mol/cm?2). Assuming I'mem=3T"Ru (i.e. to
account for the 3:1 ratio of RSO3~ to Ru(NH3)g3+ in the film) and
substituting I'mem=pd/(e.w.), the membrane thickness 8 is given by

0=3Q (e.w.)/ zFAp (3.2)

where e.w. is the equivalent molecular weight (1100 g/mol) and p is the
mass density of the membrane (1.58 g/cm3). Cyclic voltammetric current
obtained in the 50 pM Ru(NHg3)g3* solution was independent of stirring of
the solution, indicating only polymer confined Ru(NH3)g3+ contributed
significantly to the current measured. The sample data shown in Table 3.1
indicate that the results were approximately independent of scan rates of
up to 20 mV/s. The table also shows that the actual amount of polymer
coated per dip can vary, which is due to the fact that the dip-coating
parameters can not be precisely controlled. However, a test of the ability of
the membrane to exclude 5 mM Fe{CN)g4- can be used to evaluate a given
coating.

To calibrate the electrochemical method several large area Pt flags
were dip-coated in Nafion sclution, the quantity of Ru(NH3)g3+ exchanged
into the films was determined electrochemically, and after exchanging out
the Ru complex in NaCl solution the film thickness was measured using
an Alpha Step surface profilometer (Tencor Industries) [23,24]. A portion of
the film was removed with a scaipel to generate a step. The results indicate
there is 1.2+ 0.2 times as much Ru complex in the film as would be
expected for a 3:1 polymer sulfonate to Ru(NH3)g3+ ratio. The factor of 1.2 is
found using a density of 1.58 g/cm3 for the Nafion film [23], and assuming
the nominal value of 1100 grams/SO3— equivalent is correct in the
calculation of Ru(NH3)g3+ content from the measured thickness. The
thicknesses of Nafion polymer coatings on GO/BSA membrane electrodes
are estimated from the data obtained for Nafion coated, glass shrouded Pt



TABLE 3.1 Sample Nafion film thickness data as determiined eliectre-
chemically by cyclic voltammetry of (membrane bound)
Ru(NH3)g3+ saturated membranes. Q is the measured total
charge transferred during the cathodic scan, and § is the
membrane thickness calculated from 3=3Que.w .)/zFAp.

No. Nafion Scan=5 mV/s Scan=10 mV/s Scan=20 mV/s Fe(CN)gt

Dip Coats

x [Nafion] QWC) 8§ (nm) QWC) d(nm) Q EC) d (nm) Blocka

1x 0.5%P 2522 663 2.229 58.6 2.323 61.1 ~33%
4 x C.5%¢ NA NA 16.69 439 18.75 4393 ~90%

4 x0.5% +

2 x 1.0%P 12.20 321 12.61 331 10.04 264 ~99%
4 x 0.5%+

4 x 1.0%+

1 x 5.0%P 39.60 1041 36.7 965 36.83 969 ~99.9%

(a) Determined by comparison of peak oxidation current, with and without
Nafion membrane, in 5§ mM K4Fe(CN)g solution.

(b) These measurements were performed on the same electrode and the
same membrane (i.e. at different stages in the coating procedure). The
electrode surface was treated with N-trimethoxysilylpropyl-N,N,N-
trimethyl ammonium chloride (TTAC)) prior to coating.

(¢) This measurement was performed on the same electrode as (b), but a
different membrane. In this case, the electrode surface was not treated
with (TTAC]) prior to coating.
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electrodes prepared by the same dip-coating sequences, assuming there is
no change in coating characteristics when the enzyme layer is present.
The values are corrected for the excess Ru(NH3)g3+ present in the Nafion
films.

3.2.4 Elecurochemical Measurements

Experimental assays were performed with a dual-channel CMOS
integrated potentiostat, in a two-electrode configuration, with a Ag/AgCl
reference. The applied potential between the common refercnice and each
working electrode is derived from an on-chip voltage reference that is set by
adjusting the external power supply voltages. The integrated circuit was
fabricated [15] by Northern Telecom (CMOS 1B process; 5 pm feature size
in accordance with an agreement with the Canadian Microelectronics
Corporation. The integrated potentiostat was generally operated in
differential measurement mode using a pair of identical Pt working
electrodes, one glucose sensitive, one gluccse insensitive, each prepared as
described above. The difference betwc :n the two output channels gives the
net glucose current. independent of the background current at +0.7 V vs.
Sg/AgCl.

A Pine RDE-4 potenticstat was used in three-electrode configuration
for cyelic voltammetry and diagnostic amporometry. A three-neck Erasds
round-bottom flask served as the electrochemical cell. Stirring was
provided with an air driven magnetic stirrer, and cell temperature was
momtored with a K-type thermocouple. Data were recorded using either a
Hewleit-Packard x-y-t recorder (HP7015B) or strip chart recorder (HP7128A)
and crivical voltages were monitored with a high-irmipedance multimeter
(HP34784A). Control assays of blood samples and stock glucose solutions
wece obtained with a Beckman Glucose Analyzer 2, operaied by a trained
technician.

Working electro” - were potentiostated at +0.7 V vs. Ag/AgCl and
calibrated in magneticz Iy stirred stock buffer sclutions {pH 7.4) under air
by addition of aliquots of glucose stock (0.1 M). Whole blood and plasma
glucose assays were perform. ¢ by standard additions in the same manner.



In the lifetime study, a pair of working electrodes was operated continu-
ously over a 24 h period in whole blood. A series of glucose standard
additions was performed initially, and again after 24 h, to calibrate the
electrodes. The blood was then exchanged for a fresh aliquot and the cycle
repeated. A Colora Ultra Thermostat NB-34707 thermostated water bath
maintained the cell at 37°C, and Og2 presaturated with HoO (37°C) was
passed over the sample. Response time of the electrodes in buffer (pH 7.4)
was determined from the rise time of the signal following injection of an
aliquot of gluccse or HoO¢2 standard into a rapidly e-irred cell.

3.3 RESULTS AND DISCUSSION

3.3.1 Nafion Dialysis Membranes

To evaluate enzyme electrodes in blood, it was necessary to use a
dialysis membrane to obtain satisfactory electrode response. Several
materials were used, but Nafion proved most satisfactory (vide infra). The
electrodes were prepared by dip-coating a glucose oxidase (GO), bovine
serum albumin {BSA) membrane coated electrode in a solution of Nafion,
as described in the Materials and Methods section. The thickness of the
Nafion overcoating on the enzyme electrodes was estimated by an
electrochemical method, also described in the Materials and Methods
section, involving ion exchange of Ru(NH3)g3+ into Nafion films on Pt
ciccirodes. e estimate the accuracy in reported thickness wvalues to be
about +20%, and the precision to be *10%. Calibration of the
electrochemical thickness determination using a profilometer indicates
that 1.2 + 0.2 times as much Ru(NH3)g3*+ enters the Nafion film as wouid be
expected based on charge neutrality considerations. The slight excests is
consistent with results reported by Whize, et al. [24] indicating that Nafion
films that are fully saturated with Os(bipyridy!)32+ or [N,N,N-
trimethylaminomethy!lfarrocene 2xhibit an excess of the complex cation
over the Nafion SO3- group content. Additionally, Szentirmay and
Martin [23] have shown that Mafion has an extremely high affinity feor
Ru(NH3)e3+ that is not explained by electrostatic effects alone, and this
could lead to extraction of excess complex into the film.
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Figure 3.2 shows the response of GO membrane electrodes in stock
buffer solution (pH 7.4), to aliquots of 0.1 M glucose stock sclution, as
measured with the integrated potentiostat. As expected, the response
varies significantly as the thickness of the Nafion dialysis membrane
coating increases. With no Nafion membrane, the resvonse is non-linear.
approximately uvbeying Michaelis-Menton kinetics, and the value of the
apparent Michaelis constant is a function of O2 concentration in sclution as
has been reported by others [5,6]. Surprisingly, a thin coat of Nafion (~50
nm) actually results in an increased response as shown in Figure 3.2. This
effect has been observed repeatedly for many electrodes and may be due to
the enhanced solubility of O2 in Nafion membranes {25,26]. While the thin
film may increase the local Og concentration, the thickness or uniformityv of
the film may be insufficient to significantly i-upede the rate of supply of
glucose tc the enzyme. Unfortunately :-:ch thin films dn not adequately
protect the electrodes in blood, and so the mechanism responsible for this
effect was not pursued. Increasing the Nafion thickness to ~0.25 um
results in the curve marked Medium in Figure 3.2. A thick coating,
~0.83 um, resulits in substantial limitation of glucose transport, decreasing
the electrode sensitivity, but giving a linear response to glucose
concentrations over the measured range of 0 to 28 mM. This is within the
typical range expected in a diabetic patient with insufficient control over
glhicose levels (a relatively constant 5 mM level is maintained in healthy

R wesd

individvals).

The quality of the response to glucose of an enzyme electrode in whole
blood is known to be strongly dependent on the nature of the dialysis
membrane used [3,5-7]. In the case of Nafion coated electrodes, the
thickness of the deposited membrane is important. With thinner coatings,
less than ~0.5 um, an electrode in whole blood shows an initial increase in
response to an injection of additional gilucose, which then decays to the
original signal level over several minutes. After several injections,
increasing the blood glucose concentration to --10 mM or more, there is no
change in response at all. This respo.:se pattern is son.etimes observed for
enzyme electrodes with no dialysis mambtrane, although more frequently
we observed no response at all to add.d glucose at such electrodes. Nafion
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overcoatings of 0.8 um thickness or greater result in steady state response
to additional glucose injections in blood, with stable response over at least
30 minutes.

Figure 3.3 shows tli: amperometric response ¢f an enzyme electrode
with a 1.7 um thick Nafion overcoating in whole blood, during addition of
glucose standard. The initial sharp rise evident with each glucose injection
is due to inefficient mixing of the standard in whole blocd on initial addition
to the cell. The Grans plot in Figure 3.3 shows that the elecirode response
is linear over the range of standard glucose additions examinel. The
stability of response following each glucose additioa, and the linearity of
response, indicate satisfactory performance of the Nafion coated enzyme
electrode in whole blood in vitro. In contrast, Figure 3.4 and Figure 3.5
show similar standsrd additions experiments in whole blood and blood
plasma respectively, using conventional cellulose dialysis membranes
(MWCO 12,000) in place of a Nafion membrane. Note the slower response
time and the decaying response indicating electrode failure after
urproximately 20 minutes exposure (similar behavior was observed both in
+role blood and in plasma). In this case, electrode failure is manifested in
much the same mannuer as an electrode with a thin (i.e. less than ~0.5 pm)
Nafion membrane.

Cyclic veoltammograms in Figure 3.6 show the characleristic
response of a Nafion coated (1.7 um) enz,me electrode in phosphate buffer
solution (pH 7.4) and in whole blood, before and after injections of additional
glucose. It can be seen that the H2O2 oxidation curves show substantially
the same behavicr in both sclutions, indicating that the Nafion is a
successful dialysis membrane, maintaining a relatively protein and
interferent free environment near the electrode surface. In contrast, cyclic
voltammetry at an unprotecied enzyme electrode in whole blood shows
substantially depressed oxidation current that exhibits very little if any
response to additioral injected glucose. The reduction current obszrved at
Nafion coated electrodes in Figure 3.6 is due to Og, and possibly HO9,
reduction at the Pt substrate. The differences in the reduction currents
between blood and buffer matrices likely reflects the decreased availability
of O2 in blood relative to buffer sclution.



Dutput Vo)Luge (mY)

Uutput Voltage (mV)

Figure 3.3

SS]

| l AT
| - - .
14 L SLUCOSE STANDARD ~DDITICNS ,
| ) 3.5 M
| =z WoLE Zioco v 53
z I. !
‘ ] |
\ | |
g - \ - <3 e <
\ \\ ’
! S— 21w ;
. ;\~__’ TN e o emmm ey e |
‘ mve M SDDED CLUCCSE LINCENTRATION ‘
T TiFTERENTIAL SUINAL !
; i
: i
i !
I - My |
, SACKGROWND SI1GNAL
. Jr—
i me
23
1
8 - - vr L) - - 4‘
~ JUTPUT VCLTAGE SS. ADDED 3o JSE LONCINTRATION !
6 - . -
i IN WCLE 3L00D - i
4 /
12 L // b
.oor / -
~
a -
g » .
4 = / T
Nl / Gocosele = 8,6 ™ )
L5 33T o ST s 73w IE

Added Gluccse Concantrcaticn (mM)

Typical glucose assay in whoie blood by standard additions
with a 1.7 pm thick Nafion dialysis membrane. (A) Sensor
response versus time, showing a significant level of
background signal which is eliminated by the differential
measurement. (B) Grans plot of standard additions data.



Output Voltage

Dutput Volkuge {(mV)

Figure 3.4

Giucose Standard Additicns 2o Whole 3lood

53 my

18.4 mM

7.0 mM
9.1 md

2.4 md Added 6lucose
4.8 mM

i .

imne

Uutout Voltage vs. Added [Glucose]

!
-

| ~hole 3locod
b - -
! °
7k -
| .
s F e -
| A
| / 4
slr- %
P
// -
. /~
/

7

553 F) 73 5 A BT - YA
Added Gluccse Concentration (mM)

Typical glucose assay in whole blood by standard additions
with a 12,000 MWCQO cellulose dialysis membrane. (A) Sensor
response versus time. (B) Grans plot of standard additions
data.



