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Preface

Since the development of a glucose sensor for use in diabetic treatment was
suggested in the 1960s, a number of papers have been published describing
a variety of systems and methods to measure glucose “on-line” in humans.
A glucose sensor could be of likely benefit for diabetic patients in the man-
agement of their blood glucose concentration. For example, real-time
measurement of glucose may be used to notify the patient when his blood
glucose is too low or in the automatic feedback-controlled administration
of insulin when blood glucose exceeds normal levels. However, the road to
reliable continuous in vivo glucose measurements is one full of pitfalls and
obstacles. In spite of elaborate research efforts devoted to this subject, still
no glucose sensor for in vivo use has been introduced into routine clinical
practice. This, all to the displeasure of diabetic patients and physicians who
have been promised new possibilities in diabetic treatment. The clinical
need for a glucose sensor is evident, the economical feasibility promising
and the available techniques are sufficiently matured for a technological
approach. What remains is the gap between the technological possibilities
and the biological feasibility of the subject. Success of real-time in vivo glu-
cose measurement is depending on the possibility to bridge this gap.

� Objective and Scope
This thesis describes the development of a sensor for on-line in vivo glucose
measurement and is a continuation of the work started by Schoonen and
Schmidt. Our objective was to develop a glucose sensor able to measure glu-
cose on-line in humans for at least 2 weeks. Emphasis is placed on the
improvement of the sensor safety and reliability in vivo, as well as on the
improvement of the portability of the system. To achieve this, the system has
been redesigned, extended and miniaturised to a new glucose measurement



PREFACE

xii

system (gms). Special attention is paid to the safety of the sensor when
applied in vivo. In vitro and in vivo measurements with this newly designed
glucose sensor system will be presented. Effects on the glucose recovery that
will be discussed are:
- the influence of swift blood glucose changes,
- the influence of physical exertion,
- the effect of microdialysis probe implantation in the subcutaneous tissue,
and
- the possible accompanying tissue reaction.

• Diabetes mellitus is a disease that affects about 135 million people 
worldwide and this number is still growing. In chapter 1 diabetes melli-
tus is briefly discussed. Possible causes and treatment of the disease are 
reviewed. In addition, the concept of a glucose sensor is introduced and 
how glucose sensors can be helpful in the treatment of diabetes.

• There are several techniques and methods to measure glucose continu-
ously. In chapter 2 a review is given about glucose sensors and the tech-
niques they are based on. Also in vivo studies with glucose sensors and 
adhering problems, are discussed. Furthermore, the microdialysis tech-
nique is introduced, which is the basis of our developed glucose measur-
ing system. 

• The glucose sensor developed by Schoonen and Schmidt uses a 
dynamic-enzyme perfusion system [1]. To minimise the risk of enzyme 
leakage into the body, this system has been totally redesigned. Chapter 3 
describes this improved glucose measurement system.

• Experiments regarding the in vitro characteristics of this new system are 
described in chapter 4. Results about the systems accuracy, sensitivity 
and stability are given.

• Chapter 5 describes the in vivo applicability and performance of the sys-
tem. The sensor has been used in experiments with 10 healthy subjects. 
System delay-time in vivo, influence of temperature and exercise on 
glucose measurements has been studied.
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• For a better understanding of the sensors functioning and optimisation, 
a mathematical model is given describing the influence of the various 
parameters involved in the in vitro measurement of glucose with this 
system (Chapter 6).

• To evaluate the effect of microdialysis probe implantation on glucose 
measurements we implanted probes for three weeks in healthy volun-
teers (Chapter 7). The kinetics of glucose transport in adipose tissue is 
investigated in this study. Recommendations about the long-term in 
vivo application of the microdialysis technique are given.





1Diabetes Mellitus
Clinical needs for in vivo monitoring with
glucose sensors

1.1 Diabetes Mellitus
Diabetes mellitus is a term applied to a number of conditions or syndromes
that in untreated state are characterised by hyperglycaemia. It is a disorder
of metabolism of carbohydrate, fat and protein associated with a relative or
absolute insufficiency of insulin secretion and with various degrees of insu-
lin resistance. Insulin is a hormone that is produced in the beta cells of the
pancreatic islets of Langerhans. Its role is twofold, firstly to enhance the
entry of glucose into the liver, muscle and adipose tissue, and secondly to
promote storage of energy substrate in the form of glycogen, fat and protein
thus resulting in a lowering of the blood glucose concentration. It is very
important to keep blood glucose concentrations within a narrow range of 3
to 10 mM both under conditions where the patient has been fed or has been
fasting. Blood glucose concentrations under 3 mM (hypoglycaemia) impair
brain function, whereas glucose concentrations higher than 10 mM (hyper-
glycaemia) exceed the renal glucose reabsorption threshold, which results in
wasting of glucose. In addition, protracted hyperglycaemia causes degener-
ative complications in the long-term [2].

� Classification, causes and complications of diabetes
Diabetes Mellitus can be subdivided in a number of classes that differ in aeti-
ology and pathogeneses. However, the two most occurring types are type-
1- and type-2-diabetes. They both account for 99.9% of all prevalence of
diabetes and affect about 135 million people worldwide (who).
1
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Type-1 diabetes is a result of a chronic autoimmune destruction of the pan-
creatic beta cells resulting in an absolute insulin deficiency. The onset of
type-1 diabetes is usually in childhood and early adulthood (< 35 years).
The first clinical symptoms are thirst, polyuria, loss of weight and a ten-
dency to keto-acidosis of the patient. At the time diabetes mellitus is diag-
nosed, 75% of the patients have antibodies against the beta cells and have lost
most of their capability to produce insulin. The destruction of beta cells is
irreversible. Genetic factors are thought to be important to this autoimmune
beta cell destruction. In addition, it has been postulated that environmental
factors such as certain viral infections and possibly chemical or nutritional
agents may worsen these genetic factors.

Type-2 diabetes occurs in approximately 90% of all diabetic patients in the
Western world. The onset of the disease is usually between 50 and 75 years
of age. In type-2 diabetic patients, organs are less sensitive for the action of
insulin (insulin resistance) and/or the production of insulin by the beta cells
is insufficient. The cause of this dysfunction of beta cells is still unclear but
there may be some genetic factors playing a part in the onset of this type of
diabetes.

Blood glucose levels in the range of 1 to 30 mM may be observed in
“treated” type-1 diabetic patients. First priority is to maintain a stable supply
of glucose for central nervous function. Too low levels of blood glucose
cause at first mental confusion and if sustained coma and death. On the
other hand, protracted high glucose concentrations cause damage to small
blood vessels (micro-angiopathy) and large blood vessels (macro-angiopa-
thy). The damage to the small blood vessels results in problems with eye
(retinopathy), kidney (nephropathy) and peripheral nerves. It was always
suspected that regular and sustained hyperglycaemia was responsible for the
chronic long-term symptoms of diabetes. Only recently has it been proven
that near normoglycaemia will prevent or delay the onset of these long-term
symptoms of diabetes [3].

For type-2 diabetic patients, the risk of acute hypoglycaemia is relatively
low compared to type-1 diabetic patients. However, type-2 diabetic patients
will suffer from the same degenerative long-term complications as type-1
diabetics. In addition, type-2 diabetics have a higher risk on cardiovascular
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diseases because classical risk factors such as high concentrations of triglyc-
erides in blood, high blood pressure and overweight are more seen in type-
2 diabetic patients than with people who have no insulin resistance.

1.2 Treatment of Type-1 and Type-2 diabetes
A diet, oral hypoglycaemic agents and/or the administration of insulin usu-
ally manage to regulate the blood glucose concentration in type-2 diabetics.
The aim is not only to increase insulin concentrations, but also to reduce
the levels of triglycerides and to normalise the level of protecting hdl-cho-
lesterol in blood. First priority in the treatment of type-2 diabetics is to
reduce chronic hyperglycaemia and the associated long-term degenerative
complications.

Type-1 diabetic patients have an absolute insulin deficiency and can only
be treated by insulin injections mostly in the subcutaneous tissues of arms,
legs or abdomen (iddm). Main objective is to normalise the blood glucose
concentration in order to reduce long-term complications. An intensive
regime of short-acting insulin before meals with an additional injection of
intermediate-acting insulin before bedtime mimic the normal insulin pro-
file in blood and improve the metabolic control of the patient. Provided that
the patient checks his blood glucose concentration regularly by means of a
blood glucose monitor device (finger-prick method) and adjusts the insulin
dosage based on the results. Even better glucose regulation can sometimes
be obtained by continuous subcutaneous insulin infusion (csii). Insulin
delivery to the peritoneal cavity (implantable pumps) can further improve
metabolic control for a special group of type-1 patients who are difficult to
regulate [4, 5].

1.3 How can the metabolic control of type-1
diabetes patients be improved?

Insulin injections, in combination with frequent self-monitoring of blood
glucose (smbg), have improved diabetic control. However, it is still difficult
to achieve normoglycaemia because subcutaneous insulin injections do not
mimic non-diabetic insulin secretion patterns sufficiently closely. High con-
centrations of peripheral insulin are needed to achieve sufficient insulin
3



CHAPTER 1
How can the metabolic control of type-1 diabetes patients be improved?

4

concentration levels in the portal vein where it can slow down the glucose
production of the liver. Also the resorption of short-acting insulin from the
subcutaneous tissue is much slower in comparison with insulin secretion
from the beta cells. Moreover, with injections there is no feedback control
of insulin delivery rates according the prevailing glucose level.

Two other important approaches to improve metabolic control in type-1
diabetics are:

• The transplantation of the pancreas or isolated islets of Langerhans.

• The use of continuous glucose monitoring systems (i.e. glucose sensors) 
preferentially combined with a feedback controlled insulin dosage sys-
tem.

� Transplantation of the pancreas or islands of Langerhans
Replacement of fully functional pancreatic beta cells is the only treatment
for type-1 diabetes that will eliminate the need for exogenous insulin, estab-
lish insulin independence, and maintain long-standing normoglycaemia [6].
This approach seems the most natural method to regain metabolic control.
In principal two methods are available to transplant beta cells: the transplan-
tation of the whole pancreas or the transplantation of isolated islets of Lang-
erhans.

The first pancreas transplantation was reported in 1967 [7]. Due to tech-
nical complications, the success rate of pancreas transplantation was limited
during the next decade. By the late 1970s the surgical technique was signif-
icantly improved and better management of immunosuppression and infec-
tion contributed to a higher percentage of successful transplantations. Today,
the majority of pancreas transplantations are in combination with kidney
transplantation (spk). This combined transplantation has a success rate of
approximately 75% [8, 9].

Although the current success rate of a simultaneous pancreas-kidney trans-
plantations is impressive, it remains to be seen whether the majority of type-
1 diabetic patients will profit. Patients who have had transplantation must
use immunosuppression for the rest of their life and an additional problem
is the shortage of suitable donors.
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The American Diabetes Association (ada) has therefore proposed that pan-
creas transplantation should only be considered appropriate therapy in the
two following circumstances [10]:

1. In type-1 diabetic patients with end-stage renal disease who have or 
plan to have a kidney transplant.

2. As a therapeutic alternative for patients who exhibit a history of fre-
quent acute and severe metabolic complications.

The success rate of islet-transplantation is much lower in comparison with
simultaneous pancreas-kidney transplantation (<10% against 75% for spk).
Mostly, transplanted islet tissue is rejected as a result of an immuno response
of the acceptor site. Non-specific inflammatory responses, occurring at the
time of implantation, may alter islet function.

Isolation of islet tissue is performed by collagenease digestion of pancreatic
donor tissue. After purification, a sufficient mass of islet tissue is infused into
the hepatic parenchyma via injection through the portal vein. The present
immuno rejection of the implanted islet tissue requires the use of immuno-
suppressiva. To reduce the amount of immunosuppressiva, isolated islets can
be encapsulated with a porous material that is permeable for substances such
as insulin and glucose but impermeable to leukocytes. The use of encapsu-
lated islet tissue originating from animals might be a solution for the short-
age of donor tissue [11]. Although encapsulated islets are less vulnerable to
immune reactions, the membrane retards the reaction dynamics of the islets
resulting in a delayed insulin secretion. This because encapsulated islands are
not directly provided by blood capillaries, which elongates the diffusion
pathway of substances like insulin and glucose from and towards the islet tis-
sue. A new development is the use of a solid support for the encapsulated
islets [12]. Placed in the peritoneal cavity, this solid support is quickly
accommodated with blood capillaries, which shortens the diffusion path-
way. Still, improvements in immunosuppressive therapy will likely be
required before islet transplantation can be routinely employed [13].
5
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� The use of continuous glucose-monitoring systems (glucose sen-
sors)

Preferably the regulation of blood glucose concentrations should be equiv-
alent to that of non-diabetics. The development of devices for self-
monitoring of blood glucose has given new possibilities to improve the
metabolic control of the patient [14, 15] and is now recognised as a mile-
stone in the history of insulin therapy. Especially, the occurrence of hyper-
glycaemic events is better managed by an intensified insulin regime in
combination with self-monitoring. A side effect of an intensified regime is,
however, the occurrence of hypoglycaemia episodes, which represent an
immediate subject of concern for the patient [16]. Its incidence increases
with time, and is more frequently seen with tightly metabolic controlled
patients. Hypoglycaemic attacks are always unpleasant and can lead to loss
of consciousness. Nocturnal hypoglycaemia is especially dangerous because
the patient is usually asleep and not aware of his low blood glucose level.
Hypoglycaemia is not only restricted to nocturnal attacks. The hypoglycae-
mic unawareness syndrome, defined by the occurrence of sudden and
unpredictable hypoglycaemia without clear warning symptoms, is now a
major focus of interest for diabetologists.

Self-monitoring of blood glucose suffers from the fact that it is discontin-
uous. It is therefore very difficult to prevent a hypoglycaemic attack if only
two or three glucose determinations are made per day. The number of
determinations that the patient is willing to perform is limited by factors
such as pain, the fact that the procedure is boring, and simple dislike because
the patient is confronted with the disease each time a measurement is made.
Only highly motivated patients are willing to determine their blood glucose
frequently (> 6 times per day) but this is certainly not the case for the major-
ity of the patients. A continuous glucose monitoring system would there-
fore provide an alternative to the present discrete methods of glucose
determination.

In principle, a continuous glucose monitoring system (i.e. glucose sensor)
provides a basis for insulin administration. In its simplest form, a sensor
measures on-line the body glucose concentration and informs the user with
the results. On the basis of this information the patient can anticipate and
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take the necessary steps to prevent hyper- or hypoglycaemia. The advantage
of this type of glycemic control over conventional blood glucose testing is
that measurements with a sensor are continuous where blood glucose testing
with fingersticking are intermittent e.g. a “point in time” measurement.
Glucose sensors can detect changes in blood glucose concentration contin-
uously. With the traditional finger-prick method, on the other hand, it
depends how frequently the blood glucose measurements take place. The
use of a continuous glucose measurement system would therefore be an
improvement in the self-monitoring of blood glucose and can especially be
helpful in the prevention of nocturnal hypoglycaemic attacks (i.e. “hypo-
alarm”). In addition, a physician could record the daily glucose-concentra-
tion profiles for consideration.

Figure 1-1. Flowchart of a “Closed-loop” system where the in vivo glucose
regulation is controlled by a glucose sensor. Administration of insulin when
the blood glucose is too high or signalling at too low blood glucose levels is
based on the on-line measurement of in vivo glucose by the sensor.

A technical advanced application is an insulin delivery system that is feed-
back controlled by a continuous glucose measurement (artificial beta cell).
In this closed-loop system, a glucose sensor is integrated with an insulin

Closed loop system

Glucose
monitoring

Insulin
application

Continuous
monitoring

Infusion

Short-term
sensor

Long-term
sensor

Extra-
corporal
pumps

Implanted
pumps

Feedback

Glucose
concentration

Feedback

Feedback
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delivery device (Figure 1-1, page 7). Insulin administration is based on the
on-line measurement of the glucose sensor without or with minimal inter-
ference of the patient. A complicating factor in the regulation can be the
delay time between the actual change in blood glucose concentration and
the glucose measurement. Preferably this delay time must be as short as pos-
sible so that insulin administration based on normal insulin profiles can be
applied.

In a healthy person a complex series of events leads to the secretion of
insulin prior to the direct stimulus to insulin secretion from a rising blood
glucose level. There is evidence of the involvement of gut hormones [17]
and neural factors [18] in this mechanism of anticipatory insulin secretion.
A more realistic design goal for a start would therefore be a closed-loop glu-
cose sensor for operation in the “non-meal” or basal periods. Additional
insulin must be delivered at or just prior to the start of the meal.

The development of self-adaptive fuzzy logic controlled insulin delivery
might be the next step in the development of an artificial beta cell [19-22].
A microprocessor is used to calculate and control the pattern of insulin
administration using algorithms that predict the glucose concentration
based on extrapolation and pattern recognition. At present two closed-loop
devices have been developed commercially: the Biostator [23-25] and the
Ulm glucose sensor [26, 27], which is based on the Biostator device. Both
systems are able to withdraw blood from a peripheral vein via a double
lumen catheter and measure on-line the glucose concentration in whole
blood. The Biostator uses an integrated computer program to calculate the
amount of glucose or insulin that can be infused to maintain a certain pre-
defined blood glucose level. For this purpose several control algorithms have
been developed [28-31]. Although the devices have demonstrated their use-
fulness in glucose clamp studies, in practise these systems are burdened with
technical difficulties and considerable costs in comparison to the manual
clamp technique [32]. In addition these rather bulky devices can only be
used in hospitals under well-controlled conditions. This makes them all
together unsuitable for out-clinic use by diabetic patients. It is questionable
whether the artificial beta cell will be reality in the near future. First, a reli-
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able and miniaturised glucose sensor must be developed able to measure
glucose concentrations in vivo for longer periods with a minimal delay.

� Potential in vivo applications of a glucose sensor.
Possible in vivo use of glucose sensors in the glycemic control of type-1 dia-
betics can be divided in short-term and long-term applications. In hospital-
ised patients a short-term glucose sensor would be useful in glycemic
stabilisation, intensive care or for monitoring before, during and after sur-
gery [33, 34].

Short-term glucose sensors for non-hospitalised patients would be used
from several days up to 4 weeks. After this period the system must be
replaced. The glucose sensor is used instead of the conventional blood glu-
cose tests where it may improve the patients glycemic control. The ambu-
latory patient may especially benefit from the sensors function of notifying
for hypoglycaemic situations during the night (“hypoglycaemic-alarm”)
[35]. For patient compliance the glucose sensor should be small and simple
in use without the need of frequent (re)-calibration.

The ultimate goal would be a sensor applicable for long periods. A long-
term glucose sensor would be implanted in tissues for at least a half to one
year or even longer, together with a telemetric system that transmits data to
an external receiver. A long-term sensor could be used as a monitor but its
ultimate application would be as a part of a total implantable automatic feed-
back-controlled insulin delivery system. It goes without saying that the
long-term application of a sensor is technically the most difficult.

1.4 Glucose monitoring
Since the 1960s, reasonable research effort has been devoted to the devel-
opment of a glucose sensor. Measuring principles can be classified into two
main groups based on the interaction between the patient's body and glu-
cose sensors employed: invasive and non-invasive [36]. Invasive glucose sen-
sors use techniques that have intimate mechanical contact with the
biological tissue or fluids. Non-invasive glucose sensors obtain information
without mechanical intervention, using characteristic properties (spectral,
optical, thermal, etc.) of glucose, which can be detected remotely.
9
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� Non-invasive methods
The near-infrared (nir) spectrum of glucose has been proposed for non-
invasive monitoring [37]. Direct spectroscopic measurements of unmodified
body fluids or tissue using more traditional ultraviolet, visible and infrared
(ir) regions of the spectrum are impractical because of the limited penetra-
tion depths, interfering absorption and excessive scattering. In contrast, the
weak absorption of nir radiation by most biochemicals makes nir spectros-
copy useful because body fluids and soft tissues are relatively transparent at
these wavelengths [38-41]. nir-measurements are usually taken at tissue
that is relatively well circulated with blood as in the tips of fingers, ear lobes,
inner lip or oral mucosa. Just as the finger-prick method these measure-
ments are intermittent but nir has the advantage that it is a painless tech-
nique and it can therefore be applied more frequently. A number of
commercial devices based on nir-measurement (Dream-beam® device,
Diasensor®, Glucocontrol®/Touchtrak®) have been developed and have
received considerable attention from the popular press in recent years. How-
ever, no scientific in vivo studies regarding these devices have been pub-
lished at the moment of writing. The main reason for this is that the nir-
measurement technique in general has a low accuracy even in the normal
physiological range. In addition a subject-dependent concentration bias has
been reported [42]. A significant source of error is the base-line variation in
the spectra as a result of the temperature sensitivity of water absorption
bands in the glucose-measuring region. Moreover sweat and changes in the
local blood circulation or absorption by other body chemicals [43] may
affect the measurement accuracy substantially. At the moment, these non-
invasive nir-devices suffer from low sensitivity and thus low accuracy of
measurement. From the analytical point of view this method is at present an
estimation technique rather than an exact analytic measurement and it is
questionable whether it will leave its “science fiction” status in the near
future.

� Invasive methods
The fast majority of glucose sensor research has been devoted on methods
of invasive glucose sensing. Many researchers have investigated the possibil-
ity of continuous in vivo glucose sensing using a wide range of different
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approaches (see chapter 2), which are mainly based on analytical techniques
that are already widely applied in clinical laboratories.

In nearly all glucose sensor designs, glucose is measured in the subcutaneous
tissue [44-58] using a miniature needle-sized sensor that is directly inserted
in the subcutaneous tissue to monitor the glucose concentration. The sub-
cutaneous tissue is regarded as the most appropriate site of implantation
because of good accessibility for surgery and relative easy replacement of the
sensor in case of impaired function.

Sensing of glucose in the vascular compartment has been avoided not-
withstanding that at present glycemic control is based on blood glucose con-
centrations. The risk of thrombosis, embolism and septicaemia is thought to
be too great. Nevertheless, some glucose sensors have been developed to
operate intravenously [59-62].

Despite this effort, currently no clinical application based on the needle-
type of glucose sensor is available to be used routinely in clinical practice.
Short-term in vivo studies have demonstrated in principle the feasibility of
an implanted needle-type glucose sensor but also the major limitation of this
type of sensor: the rapid loss of sensitivity after implantation. This is caused
by a number of reasons, which mainly depend on the way these sensors are
designed. The different types of glucose sensors, measurement principles
and problems are discussed more extensively in chapter 2, “(Minimal)-inva-
sive glucose sensors: an overview” on page 17.

� Glucose monitoring using microdialysis
A number of systems have been developed which use microdialysis as a basis
for continuous glucose sensing [1, 63-69]. The concept involves the use of
a hollow fiber inserted in the subcutaneous tissue through which a saline or
buffer solution is circulated and returned to an ex vivo glucose sensor. The
technique is regarded as minimally invasive when compared to the needle-
type sensor because relatively small needles are used for the insertion of the
hollow fiber [70]. The use of microdialysis circumvents a number of prob-
lems that are seen with needle-type glucose sensors. The microdialysis
approach gives in general far better results in comparison to in vivo moni-
toring with needle sensors.
11
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� Requirements for an implantable glucose sensor
In general, a glucose sensor should have the following requirements for reli-
able functioning [36, 71, 72]:

1. Measurements with glucose sensors should be specific. The ability to 
recognise glucose in a complex medium, is the most important quality 
of a glucose sensor.

2. The detection of glucose should be accurate. Measurements with a sen-
sor should give a value that corresponds to a high degree with the true 
glucose concentration.

3. The sensitivity of a glucose sensor should be high enough. The signal to 
noise ratio must be large and small changes in concentration 
(0.1-0.25 mM) must be detectable.

4. Each glucose sensor has a detection range i.e. an upper and a lower limit 
where a linear relationship exists between the electrical signal from the 
sensor and the quantity of glucose. If this detection window is enlarged 
the sensitivity of a sensor decreases. In literature different opinions about 
the proper detection range of operation in vivo can be found. Some 
authors propose that linearity of response in the range from 1 to 15 mM 
is required for a glucose sensor [73]. It has been argued by other authors 
that a sensor should respond over the entire concentration range (2 to 
30 mM) commonly observed in diabetic patients [74]. In contrast, 
Kreagen and Chisholm suggest only a response-linearity up to 8 mM, 
which is the absolute minimum for glycaemic control where no large 
variations in glucose would be expected [75]. At the very least, a range 
up to 10 mM seems essential for in vivo monitoring of glucose.

5. A parameter that typifies a sensor is its response time. This is the time 
that is needed to reach a steady state when there is an instant change in 
the concentration of the substance under investigation. It is a measure 
how quick a sensor responds to changes in concentration. In practice, 
not the real response time is given because the time needed to reach 
steady state is infinitely long. Instead the T90% or T95% are used, which 
means the time needed to reach respectively 90% or 95% of the steady 
state condition.
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6. The biocompatibility of the glucose sensor implanted into the body is 
especially important. A good biocompatibility means that the glucose 
sensor can function in the body without adverse reactions of the host 
due to toxicity or local foreign body reactions caused by materials used 
in the construction of the sensor or substances produced by the sensor. 
Biostability, i.e. the stability of the sensor when used in vivo, is directly 
related to the biocompatibility. For example, the permeability of sensor 
membranes may be influenced by reactions of tissue around the site of 
implantation causing a change in the sensor characteristics. Also dimin-
ishing response due to electrode fouling by biosubstances has a negative 
influence on the biostability.

7. An invasive glucose sensor must be of a size and shape that can be easily 
inserted and causes minimal discomfort to the patient. Also the glucose 
sensor should be simple to use, enabling the device to be operated by 
the patient himself.

In summary, in order to function reliably glucose sensors must have a high
specificity, sensitivity, be accurate, have fast response times and a good bio-
compatibility. In addition, for a good patient compliance sensors should be
small and simple to operate.