Figure

luccse Standard Adcitions t3 Plasma o
- 2
= = = =
= ~ s
:é: ‘Ij. vy L =
- 8 ‘ © =
Q v - <<
(o]
o ,
o o
2
-
E |
=
= ————— 4 1IN
=
__SMWL o ]
T.me
. ' \' k [} ] b
Qutput Yoltame vs. Added [Glucosel
~
i
8 - = -
-~ ! Sl3sSma |
= e -
\:'. 1 /,/" . l
- o
@ 14: V"/ -~
g’ 1z;~ ’/// 4
st 10 - o !
= .
> [} ad // -4
.
2 T ~ *
s 7
= 2'-// -1
1 A S ] N 1 J, — !
L3 g =3 =3 ] ) F) 3 ¢ €
Agded Gluccse Concentration (mMJ
3.5 Typical glucose assay in blood plasma by standard aaditions

with a 12,000 MWCO cellulose dialysis membrane. (A) Sensor
response versus time. (B) Grans jplot of standard additions
data.



BUFFER —— — 0 M GrucosE -

pH 7.4 ~-~- 0.017 M GLucosE -

1 pA

"WHOLE —— 0 M Apoepn GlLucnse -7

BLcoD ---- 0,017 M AppeD GLUCOSE/"‘

Lwh o+ /
T
/ )
r i T [ b | F i i |
-0.3v 0 +1.0v

PoTenTiAL vs. SCE

Figure 3.6 Cyclic voltammograms at 100 mV/s in buffer and whole blood
showing the effect of added glucose. The whole blood sample
used contained 4.8 mM of endogenous glucose (Beckman

assay).



It is useful to know how thick a Nafion film is necessary to obtain
satisfactory resconse in whole blood. We find that there is a correlation
between the cyclic voltammetric response of Nafion coated electrodes to
5 mM Fe(CN)g4- in buffer solution, and their performance in whole blood.
As would be expected due io the permselectivity of Nafion films [27], the
current for Fe(CN)g*~ decreases as film thickness increases, falling to ~1%
of the response of a naked electrode for coatings of 0.25 um, ar. . howing a
response of less than 0.1% for coatings of 0.8 um or greater. Ele:trodes that
perform satisfactorily in blood also prevent Fe(CN)g4~ from reacting at the
electrode, 0.1% response or less, while those Nafion coatings that are not
satisfactory in blood show a larger response to 5 mM Fe(CN)g4— in buffer
solution. Sufficiently thick films also result in limitation of the rate of
glucose supply relative to Og, producing linczr calibration curves up to at
least 30 mM glucose. We find that Naficn coatings of 0.8 um thickness or
greater give satisfactory results in whole blood from one electrode .o the
next, unless the film is physically damaged through mishandling of the
electrode. That is, the protective function of the Nafion layer is very
reproducibly attained, even though film thickness and uniformity can vary
from one preparation to the next. This is one of the key features of using
Nafion as a dialysis membrane.

The above results male it apparent that in order to adequately protect
either the enzyme function, ¢he electrochemical 202 reaction at the Pt
substrate, or both when an enzyme electrode is used in whole blood, a
sufficiently thick Nafion film which significantly reduces permeation of
small molecules and ions through the dialysis layer is required. We note
that many cellulose encapsulated GO elec*rodes use a two-layer dialysis
system with cellulose as the outer coz- _ =2 GO layer, and the ionomer
cellulose acetate coated on the Pt electrod:: {3]. To gain some insight into the
coating function, an electrode with the interfacial structure Pt/Nafion/GO,
BSA copolym:r was prepared and tested in whole blood. The electrode
showed mvnimal response t¢ added glucose, a result identical to that found
for enzyme electrodes with no dialysis layer. Yet, when tested in buffer the
activity of the Nafion undercoated enzyme electrode was similar to that of a

standard enzyme electrode. Apparently, species present in whole blood
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significantly cdocrease activity of the enzyme membrane itself. This may
happen through adsorption of protein matter or cells on the surface, by
direct inkibition of enzyme activity, or by reaction of H2032 with catalase
released as a result of peroxiae induced haemolysis. The Nafion layer
clearly prevents a decrease in enzyme function, and is expected to also
protect the Pt electrode activity.

We have also examined a large number of Pt/enzyme film electrodes
in whole bloed with outer layers of various cellulose dialysis membranes
obtained from several sources, ranging in nominal molecular weight cut-
off from 12,000 to 2,000 Daltors. In most cases these dialysis layers failed to
provide satisfactory periormance in whole blood. Only 5% to 10% of the
cellulose protected enzyme electrodes responded as shown in Figure 3.3 for
the Nafion coated electrode. The remaainder exhibited a behavior as shown
in Figure 3.4 or Figure 3.5, which is similar to that described above for
enzyme electrodes with no dialysis membrane, or very thin Nafion
coatings. We were unable to determine what factors governed the variahle
performance of the cellulose dialysis membranes, as there was no
correlation with the nominal molecular weight cut-off values.

The response time of glucose enzyme electrodes can be significantly
affected by dialysis membranes, which may also affect the overali sensor
performance. The effect of cellulose and Nafion membranes -n response
time 0 a concentration step from 2 to 5 mM glucose was evaluated in buffer
solution (pH 7.4). The cellulose dialysis membranes, particularly for low
molecular weight cut-off, have a very substantial effect on electrode
response. Table 3.2 shows that response time, measured as the time taken
for the signal to rise from 10 to 90% of the maximum following addition of
glucose, is greatly increased over that of an uncoated GO electrode. The
same i3 true when 0.2 mM H20 is added to the test solution, although HoO9
penetrates the celiulose film more rapidly than glucose. In contrast, the
Nafion coating causes relstively little change in the rise time following
either glucose or H2O3 injection. In fact, in the measurement as performed
here, the observed rise time represents an upper limit, since the time of
mixing in the cell following sample addition (2-5 s) is of the same order.
While the response time of the sensor is not critical to most applications if it
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TABLE 3.2 Comparison of response ‘imes of Nafion polymer versus
cellulose dialysis membranes. Aliquots of buffered glucose or
H202 were injected into a rapidly stirred cell initially
containing only 0.1 M NaCl in phosphate buffer (pH 7.4). Data
were obtained using the integrated potentiostat circuit
connected to an x-y-t recorder with a calibrated time base.

Type of Dialysis Rise TimeP (Seconds)
Membrane®

5 mM Glucose 0.2 mM Ho09

N~ Membrane 7.3 53
C Jdulose 12,000c 61.0 18.0
Ceiiulose 3,500< 75.0 19.0
Cellulose 2,077 ° >1,000.0 245.0
Nafion (0.2u 4.5 7.5
Nafion (0.83 .., 17.5 5.2

(a) In all cases a GO/BSA membrane on a Pt indicating electrode was
employed in order to achieve glucose sensitivity.

(b) Rise time is defined here as the time required for a change from 10% to
90% of the final signal following a concentration step from 0 mM.

(¢) Manufacturer's specification (Spectraper® Dialysis membranes from
Fisher Scientific); value represents nominal molecular weight cut-off.



is less than a few minutes, it has been suggested {28} that a rapid response
is desirable in the configuration of algorithms for ' -sulin delivery. Also, if
a non-steady state voltammetric approach were od in glucose analysis
rather than steady state amperometry, such as in the catalytic Pt sensor
studied by Giner [29] and othera [30], the presence of @ protective film which
allows rapid transient response such as Nafion couv)s: perhaps enhance
selectivity and performance.

3.3.2 Quantitative Sensor Performance and Lifetime

The effectiveness of the integrated potentiostat, Nafion coated enzyme
electrode combination was evaluated in whole blood using the method of
standard additions. Figure 3.3 shows a typical! data set obtained with this
combination, and the Grans plot for the standard addition of 50 pL aliquots
of stock 0.1 M glucose solution. The blood glucose concentration determined
by this method was compared to values measured with a Beckman Glucose
Analyzer. The Beckmuan instrument requires the whole blood sample be
centrifuged to separate the plasma from the csils, resuliing in a volume
changc for the solution. A correction factor of 1/1.12 is then applied te the
plasma glucose value to account for the volume change. 'Thi:. ‘v a standarcd
value in common use [31], but may not always accurately reflect the actual
volume change [32,33], and so incwroduces some inaccuracy in the cross-
calibration. Despite thiz, we find agreement betwocn the two methods is
good if care is taken to liinit, or account for, the time delay between
analyses. It is known that stored blood shows a slow linear decline in
glucose concentration over time [31]. The error between the two methods as
determined by several measurements on different blocd samples is +2%.
The high linearity of the standard addition curves shown in Figure 3.3 is
routinely obtained, indicating the precision of analysis with our glucose
sensor is high.

Using a paired set of glucose active and glucose inactive wo:'-ing
electrodes, differential measurcment allrwe discrimination betwecvn
glucose current and that arising from soiut'* cper 25 oxidiz:ble at
+0.7 V vs. Ag/AgCl at the Pt substrate. %W *ve _iov -asly shaws not
differential operation of the two channels of the in:...a%e” L arrricsta,



corrects for background currents when H202 is added to 5 mM glucose in
buffer solution [15]. To further ‘'xplore this feature the effect of added
ascorbic acid and urea on the response at an uncoated Pt/enzyme electrode
in glucose buffered solution was tested, since botl: I {I~esc species ave
present in whole blood. Differential measureme 't readily eliminated

interference from both ascorbic acid and urez at <. .-, rations up to 3 and
20 mM, respectively. It should be noted that wh aon is used as the
dialysis layer, interferences from electroactiv- = .8 such as ascorbate
will also be reduced due to the Donnan exclusior .ese species [19-21,27].

In whole blood, background curremnt is observed ++ the non-glucose active
working electrode when either cellulose or N~%on serve as the dialysis
layer. In Figure 3.3, for example, the bac: _round level is +8% of the
differential output signal, and typically varies from 5 to 20% from one blood
sample to the next with both Nafion and cellulose membranes.

Physical implantation of a glucnse sensor in the body requires that
both the integrated potentiostat and the electrecde membrane be durable in
this harsh environment. However, lifetime of the enzyme electrode
assembly in biclogical fluids such as blood, and the effect of the host
immune system response on the electrodes, remains a critical difficulty.
We report here some preliminary results on the response characteristics of

a Nafion coated electrode over time, during continuous operation in whole
blood in vitro.

A pair of electrodes for differential measurement of glucose with a
1.7 pm Nafion overcoating, were operated continuously in a sample of
whole blood for 24 h at room temperature. On initial introduction of the
clectrodes to the sample, a series of standard glucose additions showed a
calibration slope of 14.5 nA/mM. After 24 h the electrodes were
immediately transferred to a fresh whole blood sample at 37°C and showed
a response of 11.4 nA/mM to a series of standard additions. After 5 days of
continucus operation at 37°C in whiole blood samples, replenished every
24 h, tize ulibration slope had changed to 13.6 nA/mM. ':he variability in
sloy. mmav represent a change in electrode response over time as others
have reported [34,35], however, the variability in mass transport rates due



to differing blood viscosity, electrode positioning, and stirring rates make
the source of variation uncertain in this study.

On the sixth day of testing at 37°C, the electrode pair failed and
examination showed the Nafion layer had separated from the glass shroud
around the electrode, partially removing the enzyme film from the Pt
surface. Poor adhesion of solution cast Nafion films on glass and Pt is a
recognized problem. Szentirmay, et al. have developed [36] an adhesion
promotion scheme that involves silanization of the substrate with N-
trimethoxysilylpropyl-N,N,N-trimethylammonium chloride prior to casting
of the film. We have used this and similar methods to pretreat electrodes
prior to preparation of both the enzyme and Nafion membranes on the
electrode. The resulting membrane assembly is much more strongly
adherent and the films are alsoc much less mechanically fragile. Details of
these modification procedures will be presented in Chapter 5 along with a

discussion of in vivo tests of an implantable version of the modified
electrodes.

34 CONCLUSIONS

The performance characteristics of the integrated, two-electrode
potentiostat allow several design criteria for sensor implantation to be met.
The current detection limit of 2 nA for the electronics is sufficiently low
that the small electrode dimensions required for implantation can be
accommodated. 'The relatively low power draw (~0.5 mW) of the CMOS
circuitry offers an advantage over assembly of the electronics from discrete
components. Furthermore, the sensitive electronics are readily protected
from the harsh in vivo environment by separating the sensing element
from the chip in packaging of the sensor. Clearly, the same or similar type
of potentiostatic control circuit could also act as the basis for other
miniaturized or integrated chemical sensors.

The use of Nafion cast from solutions of the ionomer as a dialysis
material appears to be an attractive approach to the determination of small
neutral or cationic electroactive molecules in biological media. The
reproqucibility of dialyzing action from one Nafion coated electrode to
another in whole blood, and the ease of film preparation, are important



features of this material. Perhaps also of significance is the fact that
Nafion has many of the attributes that have been suggested as desirable for
obtaining a significant level of biocompatibility [37]. These include having
both hydrophilic and hydrophobic properties, being chemically inert, and
being subject to relatively little adsorption of syecies from solution. While
the preliminary lifetime study in whole blood in vitro is enccuraging, it is
necessary to evaluate the biocompatibility ¢f Nafion polymer before
pursuing further testing of this sensor in vivo. Finally, while we have
focussed on the determination of glucose via Ha02 in whole blood, Nafion
dialysis coatings on ~.: :ctrodes may also be a useful means of enhancing the
measurement of other electrochemically assayable species in this medium.
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CHAPTER 4

Preliminary In Vivo Biocompatibility Studies on Perfluoro-
sulfonic Acid Polymer Membranes for Biosensor . \pplicationst

The first biocompatibility studies on the DuPont perfluorosulfonic
acid (Nafion) polymer are presented. Presterilized samples of commer-
cially cast and solution cast Nafion membranes were implanted subcut-
aneously. intraperitoneally and intravenously in male Sprague-Dawley
rats. Scanning electron microscopy and histological examination of
explanted samples and surrounding tissues reveal little, if any, evidence of
a severe acute or chronic foreign body inflammatory response. The fibrous
capsules surrounding the implants remain nominally thin (<100um) after
more than 3 months in situ, and the surrounding tissues remain well
vascularized. Nafion polymer is found to exhibit sufficient biocompatibility
to make it a viable candidate for some impiantable bicsensor applications.
it may, however, be necessary to compensate for the effects of the progres-

sion of fibrous encapsulation on sensor performance, particularly during
the acute response stage.

4.1 INTRODUCTYTION

The potential for the realization of new clinical diagnostic and
therapeutic devices has steered an enormous amount of research effort
toward the development of biosensors for medical applications. Recent
advances in analytical chemistry and related sensor technology have
indeed allowed some previously complicated laboratory assay procedures to
be accomplished with a single, miniaturized, solid state probe, at least
in vitro [1,2]. However, implantable biosensors for long-term in vivo mon-
itoring, have remained an elusive goal, primarily because conventional
membrane materials that are biocompatible, are not necessarily "sensor
compatible”, and vice versa [3].

t A version of this chapter has been submitted for publication as:

R.F.B. Tuimer, D.J. Harrison and R.V. Rajotte. "Preliminary Biocompatibiligy Studies on
u

Perflucrosulfonic Acid Polymer Membranes for Biosensor Applications”, Submitted to
Biomaterials, 1990.
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Merging biocompatibility considerations with sensor membrane
requirements results in an extremely challenging set of criteria. From a
functional point of view, a sensor encapsulating (dialysis) membrane must
ensure the stability of desirable mass transport conditions for analyte and
electrolyte species and, ideally, the exclusion of interfering species. In fact,
any significant changes in the permeability characteristics of the
membrane, or the surrounding tissues, will affect the calibration of the
sensor. Thus, in addition to the direct and obvious concerns regarding the
well being of the host, bioccompatibility is also invclved in the requirements
of the sensor itself. It is also important to realize that a proposed sensor
encapsulation material must yield reproducible and structurally stable
membranes without the need for high temperature processing, at least for
the broad class of biosensors which employ temperature-sensitive proteins
(¢.g. enzymes) or micro-organisms in order to achieve the required
specificity.

Our own efforts in this field have focused on the development of whole
blood glucose sensors based on the enzyme glucose oxidase. Several
polymer dialysis membrane materials have previously been proposed for
uce in whole blood including cellulose and cellulose acetates [4,5], poly-
urethane [6], polypropylene [7] and silicone rubber [8]. Unfortunately
though, none of these materials have sufficiently satisfied the combined
sensor and biocompatibility criteria so as to be considered suitable for long-
term in vivo monitoring. We have, however, recently reported superior
reproducibility and performance in whole blood in vitro with the use of
perfluorosulfonic acid (Nafion®) polymer membranes [9]. Nafion
membranes have previously been used to suppress ascorbate interference
during acute in vivo determination of various neurotransmitters [10,11].
Biosensor dialysis membranes thus represent a novel and promising
application of this material, although very little is presently known about its
biological compatibility. To our knewledge, the only previous investigations
of the biological response to Nafion polymer have heen limited to acute
toxicity (oral ingestion) and skin irritation tests [12].

Nafien is a 1inear copolymer derived from tetrafluoroethylene and
either perfluorosulfonic acid or perfluorocarboxylic acid monomers.



Structurally, Nafion is a close relative of Teflon® except that the saturated
fluorocarbon backbone is randomly substituted with perfluorinated side
chains that terminate in either sulfonic acid or carboxylic acid groups.
Detailed studies of the morphology, as well as the chemical, thermal and
mechanical properties of Nafion membranes have been reported
elsewhere [13]. Nafion is cornmercially available both as a thermally cured
solid sheet, and in a dissolved form that can be solvent cast in the laboratory
to produce thin films. Morphological differences exist between these two

forms that lead to differences in permeability and solvent swelling
characteristics.

Our objective here was to examine the biocompatibility of Nafion
polymer, in order to detcrmiitie ©-nisjher or not it would be feasitie to pursue
the development of impiaxta e “ricsensors based o~ Nafion encapsulating
membranes. The scope of our investigation ¢ tCivceii- Gtly limited to
aspects of the tissue and blood response of most imraediate concern to such
applications. These results are preliminary in the sense that we have not
attempted to undertake a comprehensive zvaluation, and we acknowledge
that further testing would be required before any clinical use of this
material could be contemplated. In this study, we have considered both
morphological forms of the polymer—commercially cast films cured at
high temperature, and the uncured form cast from the soluble form of the
polymer. We sought an overview of both the short-term (1-4 days) and long-
term (several months) biological response. The approach involved
implanting samples of the two forms of the polymer at several in vivo sites
regarded as potentially important to biogensor applications, and examining
the response using histochemical and microscopic methods.

4.2 MATERIALS AND METHODS

4.2.1 Biocsensor Considerations

Certain aspects of the methodology employed here, specifically the
choice of sterilization technique and the choice of implant sites and
duration in situ, reflect the proposed application as a membrane material
for biosensor encapsulation. Enzyme based biosensors are, of course, non-
autoclavable due to the temperature sensitivity of the protein components.



Furthermore, exposure of solution cast Nafion membranes to high
temperatures is known to cause morphological changes in the polymer [14]
which, in turn, have undetermined effects on the performance of the
cialysis membrane. Ethylene oxide sterilization was investigated as an
alternative (to alcohol), however it was found that the ethylene oxide reacted
with solvent residues in solution cast Nafion films and the products were
retained in the film. The implant sites employed in this study correspond
with sites previously proposed for in vive glucose sensor implant-
ation [15-17], and the c. 100 day durations in situ are considered nominally
useful durations for implantable sensor applications. Short duration
implants of 1 to 43 days were included in order to provide some indication of
the acute response, and to determine whether in fact a relatively stable
tissue environment around the implant could be expected in the short-term.

4.2.2 Implant Preparation

Commercially precast sheets of DuPont Nafion 117 membrane (thick-
ness 0.20 mm) was obtained from The Electrosynthesis Co., Inc. (East
Amherst, M.Y.). Subcutaneous and abdominal cavity implants were cut
from the precast shee*s in the shape of circular discs with diameters of
6 mm, 10 mm and 16.5 mm. Intravenous implants were also cut from the
precast sheets in narrow strips with a rectangular cross section (approx-
imately) 0.6 mm by 0.2 mm, and a length of approximately 5 cm. Implants
were thoroughly cleaned by repeated cycles of rinsing in distilled, deionized
water and sonicating in a 1:1 solution of isopropanol and distilled, deionized
water. Implants were then transferred to a sterilizing solution of
concentrated (100%) ethanol or isopropanol.

Dissolved Nafion polymer (1100 E.W., 5% solution in lower aliphatic
alcchols and water) was obtained from Solution Technology, Inc.
(Mendenhall, Penn.). Thermally cured Nafion films are structurally very
stable and are the obvious substrate on which to cast uncured membranes
in order to avoid artifacts in the biological response due to the introduction
of another material. Thus, in order to simulate an uncured membrane
such as would be used for sensor encapsulation, some of the sterilized
commercially cast Nafion samples described above were dip-coated twice
using the 5% Nafion solution. These films were allowed to air dry at room



temperature, and the coated implants were then transferred back to a
(separate) sterilizing solution. All samples remained immersed in alcohol
for at least 48 hrs. prior to ibnplantation.

For comparison purposes, similar implants were fabricated from
Silastic® Medical-Grade implant materials obtained trom Dow Corning
Corp. (Midland, Mich.). Circular disc shapes (diameter 6 mm, thickness
1.02 mm) were cut from Silastic 501-7 Subdermal Implant sheeting for
subcutaneous and abdominal cavity implants. Intravenous implants were
fcrmed from Silastic tubing (O.D. 0.64 mm) filled with Silastic Type A
adhesive. These control implants were cleaned exactly as the Nafinn

implants, and similarly sterilized in alcohol for at least 48 hrs. prior to
implantation.

4.2.3 Implant Procedures and Tregizaent of Recovered Specimens

Male Sprague-Dawley rats (200-400 g at time of implantation) were
anaesthetized with sodium pentobarbital (40 mg/kg IP) and surgically
implanted, under aseptic conditions, with a prescribed combination of each.
of the implant types described above. Subcutaneous implants were placed
unanchored in a pocket formed by blunt dissection under the skin of the
medial aspect of both inner thighs and the anterior aspect of the upper
abdomen. Abdominal cavity implants were anchored with sutures (4-0 silk)
to the omentum and to the rectus abdominis muscle of the abdominal wall.
Intravenous implants were introduced intoc the inferior vena cava through
venipuncture sites made using a 22 gauge hypodermic needle.
Approximately 1-2 cm of the implant length was retzained outside the vessel,
which was sutured (4-0 silk) to the psoas muscle. All animals received
penicillin as Derapen-C® (0.2 ml IM) immediately following implant
surgery.

Animals were sacrificed after 1, 2, 4, 43, 95, 103, 105 or 206 days and
the implants were recovered along with surrounding tissues, rinsed briefly
in normal saline and placed in an appropriate fixing solution. Specimens
intended for general histological examination were fixed in 10%
formaldehyde (ir. acetate buffer, pH 7.0), dehydratec in a graded series of
ethanol (7672-35%) and mounted in poly(methyl methacrylate) blocks.



Transverse sections were stained with methylene blue-basic fuchsin and
viewed under a light microscope. Some selected specimens were mounted
in paraffin blocks and transverse sections were stained by the Ledrum Acid
Picro-Mallory method (Culling) [18] in order to differentiate between
collagen and fibrin. Specimens intended for scanning electron microscopy
(SEM) were fixed in 2.5% glutaraldehyde (in Millonig's buffer, pH 7.2), post-
fixed in 1% osmium tetroxide, dehydrated in a graded series of ethanol
(560%-100%) and critical point dried. Dehydrated specimens were then
mounted on stubs and sputter-coated with gold/palladium prior to viewing.
In all, 121 specimens were examined from 25 different rats. Of these, 60
samples were recovered from subcutaneous sites, 37 were recovered from
abdominal cavity sites and 24 from intravenous sites. The distribution
among specific implant sites is shown in Table 4.1 along with the durations
in situ.

4.3 RESULTS AND DISCUSSION

4.3.1 Short-Term Implants

Subcutaneous and Intraperitoneal Sites

Subcutaneous and abdominal cavity implants removed at the 1-4 day
stage were coated with a clear viscous fluid, but appeared to be free of any
tissue adhesions at the time of removal. No inflammation was visible in
nearby tissues, including the subcutaneous implant pockets. The over-
views depicted in Figures 4.1(a) and 4.2(a) (1 day and 4 days, respectively)
show patches of dehydrated transudated fluid over some regions of the
implant surface, and remnants of what appears to be early stages of
fibrosis. Fibroblasts are indeed visible in close-up vicws, and the size and
surface morphologies of some of the other species visible in Figure 4.2(b),
for example, indicate some monocyte/macrophage activity. The average
populations of these cells, however, do not suggest a severe inflammatory
response. Histological examination of similar implants also revealed a few
inflammatory cells, but again a severe response was not indicated.
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Intravan 1

The sections of inferior vena cava which hosted the intravenous
implants were excised without removal of the implant from the vessel and
nence no immediate visual observation of the impilant surface could be
made. However, except for attachments around the actual venipuncture
site, the implants appeared tc move freely inside the lumen of the vessel.
The specimens shown in Figures 4.3 and 4.4 (1 day and 4 days, respectively)
were cut from a part of the implant exposed by contraction of the distal end
of the vessel from the point of excision. The encapsulation visible in the
overviews of Figures 4.3(a) and 4.4(a) is clearly more developed than that
surrounding the exiravascular implants, and several trapped or adhering
cell species were found over some areas of the capsule. The populations of
these cells do not suggest gross inflammation at this stage, although
substantial thrombosis is manifest over the entire surface after 1 day of
implantation as shown in Figure 4.3(a). Figure 4.3(b) shows a ciose-up
view of a region near the centre of the field of Figure 4.3(a). A fibrin deposit
can be seen with a significant number of platelets and white blood cells
visible on the surface. After 4 days of implantation, the fibrous tissue
growth has become more dense as shown in Figure 4.4(b). Histology
samples were stained using the Ledrum Acid Picro-Maliory method [18] in
order to differentiate between collagen and fibrin. This stain showed that
after 4 days a re-organization of the fibrous tissue is well advanced, with
both fibrin and collagen present. Complete re-organization to collagen
occurs after long-ter a implantation (vide infra). Remnants of newly
formmed thrombi over the outer surface of the encapsulated regions shown in
Figure 4.4(a) may have resulted from the surgical procedures, since blood
from the lower extremities was impaired for several minutes prior to
removal, and some evidence of thrombus formation was visible in the
pooled blood that was cleared in the saline rinse following removal.

Figures 4.1 through 4.4 indicate that a Nafion encapsulated sensor
would invoke a short-term biological response that, although not severe, is
likely to cause a drift in the calibration characteristic. The present study
was not designed to resolve the time evolution of this short-term response.