1.5 Conclusion
In this introduction some basic concepts of diabetes mellitus and the appli-
cation of glucose sensors in the treatment of diabetes have been described.
The long-term study performed by the Diabetes Control and Complica-
tions Trial Research Group (dcct group) has conclusively demonstrated
that if glucose levels are tightly regulated diabetic complications can be con-
trolled [3]. Main objective is the normalisation of the blood glucose con-
centration to reduce long-term complications and prevent hypoglycaemic
events. Although progress has been made with pancreas- and islet-transplan-
tation, it is not likely that these methods will be implemented on a large
scale in the treatment of diabetes in the near future. In the beginning of the
1980s there has been a debate about the clinical need for a glucose sensor in
diabetes treatment [76]. As a result of the intensive insulin treatment of dia-
betic patients, it is necessary to perform several blood glucose measurements
13
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a day to adjust the insulin dosage properly. In practice, however, the number
of measurements done with the finger-prick method is limited and will only
provide information about blood glucose values at intermittent moments.
Continuous in vivo glucose monitoring may therefore be an improvement
and may contribute to a more adequate insulin administration. In addition,
a glucose sensor could be of use in the early detection of hypoglycaemia.
Despite considerable research efforts no glucose sensor is available in clinical
practise. At present, non-invasive in vivo glucose-sensing methods are still
very immature and are not serious substitutes for standard (invasive) analyt-
ical glucose-detection techniques. Various implantable glucose-sensor
designs have been brought forward, but in general these sensors show a sig-
nificant decay in sensitivity over the implantation period and are therefore
of limited use. The combination of microdialysis and a standard glucose
sensor can avoid a lot of the difficulties associated with sensors that are
directly implanted in the subcutaneous tissue. Sensor systems based on the
microdialysis technique may therefore be an important alternative for these
needle-type glucose sensors.







2 (Minimal)-invasive
glucose sensors: an
overview

2.1 Introduction
The concept of a glucose sensor was first introduced by Clark & Lyons in
1962. In their article dealing with continuous monitoring of blood chem-
istry, they suggested that a thin layer of soluble enzyme might be retained at
the surface of an oxygen electrode using a dialysis membrane [77]. Glucose
and oxygen would diffuse into the enzyme layer from the sample site and
the consequent depletion of oxygen would provide a measurement of the
glucose concentration. The first article describing an immobilised enzyme
electrode was due to Updike & Hicks in 1967 [78]. They immobilised the
enzyme glucose oxidase in a polyacrylamide gel at an oxygen electrode.
Since this pioneer work in the 1960s, reasonable research effort has been
devoted to the development of glucose sensors by a number of research
groups worldwide [36, 79-81]. Today, glucose sensor research is a relative
mature and well-worked research field. The majority of sensors are based on
electrochemical principles and employ enzymes as biological components
for molecular recognition. Several new techniques for glucose sensing have
been developed in clinical practice [82] as well as in biotechnology [83] and
the food industry [84]. This has inspired the development of in vivo glucose
sensing techniques other than the existing enzyme based method [85].

Improved diabetes control remains a motivation behind the research
efforts being focused on development of an implantable glucose sensor. Still,
the absence of a glucose sensor in clinical practice after all these years of
research makes it clear that the in vivo implementation of these devices is
17
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very difficult. Despite good in vitro sensor performance it has been observed
that subcutaneous implanted glucose sensors show a significant decay in sen-
sitivity [35, 86-90] and poor selectivity [91] over the implantation period.
Several different explanations have been proposed, but in general there is no
structural approach to assess the contribution of different failure mechanisms
to the functional instability of implanted sensors.

In this chapter various glucose sensors and their basic detection principles
are reviewed. In addition the influences of possible failure mechanisms on
the in vivo performance of these sensors are discussed.

2.2 Glucose sensors
Glucose sensors can be broadly classified in three main categories depending
on the number of applications under investigation:

1. The first and by far the largest category consist of the enzyme-based 
needle-type electrochemical glucose sensors. The detection principle of 
these sensors is based on the monitoring of the enzyme-catalysed oxida-
tion of glucose. The category includes glucose sensors using ampero-
metric or potentiometric operating principles (hydrogen-peroxide 
electrode based, oxygen-electrode based, mediator-based and potentio-
metric-electrode based).

2. The second category consists of glucose sensors based on the direct 
electro-oxidation of glucose on noble metal electrodes (electrocatalytic 
glucose sensors).

3. The third category consists of glucose sensors based on a number of dif-
ferent detection or glucose extraction techniques. This category 
includes affinity-based glucose sensors, coated wire glucose electrodes, 
reverse iontophoresis based glucose sensors, suction effusion fluid based 
glucose sensors and microdialysis based glucose sensors.



(MINIMAL)-INVASIVE GLUCOSE SENSORS: AN OVERVIEW
Enzyme-based glucose sensors
2.2.1 Enzyme-based glucose sensors

� General principles
An enzyme-based glucose sensor is �������� a biosensor (Figure 2-1, page 20).
A biosensor may be defined as:

‘a device that incorporates a biological sensing element either
intimately connected to or integrated within a transducer. The
usual aim is to produce a digital electronic signal that is propor-
tional to the concentration of a specific chemical or set of
chemicals’ [92]. 

The biological component is used for molecular recognition, which con-
tributes to the high specificity of the biosensor. The analyte is transformed
by the biological component to a quantifiable property and then trans-
formed into an electrical signal by the transducer. A major advantage that
biosensors have over more conventional analytical methods is that they sim-
plify the analysis to a great extent and make continuous detection of the
analyte possible.

The choice of biological component depends on the analyte under inves-
tigation and may involve processes such as biocatalysis, immunological cou-
pling, and the use of micro-organisms or organelles. Important is a direct
relationship between the biosensor signal and the quantity of the analyte
under investigation. Besides biocatalysis, these principles are rarely used in
glucose sensor designs and are not discussed here.

� Biological component
Enzymes were initially used as biological recognition entity and are still
widely applied. In the enzymatic reaction substrate is transformed into reac-
tion products according the following general reaction:

Reaction 2-1. Enzymatic reaction; E represents the enzyme, S the
substrate and k1, k-1 and k2 represent the rate constants of the reaction.

����� 
k1/-1

��
k2 ��������	
���
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Substances liberated or substances consumed during the transformation, are
detectable by a suitable transducer. Several different enzymes can be used
depending on the substrate under investigation (Table 2-1 on page 22) Most
glucose sensors under investigation are based on the enzymatic oxidation of
glucose by the enzyme glucose oxidase (god).

Reaction 2-2. Enzymatic oxidation of glucose by glucose oxidase.

In this reaction glucose is oxidised to gluconic acid. Glucose oxidase acts
temporarily as an electron acceptor, which means that it is first reduced to
an inactive state and subsequently reactivated by the reduction of oxygen to
hydrogen peroxide [93]. 

Figure 2-1. Schematic representation of possible biosensor construction.
In the case of a glucose sensor, the enzyme glucose oxidase is used as
biological component in combination with a suitable transducer method.

To ensure maximal contact and response, the enzyme molecules are
directly or indirectly immobilised on the transducer. With the immobilised
enzyme electrode the thin enzyme layer is in close contact with the trans-
ducer surface. Preferably, the enzyme layer must be as thin as possible to
achieve rapid equilibration of concentrations. When the electrode is
immersed in the test environment, glucose is transported towards the enzy-
matic layer by convection and/or diffusion (Figure 2-2). Subsequently, glu-
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cose diffuses within the enzyme layer accompanied by the enzymatic
transformation into the reaction products hydrogen peroxide and gluconic
acid. These reaction products migrate in all directions including backwards
to the sample environment. Meanwhile oxygen, used in the enzymatic reac-
tion, migrates towards the reaction side. Depending on the transducer
method used, hydrogen peroxide or oxygen is converted at the transducer
interface giving an electrical signal.

Figure 2-2. Schematic detail of an enzyme electrode. A thin enzyme
layer is in close contact with the transducer surface. The substrate is
transported in the enzyme layer by diffusion and/or convection. After
the transformation the product(s) are transported to the transducer by
diffusion.

� Transducer
There are many detection techniques such as amperometry, potentiometry,
thermometry or photometry, all of which can function as transducer
method. The choice of method depends on the reaction type and the reac-
tion products used or produced in the biological transformation step. Also
the intended application of the biosensor is important. If a biosensor will be
used in vivo the transducer should be small, should not release toxic sub-
stances, have a good biocompatibility and the interference from chemical or
biological substances should be negligible [72, 94]. Unlike biological com-
ponents, which have high specificity, some transducer methods are suscep-
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tible to interfering species [87]. Of all transducer methods, potentiometry
and amperometry are mostly adopted. Both methods are comparatively
simple to use and electrodes based on these principles can be miniaturised
without great difficulty.

� Potentiometric electrodes
Potentiometric electrodes measure the equilibrium potential between the
indicating electrode and the stable reference electrode under zero current
conditions. Electrodes that give selective response to certain ions in solution
are known as ion-selective electrodes (ise). These electrodes have a thin
ion-sensitive glass membrane enclosing an electrolyte solution and detect
potentials that arise at the glass/solution interface. The composition of the
glass determines the sensitivity for certain ions in solution. The electrical
potential measured is proportional to the logarithm of the activity (Nernst
relationship) of the ion in solution. It is important that other species which
may complex the ion of interest and lower its activity, must either be
removed or masked. Best know ion-selective electrode is the pH-electrode
although there are also ises for many other ions such as NH4+, Li+, Na+ or

Table 2-1. Example of enzymes used in biosensors.

Enzyme Substrate Transducer

L-amino acid oxidase Amino acids O2

Cholesterol oxidase Cholesterol Pt

Choline oxidase Choline O2

Alcohol dehydrogenase Ethanol Pt

Glucose oxidase Glucose O2

Catalase H2O2 Pt

Lactade dehydrogenase Lactate Pt

Glucoseamylase, Glucose oxidase Maltose Pt

Alcohol oxidase Methanol Pt

Invertase, mutarotase, Glucose oxidase Sucrose O2
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K+. The analytically useful range of these sensors is from 10-1 M to 
10-5 M. Potentiometric electrodes in combination with an immobilised
enzyme are able to measure penicillin, urea, amino acids, dna, rna and
glucose given a pH change. A good example of miniaturised potentiometric
based systems is the pH-sensitive ion selective field effect transistor (isfet).
However, three general problems are encountered with isfets measure-
ments in vivo [95-97]. First, reliable measurements require a buffered
sample solution. Secondly, reducing agents such as ascorbic acid or uric acid
interfere with the detection and measures should be taken to prevent them
from entering the electrode space. Third, the rapid degradation of immobi-
lised enzyme at body temperature results in an unstable sensor signal. Most
potentiometric enzyme electrodes are therefore used in laboratory or indus-
trial equipment.

� Amperometric electrodes
With amperometric electrodes, the intensity of a current crossing the elec-
trochemical cell under an imposed potential is determined. Normally these
consist of a working electrode where oxidation or reduction of the electro-
chemically active substances takes place, depending on the direction of the
imposed potential, and a second electrode that acts as reference electrode.
During electrolysis, the intensity of the current is a function of the concen-
tration of the electro-active substance. Species that are frequently deter-
mined amperometrically are hydrogen peroxide (H2O2) and oxygen (O2).
In the case of H2O2, a platinum (Pt) working electrode is used as anode and
polarised to a positive potential of +600 mV with respect to a standard
calomel electrode (sce), where a silver cathode is used as reference elec-
trode.

Reaction 2-3. Reaction at platinum tip of peroxide electrode.

If O2 is determined, a platinum-working electrode is used as cathode and
polarised to a negative potential of -600 mV/sce. The silver (Ag/AgCl) ref-
erence electrode (anode) and the Pt-working electrode are immersed in a

������ ���� �
�
�����

�
�����

��������
23



CHAPTER 2
Enzyme-based glucose sensors

24
0.5 M KCl/K2HPO4 solution. Anode, cathode and electrolyte are separated
from the analyte sample by an oxygen-permeable membrane (Clark cell).

Reaction 2-4. Reaction at platinum tip of oxygen electrode.

Amperometric electrodes have a high sensitivity which allows detection of
electro-active substances as low as 10-9M and with a dynamic range of three
to four orders of magnitude. Among amperometric based enzyme elec-
trodes, oxidase-catalysed reactions are most common because of the simple
handling of the electrochemical O2 and H2O2 detection. Besides glucose,
lactate, lactose, sucrose and ethanol are other examples of substrates that can
be measured with amperometric biosensors. Major difference from a poten-
tiometric electrode is the consumption of reaction products when an
amperometric electrode is used.

� Precautionary measures when using electrodes in vivo
Precautionary measures should be taken when amperometric glucose sen-
sors are applied for on-line 	
��	�� measurements [98]��Because a current
crosses the electrochemical cell it is possible that charged (bio-)molecules
might foul the electrode space, causing loss of sensitivity [35, 89]. Specially
fabricated membranes may prevent a substantial part of electrode fouling
[99-103] but the problem still remains with small bio-molecules. In addi-
tion, various reducing substances present in biological environments such as
uric acid, ascorbic acid or glutathione may considerably influence the oxi-
dation of H2O2 [91]. Electrode fouling does not occur with amperometric
based gas electrodes, such as the Clark-type oxygen electrode, where the
electrode cavity is protected by a hydrophobic membrane only permeable
for gas [1, 62, 77, 104-107].