Rather, a series of long-term implants were studied to determine what, if



Figure 4.1

Scanning electron micrographs showing surface features of
subcutaneous (L. thigh) disc shaped Nafion implant after 1 day
in situ: (a) typical overview near edge (original magnification
52x); (b) close-up view near center of field in (a) {original

magnification 1060x).
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Figure 4.2

Scanning electron micrographs showing surface features of
subcutaneous (L. thigh) disc shaped Nafion implant after
4 days in situ: (a) typical overview near edge (original magni-
fication 32x); (b) close-up view of fibrous region slightly right of
center of field in (a) (original magnificaticn 600x).



Figure 4.3

Scanning electron micrographs showing surface features of
intravenous (inferior vena cava) cannula shaped Nafion
implant after 1 day in situ: (a) overview showing both anterior
and lateral aspects (original magnification 100x); (b) close-up
near center of field in (a) (original magnification 3900x).



Figure 4.4

Scanning electron micrographs showing surface features of
intravenous (inferior vena cava) cannula shaped Nafion
implant after 4 days in situ: (a) overview of anterior aspect
(original magnification 115x); (b) close-up view of fibrous
capsule upper right from center of field in (a) (original
magnification 4300x).



any, steady state situation devilops. In any case, some means of
recalibrating an implanted sensor in situ would seem to be required, and
should be provided for, in the design of the sensor electronics.

4.3.2 Long-Term Implants
Subcutaneous Sites

Long-term subcutaneous implants were removed by dissecting the
loose connective tissue surrounding the encapsulated implant. No obvious
inflammation or infection was evident in these tissues at the time of
explantation in any of the cases studied. In most cases, the fibrous capsule
itself was recovered intact in order to preserve the relationship between
capsular features and the surface of the implant. The few implants that
were removed from the fibrous tissue capsule at the time of explantation
were free of adhesions, and subsequent examinaiion by SEM revealed
surface features that were similar to those depicted in Figure 4.2(a).

Two different morphologica forms of Nafion polymer were employed
in the long-term studies. Comm ercially cast film cured at high temper-
atures (referred to here as Type I), and the uncured form prepared by
casting a thin film of 5% Nafion solution on a commercial film substrate
(referred to here as Type II). The specimens shown in Figures 4.5 and 4.6
are typical of Typel and Type II subcutaneous Nafion implants
respectively, after 100+5 days in vivo. In all cases, these implants were
characterized by a well defined and relatively thin (~10-100 pm) fibrous
capsule, surrounded by healthy, well vascularized loose connective tissue.

In Figure 4.5, some residual components of the transudated capsular
fluid are visible at the surface of this Type I implant, and along some
regions of the interior surface of the capsule. In some cases, a few multi-
nucleated giant cells, histiocytes and macrophages could be identified in
the residuum, although these were sparse and no other evidence of a
chronic inflammatory response was observed. No attempt was made to
determine the composition of the transudated fluid lining the capsule
in vivo, and it therefore remains to be verified that the analyte and elec-
trolyte concentrations in this fluid are indeed in dynamic equilibrium with



Figure 4.5

Partial transverse section of subcutanecus (L. thigh) disc
shaped plain (i.e. Type D) Nafion imaplant and surrounding
tissues after 105 days in situ. The original dimensions of this
implant were: 6 mm dia., 0.2 mm thick. (original magnifi-
cation 50x).



Figure 4.6

Partial transverse section of subcutaneous (L. thigh) disc
shaped coated (i.e. Type II) Nafion implant and surrounding
tissues after 105 days in situ. The arrow identifies the thin
solution cast Nafion film, which has separated from the
underlying solid Nafion substrate. The original dimensions of
this implant were: 6 mm dia., 0.2 mm thick. (original magni-
fication 100x).



the corresponding plasma concentrations. This condition depends on the
particular analyte species of interest, but it is believed that glucose and
electrolytes should be able to permeate a thin fibrous capsule that is
surrounded by well vascularized tissue [19].

Similar observations to those discussed above for Type I implants also
apply to Type II Nafion, as depicted in Figure 4.6. Unfortunately, Nafion
does not exhibit good adhesion to most non-porous substrates following
water uptake, unless the surface can be modified with adhesion-promotion
reagents [20]. Consecuently, the thin (<10 pm) solution cast Nafion coating
of the Type II implant can become dislodged from the surface of the solid
Nafion substrate. For example in Figure 4.6, the solution cast film actually
lines the interior surface of the capsule as indicated by the arrow. Whether
dislocated or not, the sclution cast Nafion coating did not appear to elicit a
significantly greater biological response than the bare (i.e. uncoated) solid
Nafion implants.

In order to evaluate the stability of the fibrous capsules, samples of
Type I and Type II subcutaneous Nafion implants were examined after
43 days in vivo. Typel samples were also examined 206 days after
implantation. The fibrous tissue encapsulation associated with the:e
impiants was similar in thickness (10-100 pm) to that observed for the
100 day implants, with surrounding tissues appearing similar to that seen
in Figure 4.5 and 4.6. The histology specimens from all three periods of
long-term implantation were essentially indistinguishable, indicating that
the fibrous encapsulation had stabilized by 43 days.

The section shown in Figure 4.7 is typical of the specimens involving
subcutaneous Silastic iznplants after 100+5 days. In ali cases, the Silastic
material itself became dislodged from the intracapsular space during
microtome sectioning and, in many cases, some tissue lcss or damage was
also incurred. However, enough of the fibrous capsule remains intact to
give a qualitative comparison between the response to Nafiorn. and the
response to a knownr biocompatible material evaluated using the same
protocol. In general, the capsules surrounding the Silastic implants are
thinner over the planar aspects of the implants, but considerably thicker



Figure 4.7

Partial transverse section of subcutaneous (L. thigh) disc
shaped Silastic implant and surrounding tissues after 105 days
in situ. Note that the long axis of the cross section shown is
rotated 90° with respect to that of Figures 4.5 and 4.6 in order to
accommodate the full thickness of the implant in the field of
view. The original dimensions of this implant were: 6 mm
dia., 1.02 mm thick. (original magnification 50x).
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around the edges. Unfortunately, the geometries of the Nafion implants
were sigr..‘uastly different from the Silastic implants, and the magnitude
of the rea~tictt around the perimeter of the Silastic implants may be partly a
result of mechanical irritation due to the greater thickness of the implant
itself. Geometric efiects were not addressed in this study. However, the
geometry of the Nafion implants employed here represents a worse
situation with respect to mechanical irritation and other geometrical
factors than a small, smooth, raounded sensor implant such as would be
used in practice.

In itoneal Si

All of the abdominal caviiy implants were anchored by a single 4-0
silk suture placed nez: the ;erirczter of the implants. In all cases the most
significant reaction w=< clearly coniceatrated near the suture site. Regions
far from the suture site were often free of fibrous tissue, although an
extremely thin fibrous capsule was observed in some cases. The sections of
Figures 4.8 through 4.10 (105 days) were all taken from implants that were
sutured to the omentum and thus remained fairly mobile within the
abdominal cavity. Other samples were sutured to the interior surface of
the anterior abdominal wall, and a similar response was observed near the
suture site. For these latter samples there was a somewhat greater
tendency towards complete encapsulation of the implant, with considerable
variability in the capsule thickness. The omentum, pancreas, spieen and
other abdominal organs appeared normal and healthy at the time of
explantation based on visual inspection. Subsequent histological exam-
ination of the tissues surrounding the actual implant did not reveal a
severe chronic inflammatory response.

Figure 4.8 includes a portion of the scar tissue that developed around
the region near the suture site. In this case, the fibrous capsule did not
actually enclose the implant. The tissue visible in Figure 4.8 extends
approximately a millimeter beyond the field of view, and the remaining
roughly two-thirds of the section has the same appearance as the entire
opposing planar aspect, which remains unencapsulated even at 105 days.
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Partial transverse section of disc shaped plain (i.e. Type I)
Nafion implant and surrounding tissues after 105 days in sitn
in the abdominal cavity (attached to the omentum). The
original dimensions of this implant were: 6 mm dia., 0.2 mm
thick. (original magnification 50x).
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Figure 4.9

Partial transverse sections of disc shaped coated (i.e. Type 1I)
Nafion implant and surrounding tissues after 105 days in situ
in the abdominal cavity (attached to the omentum). The arrow
identifies the thin solution cast Nafion film, which has
partially separated from the underlying solid Nafion substrate.
The original dimensions of this implant were: 6 mm dia.,
0.2 mm thick. (original magnification 100x).
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Figure 4.10 Partial transverse sections of disc shaped, Silastic implant and
surrounding tissues after 105 days in situ in the abdominal
cavity (attached to the omentum). The original dimensions of
this implant were: 6 mm dia., 1.02 mm thick. (original magni-
fication 50x).



A significant number of inflammatory cells are, however, visible at or near
the exposed surfaces.

Figure 4.9 shows a sectionn taken from a Type II Nafion implant
recovered after 105 days. Again, the film of solution cast Nafion has become
detached from the solid Nafion "substrate” and lines the fibrous capsule
over one planar aspect, and appears to be free of both the capsule and the
solid Nafion implant over the opposing aspect. In this case the capsule
encloses the entire implant, but seems to be comprised mainly of well
vascularized grar.nulation tissue with very little organized collagenous
connective tissue. Oniy one of the Nafion implants exhibited a more
developed capsule than that shown in Figure 4.9. The general charact-
eristics of Figures 4.8 and 4.9 were observed for both Type I and Type II
Nafion samples impianted for periods of 43, 100+5 and 206 days, indicating
the relauve stability of the tissue encapsulation.

Specimens obtained from Silastic implants were particularly
susceptible to microtome damage during sectioning and hence the actual
implant material was not retained in these sections. The tissue associated
with these specimens was retained and Figure 4.10, for example, shows
the fibrous capsule that originally enclosed a 105 day Silastic implant. As
with the subcutaneous Silastic implants, the capsule is very thin about the
planar aspects and thicker around the perimeter. In Figure 4.10, there is
very little vascularized tissue around the capsule, although more was
observed for other samples. Virtually all of the long-term Silastic implants
showed similar collagenous capsule formation.

Intravenous Sites

The long-term intravenous implants were removed by a similar
procedure as described above for the short-term implants. No visual exam-
inatiorn. of the actual implant could be made at the time of explantation, but
the liver and other tissues of the abdominal viscera showed no obvious
inflammation or abnormal coloration. There was, however, significant
scarring in the vicinity of the original incision of the peritoneum and the
site where the implant was sutured to the psoas muscle.
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The intravenous implants occupied a substantial volume (e.g. 15-
“0%) within the original lumen of the vessel, although this partial
obstruction did not result in the loss of any experimental animals.
Consequently the size and geometry of these implants are likely to be
significant determining factors with respect to the overall biological
response, somewhat complicating the interpretation of the results [21,22].
The sections shown in Figures 4.11 and 4.12 are typical of Typel and
Type II Nafion implants respectively, after 100+5 days in the infeiior vera
cava. In all of the cases studied, the fibrous capsules were substantially
thicker than those associated with ext--vascular implants. Differential
(Culling) staining of the histology specimens identified the fibrous
encapsulation as collagen, indicating re-organization of the original fibrin
deposits, as depicted in Figures 4.3 and 4.4, is complete. For all samples
some evidence was observed of endothelialization of the capsule tissues
resulting, ultimately, in total exclusion of the implant from the active
lumen of the vessel. The fibrous encapsulation of implants recovered after
43 days was similar to that of the longer term implants, although there was
no evidence of endothelialization at this stage.

Notice that in Figure 4.12 the solution cast Nafion film remains
relatively intact over most of the surface of the Type II implant. A few
small pieces of the solution cast film have been dislodged and subsequently
isolated by, or rather imbedded in, the main implant capsule, yet this did
not greatly perturb the structure of the capsule itself. In some cases,
displaced solution cast Nafion pieces were actually found outside the main
implant capsule and did not really exhibit a well defined fibrous encap-
sulation at all, and nearby tissues remained well vascularized. Too few
instances of this behavior were cbserved to permit further discussion here,
although it is suggestive that it would perhaps be worth pursuing further
testing invoiving small fragments or microspheres of solution cast Nafion.

Figure 4.13 shows a typical section of the fibrous capsule that
originally surrounded a Silastic implant after 105 days in the vena cava.
Typically, the capsules surrounding intravenous Silastic implants were
substantially thinner than those surrounding the Nafion implants. There
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Figure 4.11 Transverse sections of intravenous (inferior vena cava)

cannula shaped plain (i.e. Type I) Nafion implant after

105 days in situ showing surrounding vessel wall (original
magnification 50x).
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Figure 4.12 Transverse sections of intravenous (inferior vena cava)
cannula shaped coated (i.e. Type II) Nafion implant after
105 davs in situ showing surrounding vessel wall. The arrow



Figure 4.13 Transverse sections of intravenous (inferior vena cava)
cannula shaped Silastic implant after 105 days in situ showing
surrounding vessel wall (original magnification 50x).
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generally appeared to be less progress toward endothelialization of the
fibrous capsule, although some evidence was observed.

44 CONCLUSIONS

A first look at the short and long-term biocompatibility of Nafion
polymer has been presented. A severe acute inflammatory response was
not evident from SEM and histological examination of 1 and 4 day implants.
However, the onset of fibrosis associated with subcutaneous implants was
evident even at these early stages, and significant thrombosis occurred
around the surface of intravenous implants. No significant chronic
inflammation was observed at 43, 95, 105 or 206 days, and no obvious
systemic abnormalities were noted. There was no significant difference
between the response tc thermally cured (i.e. Type I) Nafion implants and
uncured, solution cast (i.e. Type II) Nafion implants. In our hands, Nafion

polymer did not appear to invoke a substantially more severe biological
response than silicone rubber (Silastic).