� Enzyme immobilisation
The first glucose sensor designs immobilised glucose oxidase onto the elec-
trode by trapping the enzyme in a polyacrylamide gel that was attached to
the membrane of an electrode [78]. The main functions of the membranes
are to hold the enzyme at the electrode; to restrict the access of interfering
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substances; to act as a diffusional barrier for glucose and to form an interface
between the body and the device [82]. Besides physical entrapment in poly-
acrylamide gels or by dialysis membranes it is also possible to retain enzyme
molecules by cross-linking with e.g. glutaraldehyde [108]. Chemical immo-
bilisation may improve the long-term enzymatic stability [54, 109]. Two
aspects in the use of enzymes in biosensors, made for in vivo applications,
need special attention. First, if reaction products are potentially dangerous,
the biosensor should not be applied in vivo without the necessary precau-
tions. In the enzymatic conversion of glucose by GOD, hydrogen peroxide
is formed which is a very reactive chemical and is known for its toxic effects.
Secondly, the adequate availability of co-factors needs to be guaranteed. In
the case of glucose measurements with GOD, the oxygen deficiency pro-
vokes incomplete transformation of the glucose present resulting in incor-
rect functioning of the biosensor. Oxygen deficiency is likely to occur in
vivo because the physiological molar glucose concentrations generally
exceed the molar oxygen concentrations in the body. An alternative for
oxygen is the linking of biological redox reactions via a mediator to an
amperometric electrode [110-116]. A mediator transfers the co-factor elec-
trons directly to the electrode provided that the enzyme is in solution.
Examples of mediators are ferrocene and its derivatives. However, ferrocene
and derivatives are notoriously toxic [117] and quite soluble materials and
should not be used for in vivo monitoring. Enzyme molecules can commu-
nicate directly with the electrode by organic conduction salts derived from
tetracyanoquinodimethane and N-methyl phenazine immobilised by con-
ducting polymers such as polypyrrole [111, 114, 118, 119]. In this case the
presence of co-substrates or mediators is superfluous. A major disadvantage
remains electrode fouling by small charged endogenous compounds when
used in vivo. Alternative solutions have been developed to avoid oxygen
deficiency problems. Examples are the application of hydrophobic mem-
branes that are selective for oxygen over glucose [120] and a sensor design
which include a two-dimensional cylindrical configuration in which
oxygen enters the enzyme region from the end and side, while glucose
enters only from the end [121].
25



CHAPTER 2
Enzyme-based glucose sensors

26
� Hydrogen peroxide electrode-based glucose sensors
This type of glucose sensor measures the amount of hydrogen peroxide pro-
duced in the conversion of glucose by god (see Reaction 2-2 on page 20)
by an amperometric hydrogen-peroxide electrode. Evolved from the origi-
nal Clark-oxygen electrode [77], the signal from the hydrogen peroxide
electrode is due to the oxidation of the hydrogen peroxide at the catalytic
platinum anode [122]. Clark modified his original design using a membrane
where god was immobilised between a polyacrylamide and polycarbonate
membrane and placed it on a platinum electrode [123]. A linear dependence
of the signal is obtained when the mass transfer of both glucose and hydro-
gen peroxide are the rate limiting processes. In addition, the linear range of
the sensor depends on the oxygen concentration necessary in the enzymatic
conversion of glucose by god.

The most important advantages of the hydrogen-peroxide electrode based
sensor over other types of sensors are the relative ease of manufacturing and
the possibility of constructing them in small sizes. It is possible to construct
them in the shape of a needle: the so-called “needle-type” glucose sensor.
Due to these advantages many glucose sensors are based upon this principle.
The high operating potential, which is required for the oxidation of hydro-
gen peroxide, can also oxidise other components present in vivo. This prob-
lem can be overcome, to some degree using, special membranes [124]
although its application leads to a reducing sensitivity [91].

Shichiri ��� �� were the first to report success in miniaturising a glucose
sensor by introducing a needle-type glucose sensor, which had an outer
diameter of 1 mm [44]. The sensor (Figure 2-3, page 27) consisted of a fine
glass isolated platinum wire with at the end a non-isolated bulbous tip
(anode). On this tip a layer of glucose oxidase was immobilised using a cel-
lulose-diacetate membrane. An outer steel tube stained with silver, serves as
the cathode. The platinum anode converted hydrogen peroxide produced
in the enzymatic conversion of glucose at 600 mV. The bulb-end of the
electrode was further coated with a polyurethane membrane to overcome
oxygen limitation. Glucose sensors inserted in the subcutaneous tissue of
seven dogs demonstrated a directly proportional relation between the blood
glucose concentration and current of the sensor [45]. The sensor sensitivity,
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however, gradually decreased to 81% of the initial level during 3 days of
continuous monitoring. The authors imputed this loss of sensitivity to the
fixation of albumin and other proteins on the inserted sensor. This needle-
type sensor could be implemented in a closed-loop glycaemic control
system together with a microcomputer system and an insulin pump. They
also developed a telemetry unit for integration with their glucose sensor
equipment. This device was used for monitoring and control of insulin
delivery [125]. With this closed-loop system it was possible to establish gly-
cemic control in diabetic patients for several days [46, 47, 126], although a
reduction to 57% of the initial signal level was noticed after 4 days of in vivo
measurements [127].

Figure 2-3. The Shichiri glucose electrode.

Pfeiffer ����� constructed a similar needle-type glucose sensor. They immo-
bilised glucose oxidase on a standard stainless needle, which functioned as
cathode [128]. A second generation of this sensor used a centrally placed
platinum wire (0.3 mm) surrounded by a stainless steel tubing. By successive
dipcoating procedures, layers of cellulose acetate, glucose oxidase
(crosslinked with glutaraldehyde) and polyurethane were placed on its sur-
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face. In vitro these electrodes were stable for at least 6 days and had a linear
range extending to 28 mM glucose with response times less than 100 sec.
[54]. The sensor was implanted in the subcutaneous tissue of a sheep and it
was found that the sensor signal and the delay response did not exceed 5
minutes [129]. Sternberg ��� �� developed a needle-type glucose sensor
where glucose oxidase was covalently coupled to a cellulose acetate layer,
using bovine serum albumin, and deposited it on a platinum tip [130, 131].
Due to the multi-layer structure and composition, small anions such as
ascorbate were partially discriminated. When implanted subcutaneously in
anaesthetised rats, sensor responses correlated correctly with blood glucose
concentration but presented sensitivity coefficients significantly different to
those determined in vitro. Several improvements have been made to this
sensor design to enhance in vivo stability and reduce the effect of interfering
substances [58, 132-134].

Vehlo ����� investigated the ability of several cathode-needle materials to
behave as a reference electrode in a two- electrode glucose sensor to present
a stable auxiliary electrode potential in order to improve in vivo stability
[135]. They concluded that improvements in sensor analytical characteristics
could be obtained with silver/silver-chloride-coated cathodes. Vadgama
�� �� constructed a glucose sensor similar to the design of Shichiri [136-
139]. To overcome surface fouling of the electrode they designed a needle
enzyme electrode incorporating an open micro-flow technique, in which
the sensor surface is subjected to a flow of fluid. Implantation of these sen-
sors in rats indicated that there was little or no surface fouling avoiding the
requirement for repeated in vivo calibrations at least over the initial implan-
tation period [140]. Updike ����� constructed a total implantable glucose
sensor [56, 141-143]. Their sensor-transmitter system was implanted subcu-
taneous into non-diabetic dogs for 20 to 114 days [141]. The implanted
devices operated only during intermittent measuring periods of a few days.
The sensor signal decayed continuously over the implant period and
required re-calibration before each recording session. Sensor units eventu-
ally failed because of electronic problems or because of bio-fouling of the
electrode.
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Several other needle-type glucose sensors have been developed based on
the principle of amperometric detection of H2O2 produced by the enzy-
matic conversion of glucose by god [48-50, 144-158]. These sensors
mainly differ in size, shape, type of membrane used and way of glucose oxi-
dase immobilisation.

A number of studies have been published, describing the negative influence
of endogenous proteins on the functioning of amperometric peroxide
detecting electrodes [49, 98, 139, 159, 160]. It is suggested that the foreign
body reaction at the implantation side eventually induced by the bio-
incompatibility of sensor materials may be a reason for observed reduction
or loss of sensitivity. Moreover, the electrode oxidises any species present at
the electrode surface that is oxidisable at the applied potential, contributing
to regularly observed poor in vivo performance. Well-known bio-
chemicals that interfere at the electrode, either by oxidation or by the reac-
tion with H2O2, include ascorbic acid, uric acid and urea [35, 100-103,
161-163]. A strategy to overcome the problem of interferants is the appli-
cation of several types of membranes such as hydrophilic polyurethane,
polyhema and Nafion®, to make the sensor more biocompatible [56, 98,
100-103, 120, 158, 163-165]. In addition, there must be a means of coun-
tering the relatively low ratio of oxygen to glucose (oxygen deficit) in the
body [166]. Membranes with relatively high oxygen solubility may be help-
ful to minimise the steady-state oxygen deficit [141, 167] but this sensor
design provides no means to account for the effects of local oxygen varia-
tions on the signal.

A fundamental shortcoming in design of all hydrogen peroxide-based
enzyme electrode sensors is the inevitable peroxide-mediated enzyme inac-
tivation [149, 168, 169]. Hydrogen peroxide, produced in the enzymatic
conversion of glucose, deactivates the glucose oxidase molecules. The appli-
cation of special membranes may prevent electrode fouling and electro-
chemical interference substantially, and it contributes to an improved bio-
performance. Even so frequent re-calibration in vivo may be necessary to
account for enzyme inactivation [150, 170]. Considering these inherent
29
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characteristics, this sensor design may be limited to short-term applications
at best.

� Oxygen electrode-based glucose sensors
An alternative for the hydrogen-peroxide electrode is the combination of
glucose oxidase immobilised onto an oxygen electrode. In this case, oxygen
that is consumed during the enzymatic conversion of glucose can be meas-
ured (see reaction 2.2, page 20). The signal output of the electrode is the
difference between the base oxygen level and the level attained as a result of
oxygen depletion by the enzymatic reaction. Oxygen electrode-based glu-
cose sensors are composed of a Clark-type oxygen sensor (Figure 2-4),
which is covered with a membrane containing the immobilised enzymes
glucose oxidase and catalase [78, 166]. The common Clark-type ampero-
metric oxygen sensor consists of a two-electrode system; a centrally placed
platinum wire (cathode) enclosed in a silver/silver chloride case (anode).
The cavity between the cathode and anode is filled with electrolyte and the
whole face-end of the sensor is covered with an oxygen-permeable mem-
brane. By applying a constant potential of -600 mV between the platinum
cathode and silver anode, oxygen is electrochemically reduced resulting in
an amperometric signal. The advantages of amperometric oxygen detection
over H2O2 are twofold [171] and manifest themselves in sensor stability and
selectivity, especially in vivo. First, catalase is co-immobilised in excess to
forestall peroxide-mediated god inactivation. Second, a nonporous hydro-
phobic membrane, which is only permeable for gases, protects the electrode
cavity. This vastly reduces electrochemical interference compared with per-
oxide-based sensors and because the hydrophobic membrane retains the
current within the oxygen sensor, electrode fouling with polar molecules is
not likely to occur. The nominal disadvantage is that miniaturisation of an
oxygen electrode to the same extent as a peroxide-based electrode is diffi-
cult; oxygen electrodes have more components and are therefore more dif-
ficult to make. Initially most of the developed oxygen electrode-based
glucose sensors are intended to be used intravascularly [62, 166, 171, 172].
In all these designs god together with catalase was immobilised on top of a
Clark-type oxygen electrode and covered with hydrophobic membranes.
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Figure 2-4. Construction of a Clark-type oxygen electrode.

A disadvantage of this approach is the dependency on a constant environ-
mental oxygen concentration i.e. the oxygen concentration in the tissue
surrounding the sensor. Gough ����� sensor design included a two dimen-
sional cylindrical configuration to overcome the oxygen deficit problem
[104, 121, 168, 173]. In this sensor oxygen enters the enzyme region from
the end and side, while glucose enters only from the end, allowing adequate
oxygen availability even at substantial concentration mismatches [121].
Amour ����� used sensors that were based on the sensor geometry developed
by Gough �����[171]. They implanted glucose sensors in the superior vena
cava of six dogs. The results demonstrated that their sensor could remain
operable on demand, during a period of 333 days. The sensor response to
glucose showed little change over the implant period. Factors as biocompat-
ibility, enzyme lifetime, O2 availability, O2 sensor stability, and biochemical
interference were not limitations.

Measuring in the blood stream has the advantage of providing direct infor-
mation about the blood glucose concentration. On the other hand, it has
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the disadvantage of possible problems with blood compatibility. To lower
the risk of thrombosis, oxygen electrode-based glucose sensors that can be
inserted subcutaneously were developed by Ertefai �����[174] and Atanasov
����� [106, 107, 175]. To study the response of glucose sensors that were
chronically implanted in subcutaneous tissues, Ertefai ��� �� developed a
physiological preparation employing a chamber which was permanently
mounted on the back of a rat. The chamber supported the growth of vas-
cularised subcutaneous tissue around the sensors and it was used in conjunc-
tion with chronic implanted intravascular catheters for blood sampling and
fluid infusion. They found that the Glucose sensors responded to glucose
infusions with a lag-time of 10 to 15 minutes. Using an in vitro calibration,
the sensors indicated at best only relative rather than absolute values of blood
glucose concentrations [174]. Atanasov ��� �� developed a rechargeable
oxygen electrode-based glucose sensor that makes it possible to extend the
sensor lifetime by in situ sensor refilling [106, 107, 176-178]. Replacing
spent immobilised god with fresh enzyme facilitates recharging of the
implanted sensor without surgical removal from the patient. The glucose
sensor has been implanted and tested in vivo in sheep [179] and dogs [180].
A good correlation was found between glucose serum levels measured by
routine technique and those measured using the glucose sensor.