Considerable variability was observed in the thickness of the fibrous
capsules of longer-term subcutaneous implants, both from sample to
sample, and from region to region of the same sample. Capsules do,
however, remain nominally thin (<100 pm) and the surrounding tissues
well vascularized. Comparison of capsular thickness of 43, 95, 105 and
206 day subcutaneous implants suggests a nearly steady state situation has
been attained at the 43 day stage, whereas fibrosis associated with
intravenous implants continued to progress up to at least the 100 day stage.
With regard to implantable sensors, frequent recalibration would likely be
required during the progressive phase of capsular formation, regardless of
the operational stability of the sensor itself. Abdominal cavity implants
(secured to the omentum) actually appeared to invoke the least severe
biological response, and the peritoneal cavity may in fact be a suitable site
for some types of implantable sensors [17).

The intravenous implants were likewise not characterized by severe
chronic inflammation, but the fibrous tissue capsules were notably thicker,
exceeding 200 um in some cases. Notwithstanding the surgical consider-
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ations, intravenous sites are clearlr the most inciteful of a biological
response, and the thicker capsules « :nd later sequestering by endothelial
tissues) would seem to negate any practical advantages over subcutaneous
or abdominal cavity sites as sensor locations. However, it is conceivable
that implant size and geometrical factors may have affected the outcome of
the intravenous implant study, and so we intend to pursue the in vivo
testing of small, streamlined Nafion ccated sensors both in whole blood and
interstitially.

In general, Nafion pclymer appears to possess a degree of biocom-
patibility comparable to silicone rubber. Given the outstanding chemical
and electrochemical properties of Nafion polymer it would seem to offer
considerable promise for some implantable biosensor applications,
particularly interstitially placed sensors. More comprehensive studies are
clearly required in order to establish to what extent geometrical factors are
important, and whether constituents of interest in the transudated fluid
surrounding the implant accurately reflect the corresponding plasma
concentrations.
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CHAPTERE

Design and In Vivo Testing of a Prototype Implantable Glucose
Sensor for Continuocus Monitoring in Whole Bloodt

Electrode fouling and biocompatibility problems remain the greatest
obstacles to the development of a stable glucose sensor for continuous in vivo
monitoring in whole blood. Nafion encapsulation successfully prevents
electrode fouling, and substantially improves the stability and performance
of whole blood and plasma glucose sensors in vitro. Nafion polymer also
appears to invoke a minimal chronic biological response. A prototype
enzyme electrode system is thus proposed, based on Nafion polymer encap-
sulation, which has a suitable size and geometry to be tested as an {acute)
implantable sensor. Pilot test results are presented which, although
inconclusive as an evaluation of the technology, yield valuable information
regarding modifications for a next prototype; these are discussed.

5.1 INTRODUCTION

The feasibility of maintaining glucose homeostasis in patients with
severe Type I diabetes by an artificial device was first demonstrated by
Albisser, et ai. [1] more than fifteen years ago. Since that time, a great deal
of research has been directed toward the development of a sufficiently stable
and accurate glucose sensor that could be used to realize an implantable
version of the so called Artificial Beta Cell. Progress has been slow,
primarily because of the severity of biocompatibility problems which
depend, to some extent, on the implantation site and type of body fluid in
which the sensor is operated. Intravenous monitoring of whole blood
glucose is generally recognized as being ideal, but unlikely to prove
successful due to the proficiency and extreme prejudice with which the
body reacts to foreign objects in the blood stream. The most encouraging
results thus far, at least in short-term studies, have been reported involving
subcutaneous monitoring of glucose in the interstitial fluid [2-5]. However,

t Parts of this chapter have been published as:

R.F.B. Turner, D.J. Harrison, R.V. Rajotte and H.P. Baltes, "A Biocompatible Enzyme
Electrode for Continuous In Vivo Glucose Monitoring in Whole Blood”, Sensors and
Actuators, Vol. 22 (B), No. 1, pp. 561-564, January 1990.
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Rebrin, et al. [4] report that 10 out of 35 of their electrodes failed to respond
when implanted subcutaneously, and raise concerns about further
progress in this area, regardless of the implantation site, until the difficult
problems relating to biocompatibility (and hence stability) can be resolved.
Toward this end, we have proposed an enzyme electrode system [6], based
on a novel dialysis membrane material, that performs well in whole blood
in vitro, and appears to present a biocompatible interface to the body.

We have previously demonstrated the exceptional performance of
perfluorosulfonic acid (Nafion®) polymer as a dialysis membrane material
for enzyme-based glucose sensors in whole blood, in vitro [7]. Nafion
encapsulation effectively excludes blood cells, plasma proteins and other
blood constituents that denature the enzyme and/or cause fouling of the
platinum electrode surface. We have also demonstrated that Nafion
polymer exhibits a degree of bioccompatibility comparable to that of silicone
rubber and is considerably better, in this respect, than any conventional
dialysis materials used for biosensor applications [8]. It remains to be
shown, however, that the ensemble sensor/membrane system performs
successfully in vivo. Since our experience with this system is mainly
derived from glucese assays in whole blood and blood plasma, we have
chosen to test the first prototype electrodes in circulating blood.

52 MATERIALS AND METHODS

5.2.1 Electrode Preparation

The indicating electrodes employed in the earlier development stages
of the sensor/membrane system used here were designed for multiple re-
use, ease of fabrication and handling, and exhibited well behaved
electrochemical and mass transport properties. The active surface was a
polished planar disc and was sealed in glass tubing which also enclosed the
lead wire. The physical size and geometry of this type of electrode was, of
course, unsuitable to be employed in a test of the system performance
in vivo, and was therefore redesigned. The implantable version is required
to be smaller, streamlined and should not expose the host to any non-
biocompatible material. A cross sectional view of the structure of the
implantable electrode is shown in Figure 5.1.
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Figure 5.1 Cross sectional view of a prototype implantable electrode used
for in vivo glucose monitoring in whole blood.



The platinum indicating electrode is joined to a stranded copper wire
lead by a solder junction and sealed in Chemgrip® epoxy adhesive (Norton
Performance Plastics, Wayne, NJ). The composition and procedure for
applying the glucose oxidase (GOx)/bovine serum albumin (BSA) mem-
brane and the overlying Nafion dialysis membrane are essentially the same
as described previously for glass-shrouded planar electrodes [7], except that
additional coats of Nafion solution are required in order to build up a
sufficiently thick membrane. Also, the small cylindrical geometry of the
implantable electrode gives rise to substantial membrane adhesion
problems, which prevents the direct application of the planar electrode
technology to the implantable electrodes. These problems have been over-
come by the following procedure.

The clean platinum wire electrode (1.024 mm dia.) is anodized at
+1.1 vs. SCE for approximately 5 minutes in order to form a monolayer of
platinum oxide on the surface, which facilitates derivatization with
silanizing reagents. A portion of the tip of the electrode (see Figure 5.1) is
then treated by exposure to 1% 3-aminopropyltriethoxysilane (Petrarch) in
anhydrous benzene for approximately 20 minutes, followed by a thorough
rinse in dry benzere. The entire platinum electrode is then exposed to 5%
N-(trimethoxysilylpropyl)-N,N,N-trimethylammonium chloride (Petrarch)
in anhydrous methanol, following the procedure described by Szentirmay,
et al. [9]. This treatment leaves a mcnolayer of primary amine groups
exposed over a region of the tip of the electrode which facilitates covalent
attachment of the GOx/BSA membrane as described by Yao [10]. The
RNMe3+ moiety is present over the entire surface, which greatly enhances
adhesion of the overlapping dialysis membrane by virtue of electrostatic
interaction with the sulfonate groups in the Nafion [9]. Multiple coats of
Nafion polymer (Solution Technology, Mendenhall, PA) are then applied by
dip coating as previously described [7], except that one additional layer of
3% Nafion solution and one additional layer of 5% Nafion solution was
applied. Also, the orientation of the electrode during the drying cycle for
each successive Nafion application was alternated between inverted and
non-inverted (i.e. between "tip down" and "tip up"” orientations).
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The lead wire and proximal end of the platinum indicating electrode
are gloved in biocompatible Silastic® Medical-Grade tubing (1.47 mm i.d.,
1.96 mm o.d.), and sealed with Silastic adhesive which is formed to give a
smooth topology near the electrode tip. The only other material that would
be exposed directly to the body is the Nafion dialysis membrane which
encapsulates the active portion of the electrode tip. The Ag/AgCl reference
and platinum counter electrodes are similarly gloved in Silastic and coated
over the active portion with a thin layer of Nafion (less than 1 pm thick).

5.2.2 In Vitro Characterization

These trials involved three glucose electrodes, designated B1, B2 and
B3, which were prepared according to the above procedures. Electrode B3
was used to obtain intermediate calibration data at various steps during the
Nafion coating procedure, and was also used to verify that the redesigned
electrodes performed satisfactorily in whole blood (in viiro). Calibration
data, for each electrode, are shown in Figure 5.2 as measured in phosphate
buffer (pH 7.4) with 0.1 M NaCl as supporting electrolyte using a Pine
RDE-4 analytical potentiostat. The value of the apparent (i.e. observed)
Michaelis constant Km, which depends on the mass transport rate of
glucose relative to oxygen through the dialysis membrane, gives an
indication of the linearity of the electrode response. The observed response
times were 5-50 s for concentration steps smaller than 5 mM (where the
total glucose concentration is less than 10 mM total). These response times
are somewhat slower than previous versions of the (planar) Nafion

encapsulated electrode, but still faster than cellulose membrane
encapsuiated electrodes.

Before proceeding tc the in vivo animal testing, one of the redesigned
versions of the electrode (B3) was tested in canine whole blood in vitro using
the method of standard additions as described in Chapter 3. In this case,
the most recent version of the potentiostat chip described in Chapter 2 was
used as the controller. It should be noted that a simultaneous
(i.e. differential) measurement could not be made in this case, since a
suitably matched dummy electrode was not available. A measuremeat of
the background current in the whole blood sample was therefore obtained
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Calibration Curves in Phosphate Buffer (pH 7.4)

Figure 5.2
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In vitro calibration curves for the prototype electrodes in
phosphate buffer solution (pH 7.4). The apparent Michaelis
constants (Km) were determined from Lineweaver-Burke plots
of the calibration data.
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after the standard additions procedure was completed, using electrode B3
itself foilowing thermal denaturation of the €. .yme. Figure 5.3 shows a
Crans plot of the standard additioits data obtained from electrode B3 in
whole blood (in vitro) which de¢monstrates linearity and precision
comparable to that obtained in earlier studie; with Naficn encapsulated
planar electrodes. The initial glucc e concentration in the sample was
determined to be 3.12 mM, which agrees to within 6% of the value (2.95 mM)
previously determined by a calibrated Beckman glucose analyzer. Note that
the Beckman instrument measures plasma glucose values, which can be
greater than the corresponding whole blood concentration by up to 20%. A
correction factor of 15% was therefore applied to the Beckman reading in
order to obtain an estimate of the whole blood glucose concentration in the
sample. Hence, except for the slower response time, the performance of
this electrode in whole blood in vitro was found to be comparable to the glass
shrouded planar electrodes discussed in Chapter ... Flectrodes B1 and B2

were assumed to be similar, but were not actually tested in whole blood at
this stage.

5.2.3 Implant Procedures and Instrumentation

Canine models have been extensively used for live animal studies in
diabetes researcn. The canine sysiem has thus been well characlerized
vis @ vis the systemic response to glucose challenges and endogenous
insulin, both in the normal and diabetic states. Canine subjects were
therefore chosen for the in vivo experiments described here. Electrodes Bl
and B2 were tested in two separate animals, designated K-118 and J-518.
Animals underwent standard pre-operative care and all surgical
procedures were conducted in an operating theater under sterile or aseptic
conditions. Both dogs were anaesthetized with sodium pentobarbital
(30 mg/kg IV), and supplemental pentobarbital was administered intra-
venously as required in order to maintain subjects at the surgical plane.
Both dogs also received normal saline (drip) throughout all surgical and
experimental procedures. The first subject (X-118) had undergone a total
pancreatectomy immediately prior to the implant surgery and was hence
acutely diabetic; the second subject (J-518) was normal and had not prev-
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Grans Plot of Standard Additions Data (in Whole Blood, in vitro)

Figure 5.3
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iously undergone major surgery. Prototype electrodes were placed intra-
venously in both subjects according to the following procadure.

The inferior vena cava was selected as the implant site in order to
accommodate the physical size of the eiectrodes without excessively
perturbing the blood flow around the electrodes. The abdomen was opened
through a midline laparotomy incision and abdominal viscera were
retracted laterally and packed with saline soaked lap sponges. A section of
the inferior vena cava, approximately midway between the confluence of the
renal vein and the bifurcation into the illiac veins, was exposed by blunt
dissection. The adventitia was cleared by sharp dissection and a partially
occluding (Debakey) vascular clamp was applied in order to isolate and
control the region surrounding the proposesi venipuncture sites. A
14 gauge biopsy needle was used to puncture the wail of the vena cava and
the electrodes were introduced. A separate puncture was made for each
electrode (i.e. indicating and reference/counter electrodes) approximately
1 cm apart. The Debakey clamp was removed and the electrodes were
further inserted another 5-6 cm. Stay sutures (3-0 silk) were used to anchor
the electrode lead wires to the vessel wall near the venipuncture site. The
exposed end of the lead wire was also sutured to the fascia of the anterior
abdominal wall in order to prevent accidental tension on the implanted
electrodes. In order to obtain venous blood samples, the right femoral vein
was exposed by a cut-down procedure and a 16 gauge (Quik-Cath®) Teflon

catheter was introduced, and secured by stay sutures to subcutaneous
fascia.