� Mediator-based glucose sensor
The use of an artificial electron acceptor or mediator to replace the natural
acceptor oxygen in the oxidation of glucose by glucose oxidase is another
approach that has been explored to overcome the tissue oxygen dependence
[181]. In addition, the oxidation of the reduced mediator occurs at a low
potential thus reducing the sensitivity of the sensor to interfering substances.

In the design of Cass ����� ferrocene was deposited on the surface of a
graphite electrode [182]. Glucose oxidase was covalently attached to the
surface of the electrode and covered by a polycarbonate membrane. Clare-
mont ��� �� were the first who reported an implantable amperometric
ferrocene-modified glucose sensor [183]. They implanted the sensor into
the subcutaneous tissue of anaesthetised, non-diabetic pigs. Subcutaneous
tissue glucose concentrations, as measured by the sensor, were about 20% of
blood glucose values, measured by a conventional glucose detection
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method. After an intravenous bolus glucose injection, electrode responses
increased with almost no time lag, but the subsequent rates of rise and fall
of electrode-measured tissue glucose concentrations were slower than that
of the blood values. The authors implanted the sensor also in the subcuta-
neous tissue of normal and insulin-dependent diabetic patients [184]. The
subcutaneous tissue glucose concentration mirrored simultaneously meas-
ured changes in blood glucose after an glucose oral load and after short-
acting insulin injections, though increases and decreases in the sensor signal
output were slower than the glycemic changes. The authors noted that the
construction of the sensor configuration was difficult and virtually impossi-
ble to manufacture for general clinical use. A number of amperometric glu-
cose sensors designs are reported in literature incorporating different types
of mediators to establish electron transfer between the enzyme and electrode
[34, 113, 116, 185-187].

However, the initial promise exhibited by mediator based glucose sensors
for in vivo applications, has failed to materialise. The main problem remains
the limited long-time-use stability of mediated glucose sensors, which has
been attributed to the leaching of the mediator [188]. In addition, the loss
of mediator is a particular important issue for implantable sensors because of
the inherent toxic effect of the mediators used [71, 117].

Another approach is the development of amperometric glucose sensor based
on the principle of direct electron transfer between the enzyme glucose oxi-
dase [114, 115, 189-191]. Conducting organic salts or polymers have been
used in the construction of these electrodes. In this case, no co-substrates
such as oxygen or mediators are required. These glucose sensors are less vul-
nerable to electrochemical interference, although substances such as ascor-
bate still have a strong effect on the sensor signal. Even so, no in vivo studies
have been published using sensors based on this principle.
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2.2.2 Potentiometric enzyme based glucose sensors
Another approach is the possibility to measure the change in local pH due
to the gluconic acid produced in the god reaction (see reaction 2.2, page
20) at a potentiometric sensor, usually a coated wire pH-electrode or an ion
selective field effective transistor (isfet) [96, 97, 108, 192]. Coated wire
sensors are easy to fabricate and suitable for miniaturisation. Several coated
wire potentiometric glucose sensors have been proposed for in vivo use
[193]. However, the numerous interfering processes caused by components
other than glucose have limited the applicability of these potentiometric
glucose sensors greatly. Main disadvantage is the low sensitivity of the sensor
due to the small dissociation constant of the produced gluconic acid. The
introduction of microelectronic techniques in the sensor development has
made it possible to miniaturise the sensor (isfet). It is difficult to apply
isfet based glucose sensors directly in vivo. In particular the corrosion of
semiconductor materials by physiological-salt solutions is a problem. In
addition, being potentiometric measuring devices, isfets have the same
disadvantages as the coated wire sensors: dependence on the buffer capacity
of the measurement solution, sensor instability due to interference of pro-
duce hydrogen peroxide in the enzyme layer and oxygen deficit problems
limiting the dynamic range of the sensor.
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2.2.3 Electrocatalytic glucose sensor
Direct glucose oxidation at the surface of a platinum electrode makes it pos-
sible to measure glucose without the use of an enzyme [59, 194-201]. The
lack of specificity in biologic fluids is one of the major drawbacks of elec-
trocatalytic glucose sensors. The current that can be attributed to the oxi-
dation of glucose is only a small fraction of the total current; there are
interfering effects of other species [202], in particular urea and amino acids
[198]. This leads to the relatively poor signal-to-noise ratio and low sensi-
tivity for glucose. Interference of species can be decreased by the application
of selective membranes but not prevented. In addition, a gradual decline of
electrode activity is seen due to the absorption of reaction products on the
electrode, reducing the “active” surface area. Gebhardt ��� �� suggested a
“potential jump” technique to reduce the poisoning of the electrodes and
additional membranes to avoid the interference of other substances than
glucose [197]. Lerner ����� reported a method to reduce the poisoning of
the electrode surface by varying the voltage in a trapezoidally shaped cyclic
waveform [203]. Preidel ����� developed an electrocatalytic glucose sensor
for long-term implantation [59, 196, 199-201]. They implanted the sensor
as a flow-through cell in sheep’s to test the in vivo functioning over a longer
period [59]. The sensor was inserted into the carotid artery and driven by a
portable electronic unit worn by the animal. They were able to determine
the glucose concentration in sheep for more than 71 days and with an
improved version it was even possible to measure 130 days with tolerable
deviations from glucose reference measurements [199, 201]. Although these
results look very promising, only intermittent glucose measurements were
conducted. Every time a measurement started, the sensor needed approxi-
mately a two hours running-in period followed by a rather complicated cal-
ibration procedure. Also a number of sensors had problems with red
gelatinous clots reducing the active surface area of the electrode.

Given this lack of specificity in vivo, it is questionable whether the elec-
trocatalytic glucose sensor ever will be used in clinical practice.
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2.2.4 Other glucose sensor concepts
A variety of other glucose sensor concepts have been explored. Wilkins and
Wilkins applied the principle of the liquid membrane coated wire electrode
in a coated wire glucose electrode [204]. The electrode utilises a quaternary
ammonium salt with a sparingly soluble metallic salt of glucose, in a matrix
of polyvinyl chloride. The concept is to convert the non-ionic glucose to
an ionic substance by using the associative-dissociation mechanism of glu-
cose salts. The dissociation or the association of the glucose salt in equilib-
rium with a glucose solution can be measured by polarographic,
potentiometric or amperometric methods. The study has indicated that
only small interference effects are noted from uric acid and ascorbic acid. A
major problem is the leaching of barium salt from the electrode, which
should be avoided when in vivo measurements take place. By covering the
electrode with a hydrogel the leaching can only be partially prevented and
this is not a definitive solution for this problem.

Another technique to measure glucose is the use of an affinity glucose sen-
sor. Schultz ��� �� introduced a miniature optical sensor based on affinity
binding [205, 206]. The principle of detection is based on the competitive
binding of a particular metabolite and a fluorescein-labeled analogue with
receptor sites specific for the metabolite and the labelled ligand. The sensor
consisted of an optical fibre in a hollow dialysis fiber where on the inside
surface concanavalin A was immobilised. Fluorescein-labelled dextran was
selected as the competitive labelled ligand. During in vitro experiments a
linear response to glucose in the physiologic range could be obtained
although no in vivo experiments have been conducted so far.

A rather new approach is the development of a transcutaneous glucose
monitoring technique using reverse iontophoresis [207-209]. Iontophoresis
makes it possible to drive charged molecules across the skin using an electric
current. Electrodes (Ag/AgCL) positioned in electrode chambers are placed
on the skin. The passage of current across the skin drives ions into the tissue,
from the electrode chambers positioned on the skin surface, and simultane-
ously pulls ions from the body in the opposite direction. A conventional
enzyme-based glucose sensor is used to measure the glucose concentration
in the electrode chambers. A major disadvantage of the sensor technique is



(MINIMAL)-INVASIVE GLUCOSE SENSORS: AN OVERVIEW
Other glucose sensor concepts
that glucose measurements are intermittent; the content of an electrode
chamber can be analysed after two hours of current passage across the skin.
On the basis of this technique the Cygnus Inc. USA is developing “the Glu-
cowatch®”, a commercial glucose sensor in the form of a wristwatch [208,
210].

A similar method for the transcutaneous monitoring of glucose has been
developed by Ito ����� [211, 212]. Instead of a current they use suction to
get glucose across the skin. They combine a suction effusion fluid collecting
technique with a standard isfet glucose sensor. The effusion fluid is directly
collected by a weak evacuation through skin from which the stratum cor-
neum is removed. The isfet glucose sensor has been tested on human sub-
jects for the monitoring of blood glucose levels during a 4-hour effusion
fluid sample measurement. During these in vivo tests, glucose level changes
in the effusion fluid followed actual blood glucose level changes with a time
delay of 5 to 10 minutes. Disadvantage of the system is the need of an exter-
nal pump system to supply for the vacuum and the short functional operat-
ing time.

Trajanoski ����� developed an interesting technique for on-line continuous
glucose measurement in subcutaneous adipose tissue using open-flow
micro-perfusion [213]. The method combined an open flow micro-
perfusion of subcutaneous adipose tissue using a perforated double lumen
catheter and an extracorporeal peroxide-based glucose sensor. An isotonic
ion-free solution was perfused through the inner lumen of the catheter and
returned via the perforated outer lumen. In the outer lumen the perfusate
could equilibrate with the subcutaneous tissue fluid. Glucose concentration
was calculated on-line from the measured glucose in the sampled fluid and
the measured recovery in healthy volunteers during hyperglycaemic glucose
loads and hypoglycaemic hyperinsulinemic clamps. They concluded that by
combining open-flow micro-perfusion and a glucose sensor it was possible
to monitor glucose concentration in the subcutaneous adipose tissue on-
line for at least 24 hours and during hyper- or hypoglycaemic events.

Sensor designs based on the combination of existing needle-type glucose
sensors and a microdialysis system have received growing attention lately.
The microdialysis technique can be used to get dialysates of the subcutane-
ous tissue, which can be continuously measured by an ex vivo glucose sen-
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sor. Microdialysis based glucose sensors will be discussed in greater detail
later in this chapter (see “Microdialysis based glucose sensors” on page 39).

2.3 In vivo performance of needle-type glucose
sensors in human subjects

Most in vivo experiments in human subjects have been performed using the
peroxide-based needle-type glucose sensor inserted in the subcutaneous
tissue [47, 51, 125, 167, 214, 215]. In these experiments the sensors typi-
cally remained in place for several days. Sensors were placed in the subcuta-
neous tissue without anaesthesia, connected by percutaneous leads to
wearable instrumentation whereas output signals were recorded in response
to blood glucose challenges. Statistical correlations has been reported
between groups of sensors and blood glucose concentrations determined by
a standard-lab method. In vitro characteristics of the sensors before implan-
tation usually showed a fast response to concentration changes and were
linear over clinically useful ranges. In most studies it was noted, however,
that the subcutaneous implantation of the sensor resulted in a gradual
decrease in sensitivity, and eventually in the complete loss of sensor function
within hours.

The observed decay in sensor sensitivity can be related to the basic design
of this type of sensor. As mentioned before, problems are associated with
oxygen limitation, bio-fouling, electrochemical interference and peroxide-
mediated god inactivation. This has lead to the retrospective calibration in
which the sensor sensitivity is adjusted after the experiment to match the
independently determined blood glucose values. It is questionable whether
the in vivo determined calibration factors can be useful in real time moni-
toring unless there is a highly reproducible decay pattern. Frequently, an in
vitro calibration is made prior to implantation and after explantation to
interpret the sensor signal during implantation. It is then assumed that the
basal current and sensitivity of the sensor are identical under both in vivo
and in vitro conditions, which is not realistic because after implantation
sensor performance has changed [89, 141]. To cope with the sensitivity loss
during implantation, in vivo calibration procedures are introduced [187,
216, 217]. In the one-point in vivo calibration procedure, the sensor output
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current at a certain time after implantation (running-in period) is related to
the simultaneously measured blood glucose concentration resulting in an in
vivo calibration factor. In the two-point calibration method the sensor
output signal is related to two different steady state levels of blood glucose
as a result of an insulin or glucose infusion. The two-point calibration
method is considered most reliable [170] but the method is only feasible in
a clinical setting.

Another point of concern, which applies to all implantation studies, is that
sensor or microdialysis probe implantation will lead to a tissue response.
Trauma associated with sensor/probe placement leads to tissue inflamma-
tion and the wound-healing process may interfere with the stabilisation of
the sensor signal. The inflammatory phase starts after infliction of the
wound and takes about 3 days. The implantation of a sensor damages cells,
blood vessels and connective tissue and initiates a number of healing mech-
anisms [218]. As a result biological molecules from the exudate that forms
around the sensor, mainly proteins, are attracted to the sensor-tissue inter-
face. The damage, inflicted on the subcutaneous tissue upon the implanta-
tion, can result in a limitation of the blood supply to the sensor surrounding
and can cause a decrease in sensor output through poor availability of glu-
cose and oxygen. Given these considerations, it is unlikely that the sensor
can be inserted and used shortly thereafter for glycaemic control.