The electrode lead wires were connected to a Pine model RDE-4
analytical potentiostat which was, in turn, connected to a Hewlett-Packard
model HP 7128A strip chart recorder in order to obtain a continuous time
record of the electrode current. The electrode bias potential was set to
+0.7 V vs. Ag/AgC! and was monitored periodically with a Hewlett-Packard
modei TIP 3478A high impedance multimeter. At specified intervals
throughout the experiment, venous blood samples were collected in
heparinized centrifuge tubes and immediately assayed using a Beckman
Glucose Analyzer 2, operated by a trained technician. The general
physiological condition of each dog was ascertained from blood gas,



haematology and electrolyte data determined before and after each
experiment. These data are compiled in Table 5.1 along with reference
(control) data for each variable.

5.2.4 Experimental Glucose Challenge Protocols

The objectives of these in vivo pilot tests were to monitor the response
of the implanted electrode during induced changes in the dog's blood
glucose level, and to compare this response with an independent
determination of the glucose level at prescribed time intervals. The
independent determination, as indicated in the previous section, was
obtained by an in vitro assay of sampled venous blood using a calibrated
Beckman glucose analyzer. In a normal animal, a temporary and
predictable hyperglycaemic state can be induced by simply administering a
bolus glucose challenge, either orally or intravenously. The subject's blood
glucose then rises sharply to a level that depends on the original glucose
dose. This load s:imulates the pancreas to secrete additional insulin,
which slowly returns the blood glucose to a normal level. This is, in fact,
the basis for routine glucose tolerance testing (GTT) commonly used to
obtain diagmnostic data regarding a subject's own natural blood glucose
control mechanisms. Variations on this type of protocol were used in the
two experiments reported here. As mentioned above, the first subject
(dog K-118) had been par~-: atectomized prior to the experiment, and hence
a slightly different proto.  vas employed in each case.

In th. first experiment, dextrose 50% injectable solution (Abbott) was
administered intravenously in a sequence of steps according to a calculated
protocol based cn an approximate distribution volume corresponding to 25%
body mass. The actual dosages are indicated in the caption of Figure 5.4 for
each step. In order to lower the dog's blood glucose level, Tletin IT U-100
Regular insulin (Lilly) was administered intravenously in steps based on
an assumed drop of approximately 200 mg% for each 100 mU/kg of insulin
given. Again, the actual dosages used are indicated in the caption of
Figure 5.4 along with the results. In the second experiment, a simple
intravenous glucose tolerance test (IVGTT) protocol was used where a

single IV injection of dextrose was administered as indicated along with
the results.



TABLE 5.1 Blood gas, haematology and electrolyte data obtained from
venous blood samples collected from Dogs K-118 and J-518

before and after each experiment. Normal (canine) values are
also given for comparison.

Dog ID pH PCO2

POy HCO3 Ti.COz het Hgb Na+ K+

(torr) (torr) (mM) (mM) (%) (g/dl) (mM) (mM)
K-118 (Initial) 7.35 46.1 43.0 243 25.7 4 16.7 149.6 4.2
K-118 (Final) 7.25 502 412 21.3 232 43 162 138.9 3.6
J-518 (Initial) 7.18 69.9 42.7 25.2 274 36 134 NA NA
J-518 (Final) 7.13 92.1 385 29.2 320 39 137 142.4 39
Normala 721 459 489 17.5 189 46 150 145.0 4.5
(Std. Dev.) G.04 6.3 8.8 1.5 1.6 4 1.5 2.8 0.4

(a) Refer to normal values for venous blood.



53 RESULTS AND DISCUSSION
5.3.1 In Vivo Performance Tests

Figure 5.4 shows a comparison of the glucose profiles from subject
K-118 measured (continuously) by electrode B1 and (at discrete intervals) by
the Beckman analyzer. In this case, only the electrode currents correspon-
ding to the times at which blood samples were taken have been plotted. The
actual strip chart record from this experiment shows positive transient
current steps that in fact coincide with glucose injections, at least until
step 3. However, the signal exhibits a steady negative drift over the interval
between injections, and the magnitude of the steps do not reflect the
magnitude of the changes in plasma glucose level as measured by the
Beckman instrument. In any case, the electrode fails to respond at all
beyond step 4 (i.e. exhibits only the steady negative drift), and the current is
clearly not well correlated with the Beckman data over any appreciable
interval. The behavior of this electrode was similar to that observed in
many previous experiments in vitro, where the encapsulating dialysis
membrane was either damaged or not of sufficient thickness to adequately
protect the electrode.

The experiment was terminated after approximately 4 h elapsed
time, and the electrodes were carefully removed for visual inspection. Most
of the electrode was clean, but a significant thrombus had formed over part
of one side of the electrode near the tip. A small portion of the reference
electrode also exhibited thrombus formation. The lengths of the intra-
venous portions of the electrodes were such that the two electrodes could
well have been crossed in the lumen of the vessel, forming a kind of platelet
"trap” to facilitate clot formation. Thrombosis alone should not have
caused the observed failure of this electrode, but damage to the Nafion
membrane could have resulted from friction if the <i._...des were indeed
crossed. Subsequent inspection under a (light) microscope was incon-
clusive in that no cracks or ruptures in the membrane could be identified,
although some surface irregularities were apparent. The electrode was
then washed with distilled water and tested in phosphate buffer solution
where it was found to respond normally to glucose iriections, although the



Dog K-118 (Male, 22.4 kg) Post Pancreatectomy

Figure 5.4
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current levels were somewhat higher thar those measured (in buffer) prior
to the in vivo experiment. This electrode was then washed again in distilled
water and stored in a clean, dry test tube for later evalr.ation in whole blood
samples.

In the second experiment, care was taken during the intravenous
placement of the indicating electrode to ensure that the tip was downstream
from the reference and counter electrodes in order to avoid possible
damage. Figure 5.5 shows a comparison of the glucose profiles from
subject J-518 measured by electrode B2 and, again discretely, by the
Beckman analyzer. Initially at least, the electrode responded well and the
signal was far more stable from the outset than in the previous experiment.
However, the response time of the electrode was apparently not adequate to
accurately resolve the hyperglycaemic peak in blood glucose concentration,
and the response falls to a lower than expected level near the end of the
experiment.

The actual signal from electrode B2 was found to be modulated by
periodic (but non-sinusoidal) oscillations, which appeared to correlate with
the animal's respiration. Assuming the perturbation due to the presence of
the electrodes does not grossly disrupt the (approximately) laminar flow
behavior, the oscillatory component may be explained as arising from
nositional variations of the sensor within the lumen of the vessel. That is,
the velocity profile varies as a function of radial position over the cross-
sectional plane, and exhibits a strong gradient near the wall of the vessel.
The regular and heavy respiratory movements presumably caused slight
variations in the position of the sensor in this cross-sectional plane, thus
exposing the sensor to periodic variations in flow rate. The output signal
from the sensor should reflect these variations, since the electr-1e current
depends on flow rate (i.e. glucose mass transport rate). The electrode
response shown in Figure 5.5 has been smoothed usinz a "moving average"
type algorithm, where W=13 consecutive data points were averaged to yield
a smoothed data point representing the central value within the temporal
window. The averaging (window) function was "moved" along the time
axis to generate the smoothed data set. The envelope of the original oscil-
latory response is shown in Figure 5.6 along with the smoothed response.



IV Glucose Tolerance Test (Aug. 25/89)
Dog #J-518 (Male, 30 kg)

Figure 5.5
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Smocthed electrode B2 response and Beckman plasma glucose
profiles from Dog J-518 (male, 30 kg). An intravenous bolus
injection of dextrose (500 mg/kg) was administered in order to
elicit the initial rise in plasma glucose. The return to
normoglycaemia was due to the dog's own endocrine response.
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Figure 5.7 shows a cross correlation between the response data from
ciectrode B2 and the Beckman readings obtained at the time intervals
indicated on Figure 5.5. Assuming the Beckman data is accurate,
Figure 5.7 indicates that the signal from electrode B2 is not well correlated
with the actual plasma glucose level. However, the three highest glucose
readings (immediateiy following a 350 mg/dl concentration "step”) occurred
within a time interval of only 4 minutes. Yet the response time of electrode
B2 to a glucose concentration change of that magnitude is at least on the
order of 1 to 2 minutes. If the three points corresponding to the highest
glucose readings are omitted from the data, the correlation coefficient
increases to 0.94. It is conceivable that the cross correlation might improve
considerably if the concentration had not changed so abruptly near the start

of the experiment, although response time considerations do not explain
the poor accuracy later in the experiment.

Two subsequent follow-up IVGTT's were performed on dog J-518
during which electrode B2 failed to give a response that correlated with the
Beckman data. The experiment was then terminated, after approximately
3.5 h total elapsed time, and the electrodes were carefully removed for
visual inspection. Again, most of the electrode was clean, but some
thrombus had formed around the central portion of the electrode tip. No
further cleaning or visual inspection was performed at this stage; rather,
the electrode was immediately fixed in 2.5% glutaraldehyde (in Millonig's
buffer, pH 7.2) for later examination by scanning electron microscopy.

5.3.2 Post-Operative Evaluation of Electrodes

The glucose profile shown in Figure 5.8 was determined by the
Beckman analysis of venous blood samples obtained dur. g the final follow-
up IVGTT on dog J-518. Each of the samples taken during the run were
divided into two sub-samples—one for plasma glucose assay by the Beck-
man, and one for in vitro assay (in whole blood) using electrode 31, which
had previously been implanted in dog K-118. This electrode. which had
performed poorly in vivo, actually performed surprisingly well in whole
blood in vitro. That is, it responded weil during standard additions type
assays (on eight separate samples), and the resulting Grans plots indicated
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Electrode B2 vs. Beckman Analyzer
(Aug. 25/89)

Figure 5.7

o
T T — - T T ~T T o
w0
AN t 3
N s 1s
3 <+ =
S 2
- L)}
- 8§ 1 &
e D
3 o 3
+ @ b
= 2
= o
g i 1 ]
- =
—t— G
S £
- -1 O
N&
a-
] c
i ]
e
S
o
L 4 D
S m
3 J
| I 1 i i A 1 ) - L P O
< ) © < N < < ©
AN -— hand ~ ~— ~— [} Q
(yn) weaung z2g epoJios|y
Cross correlation between the in vivo response of electrcde B2

and (in vitro) plasma glucose readings obtained from sampled
venous blood.

131



IV Glucose Tolerance Test (Aug. 25/89)

Figure 5.8
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good precision. These data were compared with the corresponding
Beckman readings as depicted in the cross correlation plot shown in
Figure 5.53. This correiation seems corvincing, although no previous data
are available for comparison as this was the first time that a graded series
of blood samples of the same age and from the same animal were assayed
by both the Beckman and a Nafion coated electrode.

It would be appropriate to include a note here about the interpretation
of the curves shown in Figures 5.8 and 5.9. Unfortunately, the Beckman
reading from the sample closest to the peak plasma glucose level is
questionable in this case, as indicated in Figure 5.8. The problem arcse
because a considerably larger than normal dose of glucose had been
administered at t=0 which resulted in a plasma glucose level that far
exceeded the linear range of the Beckman instrument. The Beckman
operator therefore had to dilute the sample (more than once?) and later
admitted that the reported value could have been in error by a factor of two.
Hence the dashed portion of the profile in Figure 5.8 and highest magnitude
point in the data set of Figure 5.8, incorporate this scenario. If this point is
excluded from the data set, the cross correlztion coefficient becomes 0.91
and the slope 6.42x10-4 pA/mg%. In either case, the correlation beiween
electrode response and the plasma glucose level is far better for the in vitro
assay than for the continuous in vivo measurement.

One further electrochemical test was performed on this electrode.
Recall that, in Chapter 3, it was noted that a correlation appeared to exist
between the Nafion thickness required to block Fe(CN)g4— and the thickness
required for adequate protection of the electrods in whole blood in vitro.
However, no ferrocyanide electrochemistry was observed in the cyclic
voltammetric response of electrode B1 obtained in No saturated solution of
K4Fe(CN)g (1.0 mM) with KCl (0.1 M) as supporting electrolyte. Yet this
electrode clearly did not perform in whole blood in vivo, which shows that
the ferrocyanide test is not a helpful criterion for in vivo applications. A
better criterion may be the magnitude of the apparent Michaelis constant
Km, since the value measured for electrode B1 was roughly half that
measured for electrode B2. And, although electrode B2 eventually failed as
well, it did perform better than B1 irn vivo.
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Figure 5.9 Cross correlation between the in vitro response of electrode Bl
and (Beckman) plasma glucose readings obtained from
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Electrode B2, which had previously been implanted in dog K-118, was
examined by scanning electron microscopy in order to determine whether
or not the Nafion encapsulation had been damaged during the course of the
in vivo testing. Figure 5.10(a) shows a scanning electron micrograph of a
portion of the electrode near the ma- .n of the GOx/BSA membrane that
was cast over the tip of the electrcde. A crack in the Nafion polymer
encapsulation is clearly visible approximately in the center of the field of
view. It appears that the enzyme membrane has lifted slightly at this point
(which could even have occurred during the in vitro characterization) and
the resulting stress caused a small crack to form in the overlying Nafion
membrane. The close-up view in Figure 5.10(b) shows adhering blood cells
within the crack, indicating that interfering or poisoning species in the
blood could have invaded the GOx/BSA membrane and underlying
platinum surface from this point. Note, however, that the uncompromised
areas of the electrode surface (i.e. that remain protected, externally at least,
by a Nafion membrane) are devoid of adhering cells.