In general, good in vitro results have been achieved with these sensors.
Upon implantation, however, these devices show a progressive loss in sensor
performance that can be attributed to poor biocompatibility. Questions
concerning the influences of wound healing, tissue response to the sensor
and blood supply to the surrounding tissue on the sensor performance need
to be addressed systematically.

2.4 Microdialysis based glucose sensors
Biocompatibility and sensor stability related problems have focused atten-
tion on other approaches to measure glucose continuously in vivo. Micro-
dialysis is such a method; it allows glucose measurements in blood or the
subcutaneous tissue without the direct interaction of a glucose sensor and
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tissue or blood [70]. It can be seen as a special means of transport to deliver
glucose from body compartments to the glucose sensor.

Microdialysis was introduced by Ungerstedt ����� to monitor neurotrans-
mitter release in the brain [219]. In addition, microdialysis has also become
a frequently used research tool for study in many other tissues or body com-
partments [220-227].

Basically the technique comprises the implantation in tissue or the blood
compartment of a small hollow semipermeable dialysis-membrane con-
struction (termed probe) that is perfused with a water-based solution
(termed perfusate). The dialysis membrane provides a barrier between the
tissue or blood compartment and the perfusion fluid. The driving force of
molecular movement is diffusion down the concentration gradient existing
between the perfusion fluid and the outside environment of the dialysis
membrane (or vice versa). Water-soluble molecules diffuse across the mem-
brane and enter the perfusate when this flows along the dialysis membrane.
The term relative recovery is used for the ratio of the concentration of a sub-
stance in the perfusion fluid leaving the dialysis tube and outside environ-
ment of the dialysis tube (equation 2.5, page 40)

Equation 2-5. Relative recovery; is the glucose concentration in

the outgoing perfusion fluid, is the glucose concentration outside the
dialysis tube.

The relative recovery is inversely dependent on the flow rate because the
samples are more dilute. The absolute recovery is defined as the total mass
removed per time interval; it depends directly on the flow rate until a pla-
teau value is reached at maximal diffusion flux.

The kind of molecules that diffuse through the membrane depends on the
molecular weight cut off (mwco) or pore size of the dialysis membrane.
Generally the mwco of a membrane is carefully chosen so that high-
molecular weight compounds such as proteins can’t penetrate the mem-
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brane. This results in a dialysate that is relatively pure and the amount of the
low molecular weight glucose molecules present in the perfusate can be
measured outside the body with an ex vivo glucose sensor. The disadvan-
tages of microdialysis based glucose sensors such as increased lag-time and
bulkiness of system may be well balanced by the improved biocompatibility
and stability of the sensors when used in vivo. Hydrogen peroxide based
enzyme electrode sensors may benefit from the cleaner environment
because of the absense of large molecules resulting in a lower rate of elec-
trode fouling. Although the in vivo performance may be improved, the
combination of electrode fouling by small endogenous proteins and the
H2O2 mediated enzyme inactivation prevents in vivo measurements longer
than a couple of days without re-calibration of the system.

Microdialysis improves the usability of oxygen-based enzyme electrodes
for in vivo glucose measurements. The size of the oxygen electrode is less
important when applied in an ex vivo glucose sensor-system. In general
oxygen deficit problems seen with in vivo measurements of glucose are not
encountered when microdialysis based glucose sensing systems are used.
The glucose concentration found in the dialysate is, depending on the flow
rate used (2.5-10.0 µL/min), lower than in vivo and the oxygen concentra-
tion found in the dialysate solutions is usually higher than in tissues. This,
together with the proportional stability and sensitivity preservation of
oxygen electrodes, and the improved bio-compatibility and stability of the
microdialysis technique, makes a glucose sensor system based on these tech-
niques potentially successful when applied in vivo.

The difficulties associated with in vivo glucose monitoring with needle-
type glucose sensors have turned researchers, including some of the leading
groups in implantable glucose sensor development, to this technique [1, 63,
64, 67-69, 228-230].

Pfeiffer ����� combined the microdialysis technique with a measuring flow
chamber incorporating their previous developed needle-type glucose sensor
[228, 229]. They used a commercially available needle-type dialysis probe
together with a micro-perfusion pump and the glucose sensor to obtain a
device for continuous glucose measurement in dialysate. This device was
tested in thirteen healthy volunteers during a 75-g oral glucose tolerance
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test and in seven Type-2 diabetic patients. The venous blood glucose con-
centration and subcutaneous sensor signal were followed for a maximum
period of 21 hours [67]. After calibration, glucose levels in the dialysate and
subcutaneous glucose sensor signal correlated well although a considerable
time delay was seen. In following in vivo studies the measuring time was
extended up to 48 hours [66, 231] and a portable glucose measuring system
called the “Ulm Zucker Uhr System” was introduced [232]. This portable
system comprised a microdialysis probe, a glucose sensor, a sender that
transferred the glucose concentrations telemetrically and a receiving indica-
tor named the “Sugar Watch”. This system transferred the glucose concen-
tration to the sugar watch once per minute and alarmed the patient by
optical and acoustic means, when the tissue glucose was too high or too low. 

Shichiri ����� developed a glucose monitoring system by combining their
previous developed needle-type glucose sensor with a microdialysis probe
for subcutaneous tissue glucose measurements [69, 233]. Subcutaneous
tissue glucose concentrations were monitored continuously in 5 healthy and
8 diabetic volunteers for 7 to 8 days. The subcutaneous glucose concentra-
tion could be monitored precisely for 4 days without any in vivo calibrations
and for 7 days by introducing in vivo calibrations. They found a good cor-
relation between the subcutaneous tissue glucose concentration and venous
blood glucose.

Schoonen and Schmidt constructed a glucose sensor combining the
microdialysis method and an oxygen electrode [1]. This glucose measure
system was the first that made the combination of the microdialysis tech-
nique and continuous glucose measurement (“Process for using a measuring
cell assembly for glucose determination”, USA patent nr. 5,174,291, 1987).
A syringe pump continuously perfused a glucose-oxidase/catalase solution
through a hollow microdialysis fiber construction. Glucose that diffused
from the outside of the hollow fiber into the perfusate was enzymatically
oxidated by god. A miniaturised Clark-type oxygen electrode was used to
measure the oxygen concentration in the perfusate. The signal output is the
difference between the base oxygen level and the level attained as a result of
the oxygen depletion by the enzymatic reaction. During in vivo experi-
ments, the flexible microdialysis probe is implanted in the subcutaneous
tissue of the abdomen and integrated in a closed flow system (Figure 2-5).
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Today, Roche Diagnostics GmbH is developing a commercial glucose
measuring system, which is partially based on this system.

Major plus point is that enzymes in the perfusate, which were present in
excess, prevent that enzyme degradation has an appreciable effect on the sta-
bility of the sensor. Recovered glucose is transformed instantly creating
sink-conditions in the microdialysis probe. This system was used in 44
healthy volunteers and 24 diabetic patients to measure glucose. The sensor
signal correlated well with the blood glucose concentrations without con-
siderable lag-times between changes in blood glucose concentration and
sensor measurements, although in most cases the ratio of measured subcu-
taneous glucose/blood glucose was much lower than 1 (0.43 ± 0.09) [65].
Complementary filtration and equilibration in vivo�studies led to the con-
clusion that the mean glucose concentration in the extra-cellular space in
the subcutaneous fatty tissue of humans is approximately 45% of the blood
glucose concentration [234]. The duration of probe implant in general
ranged from 1 to 4 days although in one experiment the sensor was success-
fully used for 9 days [235]. The bio-stability of the sensor during the time
of implant was sufficiently high and the mean delay times between changes
in blood glucose and sensor measurements were well under 10 minutes.
The flow system and electronics described in the thesis of Schmidt were not
suitable for ambulatory use because of their fragility and substantial dimen-
sions [236].
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Figure 2-5. Schematic drawing of the glucose sensor developed by
Schoonen en Schmidt.

A potential danger was the use of a GOD/catalase solution as perfusate.
Leakage of the enzyme solution through the dialysis membrane into the
tissue may cause immunogenic reactions and tissue damage. A precaution-
ary measure applied in the system was a microdialysis probe with a hollow
dialysis membrane within another hollow dialysis membrane (“safety-
fiber”). If a fiber was damaged, enzyme leakage would still be prevented by
the remaining intact fiber. However, the extra hollow fiber membrane
increases the diffusional path of glucose into the perfusate, contributing to
longer lag-times of the sensor and although the chance of enzyme leakage
was reduced, it was still present and could not be excluded entirely.

2.5 Conclusion
The absence today of a glucose sensor for continuous subcutaneous glucose
monitoring demonstrates that, in spite of elaborate research efforts during
the last four decades, the development of such a sensor is very difficult. The
different designs of implantable glucose sensors have their own specific
advantages and disadvantages. No ideal configuration or method of in vivo
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glucose sensing can be pointed out. Best approach is to exploit the advan-
tages of a certain measuring technique/configuration and circumvent the
disadvantages. In practice, this means that research groups have looked for
ways to optimise their existing glucose-sensor designs.

Glucose sensors based on the enzymatic conversion of glucose are still the
main focus of the research interest of most groups due to their high selec-
tivity to glucose. The approach of a small needle-type amperometric sensor
is most popular among investigators because of their ease of manufacturing
and miniaturisation. Major problem is, however, the poor or variable per-
formance in vivo of all these sensors (including potentiometric and electro-
catalytic based systems). Although these devices function well in vitro, upon
implantation they show a progressive loss of sensor function. Over the past
20 years different design approaches have been proposed to overcome these
problems and although some progress has been made using special mem-
branes or mediator techniques, no breakthrough can be reported. In fact,
looking at the number of papers published on this type of sensor during the
past five years, one may conclude that interest is fading. Only very few
research groups have been working on alternative non-enzymatic methods
for glucose sensing. It is uncertain whether other concepts such as affinity
glucose sensors or coated wire glucose electrodes will be an improvement
over actual needle-type glucose sensor designs. Much more work is neces-
sary before these alternative detection principles are completely understood
and suitable for in vivo sensing.

A combination of the needle-type glucose sensors and a microdialysis
system appear most advantageous and a promising approach for continuous
subcutaneous glucose measurements. Using this method it is possible to
obtain dialysates from the subcutaneous tissue, which can be analysed ex-
vivo. In this case, biocompatibility problems of the sensor interface to the
living tissue are minimised.

The effect of sensor or probe implantation on glucose measurements is still
partially unclear. In addition, more insight is needed in the physiological
processes at the sensor-tissue interface. With better understanding of the
processes involved it is possible to develop strategies to improve in vivo
sensor performance.
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3Microdialysis based
glucose sensor

3.1 Introduction
In vivo studies performed by Lönnroth ������ [221] among others [223, 224,
226, 237-239] have demonstrated that changes in the subcutaneous glucose
concentration can be monitored with the microdialysis method. A dialysis
tube is placed in the periumbilical subcutaneous tissue or in the subcutane-
ous tissue of the forearm and perfused with isotonic saline. Small molecules,
including glucose, diffuse from the surrounding of the probe into the per-
fusion fluid as a consequence of the concentration gradient existing between
the perfusion fluid and the surrounding of the probe [240-242]. In clinical
practice this method has two main advantages over the traditional glucose
determination in samples of drawn blood, especially when measurements
for longer periods are needed. First, the presence of a dialysis tube in the
subcutaneous tissue is less dangerous and more comfortable than the pres-
ence of an indwelling catheter in a vein. Second, in contrast to glucose
measurements in blood no additional operations are needed to purify the
sample because the dialysis tube prevents the diffusion of large molecules
into the perfusion fluid. As a consequence, the dialysate samples are rela-
tively clean and glucose determination in the dialysate can be performed at
once. In these in vivo studies the dialysate was collected in fractions and later
analysed with a standard glucose analysis method. An improvement of this
discontinuous measurement is the “on-line” detection of glucose in the dia-
lysate by a glucose sensor. Pfeiffer ������ [66, 67, 228, 229, 231, 232, 243]
and Shichiri ������ [69, 233] made a combination of their previously designed
needle-type glucose sensor and a microdialysis system to monitor glucose in
real-time. Laurell developed a glucose measurement system where the per-
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fusate passed through an enzyme reactor containing immobilised glucose
oxidase [68]. An oxygen electrode was placed in line with the reactor to
monitor the enzymatic conversion of glucose. The common denominator
of these designs is the use of an open perfusion system. This is necessary
because recovered glucose is only partially converted in the enzymatic reac-
tion with the immobilised god. Closing the perfusion system would ulti-
mately lead to accumulation of glucose within the system. However, the use
of two perfusion fluid reservoirs, one for supply and the other for waste,
impede the miniaturisation of these systems. This in contrast to the micro-
dialysis based glucose sensor developed by Schoonen and Schmidt [1]. Their
sensor used a closed perfusion system to circulate a god/catalase solution.
Due to the excess of dissolved god, all recovered glucose was converted
which enabled the short circuit of the perfusion system provided that
oxygen used in the enzymatic conversion of glucose was replenished. More-
over, the stability of the sensor was increased by the excess of god; thus
made continuous glucose measurements for two weeks possible. Several in
vivo studies have been performed successfully with this glucose measure-
ment system [65, 234, 235]. Both, the closed perfusion system and excess of
enzyme enabled the development of a miniaturised version of the glucose
sensor, a condition for the long-term ambulatory use of such a system. Yet
the use of a god/catalase solution as perfusion fluid introduces at the same
time a potential danger of enzyme leakage through the dialysis tube.
Enzyme leakage makes the clinical use of such systems not appropriate.
Therefore, we redesigned the perfusion system to minimise the risk of
enzyme leakage without losing the benefits of a closed perfusion system. A
solution was found in the replacement of the enzyme perfusion fluid by iso-
tonic saline. Several adaptations have been made to the existing perfusion
systems to prevent both enzyme leakage from and glucose accumulation
within the system.
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3.2 Materials and methods
In the following sections, two newly designed perfusion systems are
described that have a minimised risk of enzyme leakage. Glucose measure-
ments of both systems were based on the enzymatic conversion of glucose
by glucose oxidase (GOD - See reaction 2-2 on page 20). To monitor the
reaction, oxygen used in the conversion was measured by an O2-electrode.
In the first section a design is described that made use of a dual circulation
system composed of a physiological salt and an enzyme solution. In the sub-
sequent section a single circulation system is described where also a physio-
logical salt solution was used as perfusion fluid, but where unlike the dual
circulation system, the enzyme solution was immobilised in a reactor.

Figure 3-1. Schematic overview of the dual circulation system: one
circulation with saline and one with GOD solution. At the mixing point the two
solution are mixed. GOD converts glucose and the diminution of dissolved
oxygen is measured by the O2-electrode. The separator is used to separate
the two solutions.

3.2.1 Dual circulation system
In the dual circulation system the microdialysis probe was perfused by isot-
onic saline (Figure 3-1). After the probe outlet the saline was mixed with a
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solution of glucose oxidase and catalase. Glucose present in the saline is after
mixing rapidly converted by god. To monitor this reaction a Clark-type
oxygen electrode measured the diminution of dissolved oxygen in the mix.
A complicating factor is that both the diffusion of oxygen from the per-
fusion fluid through the Teflon membrane into the electrode and the solu-
bility of oxygen in the perfusion fluid depend on temperature. The overall
effect of higher temperatures with this type of oxygen electrode is an
increase of 2.1 nA with every degree Celsius [236]. To correct for these
temperature variations an electronic thermometer measured the tempera-
ture. After the O2-electrode, the mix was separated again into a saline and
enzyme solution by ultra-filtration. Two small piston pumps were used to
circulate the separate solutions. For reasons of safety a filter containing acti-
vated carbon was inserted in the saline circulation to adsorb and block
enzyme molecules that leaked through the ultra-filtration membranes used
in the separation of the two solutions.

� Microdialysis probe
A microdialysis probe can be designed in several ways and is typified by the
position of the inlet and outlet tubes. In general two types of probes can be
distinguished: one type with the in- and outlet tubes positioned in a serial
arrangement and the other type of probe, like the one used in this system,
where the in- and outlet tubes are placed in a parallel arrangement. Conse-
quently, the dialysis tubes were positioned side by side. The construction of
the microdialysis probe, which can be subdivided in three stages, is outlined
in Figure 3-2, page 52. Gloves were worn during the probe construction to
avoid contamination of the materials.

Stage A:

Two dialysis tubes with the length of 65 mm were cut out of a large bundle
of dialysis tubes (Cellulose, Spectra/Por RC, Spectrum Medical Ind., LA,
usa, i.d. 150 µm, o.d. 180 µm, 18,000 molecular weight cut-off). Of both
dialysis tubes, one end of 5 mm was fixed with cyanoacrylate glue (ca 1500,
Ruplo lijmtechniek, The Netherlands) into the in- and outlet tubing (Pol-
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yethylene, Rubber BV, The Netherlands, i.d. 0.40 mm, o.d. 0.80 mm) of
the probe (Figure 3-2A).

Stage B:

After drying, both parts were positioned parallel and fixed together by
means of a polyethylene tube (Rubber BV, The Netherlands, i.d. 1.40 mm,
o.d. 2.00 mm, length 10 mm) which was placed over the interface of both
the in- and outlet tubing and the dialysis tubes. To provide the microdialysis
probe with sufficient firmness and flexibility a tungsten wire (tw5-3, Clark
Electromedical Instruments, uk, Ø 0.12 mm) with a length of 55 mm was
placed between the dialysis tubes with one end in the 10 mm polyethylene
tube. This tube was subsequently filled with cyanoacrylate glue (ca 1500).
A butterfly, cut from a dwelling catheter (Venofix, Braun, Germany, 25G),
was fixed on the outside of the tube (Figure 3-2B).

Stage C:

After hardening of the glue, a 30 mm tube (Teflon, Zeus, usa, i.d. 0.50
mm, o.d. 0.57 mm) was pushed over the tungsten wire and dialysis tubes
until it touched the 10 mm polyethylene tube and was fixed with cyano-
acrylate glue (ca 500, Ruplo lijmtechniek, The Netherlands). At the tip of
the probe a turning point was placed. This turning point consisted of a 5
mm long tube (Teflon, Zeus, usa, i.d. 0.50 mm, o.d. 0.57 mm) which had
one end previously closed with glue (ca 1500). The turning point was
pushed over the tip of both the tungsten wire and dialysis tubes and fixed
with cyanoacrylate glue (ca 1500). Special attention was paid when the
turning point was positioned on the probe to minimise dead volume. After
fixation of the turning point, a total of 30 mm of dialysis tubing was left
uncovered (Figure 3-2C).

Usually the microdialysis probes were made in batches of five to ten. When
all glue was hardened, the probes were tested for congestion or leakage, first
by flushing with air and subsequently with water. Probes that functioned
properly were kept in a flask filled with distilled water to prevent dehydra-
tion of the dialysis tube and stored at 5º C to inhibit bacterial growth. Upon
use, the microdialysis probe was rinsed successively with an ethanol solution
(70%) and sterile water. 
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Figure 3-2. Construction of the microdialysis probe (stages A, B and C).

� O2-electrode
For the on-line measurement of dissolved oxygen in the enzyme/saline mix,
a Clark type oxygen electrode was used (Figure 3-3). The electrode was
made in the local workshop of the university. It was constructed of a silver
case (i.d. 4.2 mm, o.d. 5.4 mm) with a centrally placed glass isolated plati-
num wire where the tip of the wire was left free (Pt wire Ø 1.4 mm, Pt wire
& glass isolation Ø 2.5 mm). The platinum wire was fixed in the silver case
by filling the case with two-component epoxy resin (Pattex® super-mix,
Henkel) leaving at one end an electrolyte cavity of about 5·10-2 ml resin
free. The silver case and platinum wire were subsequently connected to
electric wires and mounted in a housing of pvc. For the measurement of
dissolved oxygen a flow chamber was used consisting of a pvc top that
could be screwed on the electrode housing. In this top two stainless-steel in-
and outlet tubes (i.d. 0.3 mm, o.d. 0.5 mm) were connected to the tubing
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of the perfusion system. Prior to use the electrode cavity was filled with a
0.5 M KCl/K2HPO4 electrolyte solution and covered with a Teflon mem-
brane (High sense, Yellow springs Inc., Ohio, usa). For the specific detec-
tion of oxygen, the platinum wire was polarised to a fixed negative potential
of -600 mV/sce using a potentiostat (cti, the Netherlands). Lower oxygen
concentrations resulted in a decrease in currents crossing the electrode cell.
Currents could be read from a liquid display, recorded on a flatbed chart
recorder (Kipp & Zonen, The Netherlands) or stored for future data oper-
ation in a microchip (H8, Hitachi, Japan).

Figure 3-3. Clark type oxygen electrode.

� Pumps
Two micro-pumps (Parker Micro-pump Ambulatory Medication Infuser,
Parker Hannifin Corporation, Irvine, ca, usa, 51 x 76 x 18 mm, weight
70 gr.) were used for the circulation of enzyme solution and the perfusion
of the microdialysis probe with saline (Figure 3-4, page 54). The working
of this pump is based on magnetically actuated pulse infusion. A piston is
pulled by an electromagnetic pulse and pushed backward by two return
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springs (one pump cycle). Two valves positioned on either side of the
pumping chamber force the fluid in one direction. In one pump cycle
5.0 µL of fluid is moved. The flow range (5.0-30.0 µL/min.) of the pump
could be adjusted by changing the frequency of the electromagnet activa-
tion. If not mentioned otherwise, a flow rate of 10 µL/min. was used. A
fluid reservoir of 2 ml was attached to the pump containing a wicking filter
to prevent air entering the pumping chamber. As far as energy consumption
was concerned, the pump could operate, together with accompanying elec-
tronics, at a perfusion rate of 10 µL/min. for at least a month on an ordinary
9-Volt battery. Before use, the pumps were thoroughly rinsed with an eth-
anol solution (70%) and sterilised water.

Figure 3-4. Micro piston pump (Parker Hannifin Corp.).

� Separator
The separation of the enzyme/saline mix into separate solutions was done
by ultra-filtration (Figure 3-5). For this purpose 8 hollow ultra-filtration
membranes made of acrylonitril-natrium methallylsulfonate (Filtral 12,
Hospal, Bologna, Italy, i.d. 0.22 mm, o.d. 0.31 mm) were cut in lengths of
6 cm. The membranes were subsequently positioned parallel and glued (CA
1500) together with a tube (Polyethylene, Rubber BV, The Netherlands,
i.d. 0.4 mm, o.d. 0.8 mm) for drainage of filtered fluid, into a polyethylene
tube (Rubber BV, i.d. 2.8 mm, o.d. 4.0 mm, length 75 mm) leaving at both
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sides 7.5 mm free for fixation of connective tubing. After drying, the con-
nective tubing (Polyethylene, Rubber BV, i.d. 0.4 mm, o.d. 0.8 mm) was
fixed with cyanoacrylate glue (CA 1500).

� Activated carbon filter
For the adsorption of enzyme molecules leaking through the ultra-filtration
membranes of the separator, a filter was positioned in the saline circulation
containing activated carbon (Figure 3-6, page 56). To prevent that carbon
particles being washed away, six hollow ultra-filtration membranes (AN
69HF, Hospal) each with a length of 120 mm, were glued (CA 1500) in a
tube (Polyethylene, Rubber BV, i.d. 3.2 mm, o.d. 3.9 mm) with the in- and
outlet positioned in the same direction forming consequently a loop. After
drying, the fiber bundle was glued (CA 1500) in a polyethylene tube (Rub-
ber BV, i.d. 2.8 mm, o.d. 4.0 mm, length 80 mm) which was subsequently
filled up with activated carbon (Norit, Norit Farma, The Netherlands) leav-
ing 10 mm free for connective tubing. After drying, the connective tubing
(Polyethylene, Rubber BV, i.d. 0.4 mm, o.d. 0.8 mm) was secured (CA
1500) on both sides of the carbon filter. The carbon filter was positioned in
the saline circulation in such manner that the saline first had to flow through
a part of�the carbon bed and subsequently was pressed through the ultra-
filtration membranes.

Figure 3-5. Separator; see text for description.
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� Enzyme solution
During the enzymatic conversion of glucose by god, oxygen is used and
hydrogen peroxide produced. It is well known that hydrogen peroxide has
a negative influence on the god activity. A second enzyme (catalase) was
used to convert the produced hydrogen peroxide. The enzyme solution was
prepared dissolving 10,000 unit’s glucose oxidase (Grade II, Boehringer
Mannheim, Mannheim, Germany) and 90 mg NaCl in 8 ml H2O under
gently stirring. The solution was subsequently filled up to 10 ml with a fil-
tered catalase solution (45 µm filter, Inacom Instruments, The Netherlands;
Catalase from bovine liver dissolved in an ethanol solution, Boehringer
Mannheim, Mannheim, Germany). The solution obtained was filtered (0.2
µm filter, Inacom Instruments) to make the solution free from bacteria and
stored at 5 °C for a maximum of three months.

Figure 3-6. Active carbon filter.

� Connective tubing
The separate parts of the perfusion system were connected with polyethyl-
ene tubing (Polyethylene, Rubber BV, i.d. 0.4 mm, o.d. 0.8 mm). The Y-
joint in the systems was made of two inlet tubes and one outlet tube (Poly-
ethylene, Rubber BV, i.d. 1.4 mm, o.d. 2.0 mm) fixed with cyanoacrylate
glue (CA 1500) in a 10 mm polyethylene tube (Rubber BV, i.d. 2.8 mm,
o.d. 4.0 mm). Because god uses oxygen during the enzymatic conversion
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of glucose, precautionary measures had to be taken to prevent oxygen defi-
ciency within the perfusion system. For this purpose an oxygen permeable
tube (Teflon, Zeus Industrial Products, NJ, USA, i.d. 0.7 mm, o.d. 1.5 mm)
connected the enzyme pump with the Y-joint.

� Operational glucose measurement system
To make the system operational, the microdialysis probe, O2-electrode, the
two pumps, the separator, and carbon filter were connected with tubing in
accordance with the outline of figure 3-1 (see page 49). Both saline and
enzyme pumps, together with accompanying tubing, were filled with
respectively a sterile physiological salt solution and an enzyme solution.
Since the perfusion system contained teflon tubing and an enzyme solution
it was not possible to autoclave the system or use gamma radiation for ster-
ilisation. Therefore, the only way to disinfect the interior of the perfusion
system was by flushing with an ethanol solution (96%). Perfusion systems
used for in vivo studies were put together in a laminar air flow cabin to pre-
vent bacterial contamination. When all parts were connected, the perfusion
system was ready for placement in a box containing the electromagnets for
pump operation and electrode connection.

Figure 3-7. Schematic overview of the singular circulation system.
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3.2.2 Single circulation system
In this section a description is given of the single circulation system. This
system was developed after to the previously described dual circulation sys-
tem. The main difference of the single circulation system when compared
to the dual circulation system was the absence of an enzyme circulation.
This was done to further decrease the risk of enzyme leakage. In the single
circulation system (Figure 3-7, page 57) the glucose oxidase/catalase solu-
tion was retained in an enzyme reactor. Isotonic saline was used to perfuse
the microdialysis probe. A glucose eliminator was developed to prevent the
accumulation of glucose in the perfusion system. An O2-electrode was posi-
tioned in line with the enzyme reactor to monitor the oxygen concentra-
tion in the perfusion fluid. Before re-entering the microdialysis probe the
saline was filtered by carbon filter to adsorb enzyme molecules that leaked
out of the enzyme reactor. Placing a fluid equaliser after the pump reduced
fluid pulsations caused by the piston pump. The pump, O2-electrode,
carbon filter and connective tubing used in this system and disinfection pro-
cedures were the same as described in the section of the dual circulation sys-
tem.

� Microdialysis probe
The microdialysis probe used in this system was an enhanced version of the
microdialysis probe described previously in the dual-circulation system sec-
tion. The construction of the probe can also be subdivided in three stages
and is outlined in figure 3-8, page 60.

Stage A:

Two dialysis tubes with a length of 20 mm were cut out a large bundle of
dialysis tubes (Cellulose, Spectra/Por RC, i.d. 150 µm, o.d. 180 µm, 18,000
molecular weight cut-off) and glued (CA 1500) on respectively a 40 mm
and 300 mm long silica tube (SGE Scientific Pty. Ltd., Sydney, Australia, i.d.
0.11 mm, o.d. 0.18 mm). Instead of the separate in- and outlet tubing used
in the dual circulation probe, the in- and outlet of this probe were combined
in one triple lumen tube (Polyethylene, Dural Plastics & Engineering,
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Auburn, Australia, i.d. 0.35mm, o.d. 1.0 mm, length 250 mm). The silica
tube (300 mm), used as probe outlet, was threaded through one of the triple
lumen (Figure 3-8A.1) leaving 30 mm of silica tubing free. Next the 40 mm
silica tube, used as probe inlet, was positioned in one of the remaining two
lumen (Figure 3-8A.2), leaving also 30 mm of silica tubing free. At both
ends of silica the two dialysis tubes were glued (CA 1500). In the third
lumen a tungsten wire (TW5-3, Clark Electromedical Instruments, UK, Ø
0.12 mm) was positioned to give the probe the required firmness as well as
flexibility (Figure 3-8A.3). The two silica tubes and tungsten wire were sub-
sequently fixed to the triple lumen tube with cyanoacrylate glue (CA 1500).

Stage B:

Once the glue had dried, a tube (Teflon, Zeus Industrial Products, i.d. 0.50
mm, o.d. 0.57 mm, length 30 mm) was slipped over both the dialysis tubes
and the tungsten wire until it touched the triple lumen tube. Subsequently
it was fixed with glue (CA 500). A second tube (Polyethylene, Rubber BV,
i.d. 1.40 mm, o.d. 2.00 mm) was positioned over the interface of the triple
lumen tube (Figure 3-8B.1) and the microdialysis probe and fixed with glue
(CA 1500). At the tip of the microdialysis probe a turning point was placed
(Figure 3-8B.2) as described previously in the dual-circulation system sec-
tion, leaving in total 30 mm of dialysis tubing uncovered.

Stage C:

The final stage involved the fixation of a butterfly and tubing for the probe
in- and outlet. For future fixation of the probe on the skin, a butterfly cut
from a dwelling catheter (Venofix) was glued on the interface of the triple
lumen tube and the microdialysis probe (Figure 3-8C.1). At the other end
of the triple lumen tube connective tubing was fixed, serving as in- and
outlet tubes. In one of the lumen, 20 mm of silica tubing was left uncovered
and was used for the connection with the enzyme reactor (Figure 3-8C.2).
In the other lumen, used for the inlet of the microdialysis probe, a silica tube
of 20 mm was fixed (CA 1500) and connected to a polyethylene tube (Rub-
ber BV, i.d. 0.4 mm, o.d. 0.8 mm).
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The microdialysis probes were usually made in batches of five to ten and
tested and stored as described previously.

Figure 3-8. Construction of the enhanced version of the microdialysis
probe (stages A, B and C). For explanation of parts, see “Microdialysis
probe” on page 58.

� Enzyme reactor
An enzyme reactor was used for the enzymatic conversion of glucose recov-
ered in the perfusion fluid (Figure 3-9A, page 62). For the exterior of the
reactor, a 50 mm long stainless-steel tube (i.d. 0.5 mm, o.d. 0.70 mm) was
used. Two dialysis tubes (Cellulose, Spectra/Por RC, i.d. 150 µm, o.d. 180
µm, 18,000 mwco) with a length of 60 mm were threaded trough this
metal tube leaving 5mm of dialysis tube free on both sides. A turning point,
made of a 5 mm long tube (Polyethylene, Rubber BV, i.d. 0.28 mm, o.d.
0.61 mm) with one end previous sealed (CA1500), was fixed on one side of
the two dialysis tubes with glue (CA 1500) leaving a minimum of death vol-
ume. Two tubes (Silica, SGE Scientific Pty. Ltd., i.d. 0.11 mm, o.d. 0.18
mm, length 20 mm) necessary for filling of the reactor with enzyme solu-
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tion, were pushed in for 10 mm on both sides of the metal tube. Next the
dialysis- and silica tubes were carefully glued to the metal tube which had
both ends made rough for better glue fixation. Both open ends of the dial-
ysis tubes were glued to connective tubing (Polyethylene, Rubber BV, i.d.
0.28 mm, o.d. 0.61 mm) for placement in line with the microdialysis probe
and the oxygen electrode. After drying of the glue the reactor was tested by
flushing with air and water. Before filling with enzyme solution, the reactor
was rinsed with ethanol (70%) and sterile water.

� Glucose eliminator
Not all the recovered glucose is converted in the enzyme reactor. Therefore
a glucose eliminator was developed to prevent accumulation of glucose
within in the perfusion system. Elimination of glucose from the perfusion
fluid by the eliminator is based on the enzymatic conversion of glucose by
god. Both its functioning and design are based on the glucose reactor. The
eliminator was made of two dialysis tubes (Cellulose, Spectra/Por RC, i.d.
150 µm, o.d. 180 µm, 18,000 mwco) with a length of 160 mm lying side
by side in a Teflon tube (Zeus, i.d. 0.70 mm, o.d. 1.50 mm, length 150 mm)
with one end of the dialysis tube fixed in a turning point (Polyethylene,
Rubber BV, i.d. 0.28 mm, o.d. 0.61 mm, length 5 mm, one side sealed).
Two tubes (Polyethylene, Rubber BV, i.d. 0.28 mm, o.d. 0.61 mm, length
30 mm) necessary for filling the eliminator with enzyme solution, where
each positioned on both sides of the Teflon tube. The dialysis tubes and
enzyme filling tubes were fixed in the Teflon tube with glue (CA 1500).
After drying each of the dialysis tubes open ends were glued (CA 1500) to
connective tubing (Polyethylene, Rubber BV, i.d. 0.40 mm, o.d. 0.80 mm).
Upon use, the glucose eliminator was rinsed with an ethanol solution (70%)
and sterile water after which the eliminator was filled with enzyme solution.

� Equaliser
The dialysis flow should be regular because it is an important parameter in
the recovery of substances. Changing flows will result in variable recoveries.
Protracted fluid pulsation may deform the ultra-filtration membranes used
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in the carbon filter, resulting in an increase in flow and thus in a change in
recovery. To reduce the effect of fluid pulsation an equaliser was constructed
and inserted in the perfusion system after the piston pump (Figure 3-9B). It
was made of a glass tube (i.d. 3.5 mm, o.d. 4.0 mm, length 75.0 mm) where
one end was sealed. Two connective tubes (Polyethylene, Rubber BV, i.d.
0.40 mm, o.d. 0.80 mm) were glued (CA 1500) into the glass tube opening.
When the equaliser was inserted in the perfusion system an air bubble was
trapped in the dead end of the glass tube and consequently absorbed the
fluid pulse caused by the piston pump. Before use the equaliser was rinsed
with an ethanol solution (70%) and sterile water.

Figure 3-9. Construction of the enzyme reactor (A) and equaliser (B).

� Enzyme solution
The preparation of the enzyme solution used in this system was the same as
described in the dual-circulation system section except for the amount of
glucose oxidase used. Instead of the 1,000 units god/ml present in the
enzyme solution of the dual circulation system, 10,000 units god/ml were
used to fill the enzyme reactor and glucose eliminator.
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3.2.3 Electronics and software

� Electronics
A condition for ambulatory in vivo studies is that the accompanying elec-
tronics for pump control and data storage are manageable. The electronic
equipment (cti, Groningen, The Netherlands) developed for the dual cir-
culation system was incorporated in two separate boxes made of pvc (Fig-
ure 3-10). One box (162 x 84 x 21mm) contained the potentiostat, the
microprocessor (H8, Hitachi, Japan) and electronics used for pump control
and data storage as well as a liquid display for direct data read out and a
standard 9 Volt battery for power supply. To prevent data loss when the main
power supply failed, a small silver oxide battery was integrated in the elec-
tronics and used as back-up power supply for the microprocessor. For data
interchange, the computer box could be coupled to a conventional pc by a
flat-cable. The second box (103 x 62 x 21 mm), the flow system box, con-
tained the perfusion system as well as the two electromagnets needed for
pump operation, the electrode connector and an electronic thermometer
for correcting temperature influences on the working of the O2-electrode.
Both boxes were coupled with an electric cable of 50 cm long.

Figure 3-10. Schematic overview of the dual circulation system
with accompanying electronics as used in the experiments.
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A) box with potentiostat, power supply and microprocessor for
data storage, B) flow system box, C) microdialysis probe.

Although the electronics developed for the dual circulation system could
also be used for the single circulation system, we re-designed the existing
electronics because the two separate boxes and especially the electronic cable
between them was a source of errors when used in vivo. In order to improve
the robustness of the system, the existing electronics were re-designed (cti,
Groningen, The Netherlands) to fit together with the single perfusion
system in one box (pvc, University workshop, 125 x 80 x 20 mm). The
liquid display was omitted from the electronics for further miniaturisation
of the glucose measurement system (Figure 3-11).

Figure 3-11. Single flow system and electronics in one box (A),
microdialysis probe (B) and battery (C).

� Software
A pc-software program (cti, Groningen, The Netherlands) was used to
adjust the frequency of pumping and data storage, change the time of the
built-in clock or to retrieve stored data. To do this the computer box had to
be coupled with a flat-cable to the pc and upload or download respectively
the adjusted parameters or the measurements to or from the microprocessor
in the computer box. The software program allowed the user to set the
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pumping frequency and change accordingly the flow rate of the perfusion
fluid (5 to 30 µL/min.). Also the time between the pump pulse and O2-
measurement storage could be adjusted to minimise the effect of the per-
fusion pulse on the O2-measurement. In practice, the oxygen measurement
was stored 5 seconds after every pump pulse. The microprocessor could
store a total of 16,000 measurements in its memory. One measurement con-
tained the values of the O2-electrode current (nA), the temperature (°C)
and the time (hh:mm). Down loaded measurements were saved on the pc
as ascii-files and could be imported into a spreadsheet program (ms Excel
for Windows, version 4.0 to 8.0) for further data processing.

3.2.4 Validation of carbon filter functioning
To validate the functioning of a carbon filter and to determine if the filter
was capably to block enzyme molecules present in the perfusion fluid, three
parameters were examined. First, the extent of god leakage through the
dialysis tube of the enzyme reactor was determined. Second, the amount of
god absorbed per milligram carbon was determined at a flow rate of
10 µL/min. Finally, complete carbon filters were tested on their capability
to block the total amount of god used in the enzyme reactor.

To determine the number of god units that leaked through the dialysis
tubes per unit time, enzyme reactors containing dialysis tubes (Cellulose,
Spectra/Por, i.d. 150 µm, o.d. 180 µm) with different lengths were exam-
ined. The dialysis tubes had lengths of successively 2.5 cm, 5.0 cm, 7.5 cm
and 10.0 cm and were perfused with water at a flow rate of 10 µL/min.
using a syringe pump (Braun perfusor IV, Germany). All enzyme reactors
were filled with a god solution of 10,000 units/ml. During 24h, one-hour
samples were collected of the out-going perfusion fluid and examined on
god using the uv detection method as described by