54 CONCLUSIONS

We have proposed a prototype version of an implantable glucose
electrode, based on Nafion polymer encapsulation, which overcomes
previous problems associated with membrane adhesion. The tn vitro
performance of the prototype electrodes was satisfactory both in buffer
solution and in whole blood. However, the in vivo performance during
these initial pilot tests was disappointing from the point of view of stability
and lifetime of the sensor/membrane system. The transition from discrete
in vitro glucose assays in the laboratory, to continuous in vivo monitoring
wasg expected to be an iterative process involving a number of design/testing
cycles. The results presented here represent the first step in this process,
and a number of points can be made which should prove to be of value in
designing the next version of the implantable electrode:

(1) The fact that electrode B1 performed satisfactorily in whole blood
in vitro, after failing abysmally in whole blocd ir vivo, indicates that some
fundamental differences exist between the dialysis membrane
requirements for whole blood glucose assays in vitro versus in vivo. There
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Figure 5.10 Scanning electron micrographs of electrode B2 follewing
in vivo testing in Dog J-518. (a) crack discovered in Nafion
dialysis membrane. (b) close-up view showing adhered blood
cells in crack.
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appear to be different types and/or concentrations of interfering species
present in these two "media”. Whether these effects are systemic or
localized to regions surrounding the electrodes is unclear, but obviously the
presence of the electrodes must somehow trigger these effects. This points
again to biocompatibility problems which are apparently not completely
obviated by the use of Nafion encapsulation, at least under the conditions
employed in this study. Whether or not a thicker Nafion membrane would
perform better remains o be shown, but should be investigated.

(2) The Nafion encapsulation process may require some modification
i order to achieve better uniformity in the characteristics from one
izetrode to another. Recall that electrodes Bl and B2 had drastically
<itterent Km values, yet underwent exactly the same coating regimen. It is
likely that the shape and size of the platinum indicating electrode are
important here, although early versions of the glass shrouded planar
electrodes also varied somewhat in performance characteristics, so it is
perhaps not unreasonable to expect that time is required in order toc gain
experience with this new geometry. In comparing electrodes, the relative
values of Km might serve as a helpful measnure of the uniformity (and
thickness) of the Nafion membrane. Furthe: . re, since electrode B1l
passed the ferrocyanide test but still failed to perform in vivo, a different test
species that is less easily excluded by the Nafion membrane should be
investigated (e.g. acorbate). It would also be helpful to establish whether or
not a correlaticn exists between the value of Km measured in vitro (in
buffer) and the electrode performance in vivo.

(3) The crack found in electrode B2 was not evident from in vitro
testing carried out in buffer solution or from close visual inspection of the
dry membrane before the in vivo experiment. Hence, better methods of
in vitro characterization must be implemented. Perhaps the ferrocyanide
test would be more useful here (i.e. for "leak” detection). Closer attention
must also be given to quality control during electrode fabrication. For
example, the fact that the crack appeared around the raargin of the
GOx/BSA membrane suggests that the silanization treatment was faulty.
Furthermore, the Silastic sheath should have extended further toward the
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tip so as to cover the margin of the GOx/BSA membrane (as shown in
Figure 5.7

(4) The size of electrodes B1 and B2 required their placement in the
vena cava, which has the highest flow rate of any vein. Whether or not this
adversely affected the tests described here is unclear, but thrombus
formation over part of the electrode tip was cbserved atter both experiments.
“n any case, smaller electrodes would be better from a biocompatibility point
of view and would also permit testing in smaller veins, although mem-
brane adhesion problems may arise again due to the increased curvature of
a smaller electrode. A smaller electrode area weould also be less sensitive to
variations in the flow rate (recall the modulation in the response of
electrode B2 attributed to flow rate variations;. It would also be better te
integrate the working (enzyme) electrode and the reference/counter

electrode in a single probe, in order to decrease mechanical irritation to the
host and reduce perturbations to the blood fiuw.

Intravenous implantation may not, ultimately, be the approach of
choice for the clinical application of in vivo glucose sensors. However,
intravenous sites are the most demanding for research testing and,
notwithstanding the poor performance of both of these electrodes, these
results were instructive (and encouraging). Further experimentation is
obviously required, and the reported observations from this pilot study, and

the points noted above, should provide direction for the next phase of this
work.
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CHAPTER 6
Concluding Remarks

The purpose of this chapter is to present a brief summary of the goals
attained in this work, specifically addressing the objectives set forth in
Chapter 1, and to comment on the contribution of this research toward the
ultimate goal of realizing an artificial beta cell. Also included here are
several suggestions for further research in this field, including extensions
of the present project. Finally, some of the other possible applications of
this work are mentioned.

6.1 SUMMARY OF CONTRIBUTIONS

The first stated objective of this project was to develop improved
instrumentation for implantable (amperometric) sensors. The integrated
potentiostat circuit described in Chapter 2 provides the capability, with a
single integrated circuit, to perform amperometric electrochemical assays
with an accuracy comparable to a laboratory analytical potentiostat. The
miniaturization and low power consumption criteria for implantable
sensors were easily met with the implementation in CMOS technology.
High sensitivity, current-to-voltage conversion and differential measure-
ment capability were demonstrated features of the design. The use of a
simple two-stage operational amplifier and an output network with the
minimum number of devices (two transistors, one resistor) resulted in a
total die area, excluding bonding pads, of 0.53 mm2. This leaves ample real
estate on a standard 5§ mm by 5§ mm die for the integration of additional
signal processing and/or interface circuitry (or electrode structures).
Flexibility for research applications was provided by the approach of taking
the working electrode bias reference levels from the internal operational
amplifier bias network. Thus, virtually any electrochemically significant
working electrode bias voltage can be obtained simply by adjusting the
symmetry between the power supply !zvels.

In respect of the second main objective of this project, the
perfluorosulfonic acid polymer, Nafion, was investigated as an alternative
to conventional dialysis :iembrane materials for glucose analysis in
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biological media. Nafion dialysis membranes were characterized in whole
blood and blood plasma samples in vitro, and were shown to substantially
improve the stability, performance and reproducibility of amperometric
glucose sensors in these media. The results of the first overview of the
biocompatibility of Nafion polymer indicated the potential suitability of this
material for long-term in vivo sensor applications. An attempt was made to
further verify this potential in experiments with implantable versions of the
Nafion encapsulated glucose electrodes developed previously, although
these experiments were inconclusive. In order to properly evaluate the
in vivo performance of Nafion polymer, extensive testing in laboratory
animals will be required, involving both acute and chronic implantation.
This scale of animal testing is beyond the scope of this project, however the

experience gainad from this first step should provide a useful starting point
for subsequent investigations.

Research directed toward the development of an implantable glucose
sensor for the artificial beta cell has been conducted in many laboratories
throughout the world for more than fifteen years. Much of this effort has
focused on exploring different analytical techniques and, through in vivo
testing, on discovering the extent of stability and biocompatibility problems.
The consensus which has emerged is that, in the long-term, some form of
ampercmetric approach is most likely to succeed, and that the dialysis
membrane component is crucial to implementing this approach in vivo.
The instrumentation and Nafion encapsulation technology contributed by
this project, addresses both of these aspects, if only in a modest way.
Electrode fouling and biocompatibility problems clearly present enormous
challenges and it seems likely that real progress will continue to be slow.
Some new avenues have been opened up as a result of this research and
some suggestions for further research are given in the following section.

It is also worth noting that, although the goal of an implantable
artificial beta cell remains distant, a miniaturized glucose probe that would
be stable even for a matter of hours in vivo could still be extremely useful.
Other areas of diabetes research involving live animal studies would
greatly benefit from the capability of continuously monitoring blood glucose
levels in a subject over the duration of even a one-day experiment.



Presently, many projects are constrained to using large animals simply
due to the necessity of withdrawing multiple blood samples for off-line
analysis. If, for example, such projects could employ rats instead of dogs,
the efficiency, both in terms of time and cost, of this research could improve
considerably. For these types of research applications, it is usually
important to perform the measurement in blood rather than interstitial
fluids. It is therefore worthwhile to continue to pursue the goal of
developing a whole blood compatible glucose sensor.

62 DIRECTIONS FOR FUTURE RESEARCH

The next obvious step to continue this project would be to carry out the
recommendations presented at the end of the previous chapter, and to
pursue further in vivo testing with a next-generation prototype of the
implantable electrode. In addition to working in circulating blood, it would
also be of interest to investigate the performance of Nafion encapsulated
electrodes implanted in some of the other in vivo sites that have been
suggested in the literature [1]. In particular, subcutanecus implantation
should be considered, since most of the published literature involving
in vivo studies pertains to this type of implant site [2-5]. In this case, a thin
planar disc shaped electrode may be advantageous, and may also be less
susceptible to membrane cracking and adhesion prob.._ms.

In regard to further in vivo testing, recall from Chapter 4 that the
initial phase of the biological response is an acute reaction that eventually
subsides, giving way to a chronic respense involving fibrous encapsulation.
The chemical and cellular species present at the site of implantation are
quite different during each of these phases [6]. Thus, it may also be
instructive, even at this stage, to perform some longer-term experiments (at
least several days in duration) as an attempt to observe some of the
dynamics of the biological response to an "active" sensor, through its effect
on the sensor response (or drift). At present it is not known whether or not
an implanted sensor could recover from the failure mode that was observed
in Chapter 5, but this mode is reversible. That is, once the electrode is
removed from the in vivo environment and washed with distilled water, it
does regain its functional characteristics. The integrated potentiostat
circuit presented in Chapter 2 could be useful in this type of investigation,
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since it could easily be implanted with the electrodes. The electrodes could

then be monitored periodically via external (percutaneous) lead wires, or an
implanted telemetry system.

One direction in which to extend the kind of biocompatibility studies
presented in Chapter 4 would be to perform the detailed time evolution
studies (short-term) and investigation of geometric effects as suggested in
that chapter. Another direction would be to consider the biological response
to operating electrodes (perhaps in conjunction with the above), since
working sensor electrodes interact chemically with the body and actually
release chemical species into that environment (e.g. hydrogen peroxide and
gluconic acid). The difficulty here is that the electrodes cannot, of course,
be sectioned and stained for histochemical/microscopy examination as done
with the polymer by itself. However, our experience indicates that the
tissues surrounding a Nafion implant do not strongly :dhere to the surface,
and it is conceivable that one could remove the electrode from the fibrous
capsule without damaging the surrounding tissue. The capsule tissues
could then be examined histologically as before, and the electrode surface
could be examined by scanning electron microscopy.

As noted in Chapter 4, the conditions under which Nafion films are
cast and/or cured are known to affect the morphology of the resulting
membranes [7]. The morphologies of commercially cast and soiution
processed Nafion films, cured at higher temperatures (>200°C), have been
well studied [8]. However, high temperature curing procedures are, in
general, not feasible for biosensor applications. Little data are presently
available on the morphology and properties of uncured or low temperature
processed films cast from the soluble form of the polymer. Hence, it would
be of interest to further investigate the morphclogy of uncured films of the
type employed here in order to approach the optimization of the coating
procedure. Transmission electron microscopy, for example, might be
employed in order to study the effect of solvent composition and casting
conditions on the gross morphology of solution cast films. These studies
could serve to narrow the scope of subsequent investigations involving more
sophisticated spectroscopic methods.
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The integrated potenticstat circuitry presented here is the minimum
instrumentation required to operate an amperometric sensor. It would be
useful to expand on this design and to incorporate more advanced features
such as variable sensitivity, analog-to-digital conversion facility and
programmable control of the working electrode bias voltages. These
additional capabilities would considerably improve the *ity and flexibility
of the instrument. For implantable applicaiions, it would also be extremely
useful to incorporate telemetry circuitry in order to eliminate the necessity
of percutaneous lead wires for data acquisition and programming. The
capability of implementing variable potential protocols could also lead to
further improvements in the stability of implantable electrodes. An
electrochemical cleaning cycle, for example, where the electrode is
anodized for a period of time prior to a measurement cycle, has been shown
to be effective in reversing some kinds of electrode poisoning [9].

6.3 OTHER APPLICATIONS

The body of work presented here was directed primarily toward
medical applications. How - the closed-loop control of glucose concen-
trations in bioreactors is » . an important application of glucose sensor
technology [10,11]. Particularly with the current trend in the biotechnology
industry toward higher cell density fermentatic - ., ~tems, the optimal
controi of glucosc and other metabolites has becu:*= a critical factor in
determining the economics of these processes [12]. There are similarities
between the composition of some types of culture media used in
fermentation systems, especially animal cell cultures, and that of blood
plasma. Hence, many of the interfering species that complicate glucose
assays in whole blood are also present in these culture media. The
instrumentation and Nafion membrane technology described here may
thus be applicable to the monitoring and control of bioreactor systems.

It was mentioned in Chapters 2 and 3 that the integrated potentiostat
and Nafion encapsulation could also be apgplied to other biochemical assays.
That is, several other useful oxidase enzymes also employ oxygen as a
cosubstrate and produce hydrogen peroxide as a reaction product, and
hence require the same basic instrumentation. The dialysis requirements
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TABLE 6.1 Some other immobilized enzyme based biochemical assays that
could be performed with the combined potentiostat/INafion
encapsulated electrode system presented here. (Source:
Yellow Springs Instrument Co., Inc., Application Notes 13,
113 and Model 27 Industrial Analyzer Specification Sheets.)

Oxidase
SUBSTRATE (Reduced) + O2 - SUBSTRATE(Oxidized) + H202®
Enzyme
SUBSTRATE ENZYME SUBSTRATE
(Reduced) CATALYST (Oxidized)

B-D-Glucoseb
I-Lactate
Ethyl Alcohol

Glucose Oxidase

L-Lactate Oxidase

Alcchol Ozxidase

D-Gluconic Acid
Pyruvate
Acetaldehyde
Galactose Dialdehyde
Glyceraldehyde

Lactose Galactose Oxidase
Glycerol Galactose Oxidase
Starch®¢ Amyloglucosidase
Sucrose®€ Invertase + Mutarotase

B-D-Clucoss

B-D-Glucose

(a) The hydrogen percxide is subsequently determined z!:ctrochemically as
previously described.

(b) This is the principle assay for which the present system was designed
and is inciluded here si’ice it is also invelved in some multi-enzyme

assays.

(c) Analysis of these substrat:: requires the use of a bi-cnzyme membrane
system with the oxidase cnzyme listed in the table, plus glucose oxidase
which is used to determine the rate of glucose production.
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for sensors based on these enzymes are also similar to those utilizing
glucose oxidase, and the same methods of immobilization could also be
applied to these systems. Specific examplies of such alternative analytical
applications are presented in Table 6.1. Note that many of these analyte
species are of interest both clinically, and commercially in biotechnology
and food processing industries.
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APPENDIX

Integrated Potentiostat Circuit Implementation Data

TABLE A.1 Typical CMOS-1B process parameters.

Data were obtained
from ;.- .- irements performed (by Northern Telecom) on
wafe. . = _cessed in the February 1988 fabrication run (MPC
8802). A total of 60 measurements were performed for each
parameter, spread over 20 wafers. Capacitance data were not
available. (Source: Canadian Micrcelectronics Corporation).

Parameter Mean Std. Dev. Units
Threshold Voltage (p channel) -1.016 0.02 \'4
Threshold Voltage (n channel) 0.89C 0.01 v
Transconductance (p channel) 8.032 0.06 pHA/V2
Transconductance (n channel) 26.48 0.2 pA/V?2
Resistivity (p diffussion) 69.9 14 2/Square
Resistivity (n diffussion) 15.1 0.8 Q/Square
Resistivity (polysilicon) 21.1 0.3 /Square
Resistivity (capacitor polysilicon) 24.3 1.3 Y/Square
Resistivity (p well) 4355.0 146.0 (2/Square
Resistance (Contact + p Diffussion) >98.0 3.6 Q
Resistance (Contact + n Diffussion) 230.9 2.1 Q
Resistance (Contact + Polysilicon) >30.7 0.7 Q
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TABLE A.2 Pin assignments for CMOS potentiostat integrated circuits.
22 of the versions designated xxxL. and xxxR are implemented
onn the same chip and the package is labeled IC5AAxxx. All
versiuns listed here include internal connections between
power supplies and gate protection circuitry (if applicable).

Node

PS3Rd

PS4L PS4R PS5L  PS5R
+Vpp2 21 NA 31,37 4,10 32,39 59 3238 59
~Vss 40 NA 32 9 3 8 33 8
GNDP 9,32 NA 2039 2,12 30,40 3,11 30,40 3,11
RE; 32 NA 29 2 0 3 30 3
WE; 31 NA 28 1 29 2 29 2

Vo1 30 NA 30 3 31 4 31 4
REo S NA 3B 2 40 11 40 n
WE2 10 NA 40 13 1 12 1 12
Voz 1 NA 38 11 39 10 39 10

(a) Connect al’ :ins indicated to the external power supply (no internal

connections exist between these points in the circuit).

() Connect both pins indicated to the external circuit common (no internal
common exists between Channel 1 and Channel 2 of the potentiostat).

(¢) This version (only) does not include gate protection circuitry.

(d) This version includes several modifications to the outpat network
including M14 (n channel device), current mirror (higher gain) and ihe
output resistor (polysilicon, larger than PST version). NOTE: all tested
chips of this design version were found to oscillate (or latch?).
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TABLE A.3 Pin assignments for CMOS potentiostat integrated circuits.
All of the versions designated xxxL and xxxR are implemented
on the same chip and the package is labeled IC5AAxxx. All
versions listed here require external connections between
power supplies and gate protection circuitry.

Node PS6L PS6R PS7L. PS7TR¢ PS8L PS8R PS9L  PS9Re

+*Vppg 31 3,511 3R 5 2 3,511 31 5
-Vss 2 19 222 19 22 18 22 19
GNDP 2939 2,12 30,39 2,10 30,39 2,12 29,39 2,11
RE; 29 2 0 2 B¢ 2 29 2
WE; 28 1 p-$) 1 29 1 28 1
Vo1 0 4 31 3 31 4 30 3
RE, 2 12 29 1c 20 12 2 1
WE2 40 13 40 12 40 13 40 13
Voo 38 10 38 9 38 10 38 10
*Vpro 37 7 4 4 37 37 4 4
-Vpro 21 21 21 21 21 2i 21 21

(a) Connect all pins indicated to the external power supply (no internal
connections exist between these points in the circuit).

(b) Connect both pins indicated to the external circuit common (no internal
common exists between Channel 1 and Channel 2 of the potentiostat).

(¢) The:2 versions include a metallization layout error and must be
modified before use (i.e. the metal interconnect between the Vg2 bonding
pad and the +Vpro supply rail must be severed).



RETICLE CODE__Vv iz

BRAND D (ABEL LS ¢

CTHER IDENTIFICATION FEATURES
WAFER NUMBERS

™

APs 3

DESIGN FILE REFERERCE

PACIAME ___Z. DX 07/ —/9Z G

Lp_ €293 -5 -3 S~

WIBE ALLOY K A1/1% 31
- gn e

D/4 PREFORM ALLOY %% Au/2% i prcopmeEmesn tI1ZE

"A- N T ELM 1.8 = “ T.s. 18«16 ons

_aai . TS TRy
w/g METH®® __ U.S.

——————

DA D1 AdlaM BITES:

!
2.

PIE ATTACE PAD S(ZE: .400 X . 400

1=

23

2%

25

e Geligpetigpriuriignd |

R

26

HE FEEN

152



CMC AULTIPROJECT 30NDING 2[AGRAM ———
2= UL — SRAND D LABEL__ 7%
ETICLE I0DE__i 23+ <o
JTHER ZENTIFICATICN FEATURES
AAFER NUMBERS
DESIGN FILE REFZRENCE
PACKAGE LID
IDKSCF1-132G ~303-17S_iSm
WIRE aLtoy SST AVIIZ 5P ol 001" ELONG, '3 = 4% T.S.__14-"6 gms
-QI Al )' ‘30.!25.. .:. - ;:‘,: ) ".3;_
B/A PREFORM stioy 38% 24727 Si RECOMMENDED 3iZE W/B METHOD __U.S.
BONDIMG DIAGRAM  HOTES: . DIE ATTACH PAD SIZE: .00 X .400

2. ZERO GROUND

13 l% bl
“%II

N2, O

15

: prm
K

T

fa =

16

il

ikl

N\)
)

NN BN
cn{_wcn B

271 |8

{QD“
J

1)

i
A\

Jk(ﬂﬂr

QUANTEN 12 (356 DIE Jityuit]

l

()

Tt S Pk

A

153



CMC MULTIPROJECT 30ONDING DI1AGRAM

s "
- - , 7 3RAND D _ABEL (%>
9ETICLE CODE__UJZ+A ° Th S
OTHER IDENTIFICATION FEATURES
WAFER NUMERERS
DESIGN =ILE REFERENCE
PACKAGE LiD
IDx4Crl-132G J-493-175-35M
WIRE ALLOY 29% A1/1% Si 1A, 001" ELONG. _':3 - 4% T.S._'4=i6 gms
297 41717 S, 50128 5 - u2 B0 e
D/A PREFORM ALLOY 38% AU/2% Si 3gpcoMMENDED 5zt W/B METHOD  Y.S.
BONDING D!AGRAM NOTES: 1. DIE ATTACH PAD SIZE: .200 X . 500
2. 75RO GROUND
l4| 3] |12 .H 1!0 3| {8] |? |
B | S 3 | ;
S
e = P I —

wn

l, o0
[ o

-
==
~ '5' <
o5 Q};
~— X
\il -Qp\
4 NN
— 3 3 ~
=i

= 38
= 2 2
| X X

5

|

154



e W

W

MC MULTIPOe0JECT 3ONDING DIAGRA

- al M v . ———
et = ConE e ZRAND D LABEL %Ljsl
OTHus IDENTIFICATION FEATURES ‘

WAFER NUMBERS

JESIGN FILE REFZRENCE

PACKAGE LiD
IZK4OFl-1322G Z-333-175-15Mm
WIRE ALLOY 39% A1/1% Si  o1a. -001" SLONG. _'e3 - 4% v, '4-i6 ¢
997 A1 /1% 3, BRI Rt T aLoa . 820 .
D/A PREFCRM ALLOY 38% AU /2% Si RECCMMENDED $iZE __W/8 METHOD _ U.S.

B0NDING DI1AGRAM NOTES:

1. DIE ATTACH PAD SIZE: .400 X .00

2. ZERO GROUND
19 13 lé iH| il[] 9 & ’
-~
15 B S R~ R P )
< \ R f
= <
v ; ol / = 5i-F
6 I LS5 / > J >
\ ~ /

@
/
—
:\\\
\
o
may

I

(&C b \fx




"xp‘ g /\\\‘”

“4C_WULTIPPOJECT EONDING 21AGRAM .
SeTTolE CE Lcn . SRAND 1D LaseL o T

I ol ,_.‘_ [PS e : — ‘ P“ ——
OTHER IDENTIFICATION FEATURES s—

WAFER NUMBERS

JESIGN FIiLE REFERENCE

PACXAGE L0
IDK4C0F1-132G Z-3423-17T.35M
WIRE ALLOY 292 Al/1% Si oia .001” SLONG. -5 - 4% T.5,__'4-16 gms
393 A1/13 S ,20128" 3 - 4T ‘822 =ps
O/A PREFORM ALLOY 38% 1u/2% Si ECOMMENDED SiZE

W/8 METHOD __U.S.

BONDING DIAGRAM NOTES: .

DIE ATTACH PAD SiZE:
2. ZERO GROUND

Ho | 8 %

- ‘lq 'la\ g oy
. erJ? FI?"

&t
\\L) (&e]

PRCKACES  RERVIRET

r\/
(4

GUINTITY (2 LoOSE VE PEuIRLY)

(QANTY




<€ MULTIPROJECT BONDING JTAGRAM

RETICLE CODE__.23(3

OTHER IDENTIFICATION FEATURES

WAFER NUMBERS

BRAMND 1D LABEL

JESIGN FILE REFERENCE

D/A PREFORM

ALLOY 38% 2u/2% Si RpCOMMENDED 51ZE

PACXAGE LID
IDK40F1-1392G C-493-175~-35M
WIRE aLLOY 399% Al/1% Si  piA. 001" ELONG. 5 - 4% T.S5.__4=i6 gms
39% A1/1% 3, 20128 L5 - 4% ‘8-72 ams

W/8 METHOD  U.S.

BONDING D1AGRAM NOTES: 1. DIE ATTACH PAD SIZE: .400 X .400
2. ZERO GROUND
I I3J Ig= L 0] |8 8 ’
15 AR B A B |
jg’ l . \ 'i p—
N =J
| \ J
= 18 A aL
. i R R S 2
< S h—: £~
S0 1 ~ ] X
<5 = 5 K il i ?\0
C‘j/’ CD = ] =T -:.‘r'u"LL__‘ - —d
% | i ==1 %
-7 él et B:'L‘_“ é_
B /-c =
/ﬂ g g
23 [y
=
29 K %%
%5 %] D
r / [ \ |
b 35
271 28| 29| (301 |31 (32] (33] 34
L g P 3

QUINTTY (2 (cosE NE  REIIRED)

157



2

7

N

\/;\n' § 8
Qle Y

CMC MULTIPROJECT 3ONDING DIAGRAM

= RAND [D LABEL__ZCY
RETICLE C0DE_UZ3G SRAND 1D LABEL_L
OTHER IDENTIFICATION FEATURES Si—

WAFER NUMBERS
DESIGN =ILE REFERENCE

PACKAGE LD
IDK4QQF1-192G C-493-175~-35M
WIRE ALLOY 29% A1/19 Si  DIA. .001" ZLONG. _i+5 - 4% 7.5,__'4-16 gms
997, 21719, 5] 0028 w3 - 4 Boaoams.
D/A PREFORM ALLOY 98% AU/2% Si RgCOMMENDED 3:ZE

w/B METHOD _ U.S.

BONDING DIAGRAM NOTES: 1,

DIE ATTACH PAD SIZE:

00 X .400
2. ZERO GROUMD
19 13 12 11 0] 3 8 ’
B 1 I P I b B X 6|
5 | B
17 A Qij
— PRV
B =i
. | = =<
~ 13— 0 W
\.\ | v
20 A~ W w
i Z
4 =
/ Ln —
= TE
2 = 2
& D
¢5
26 ‘
27! 128







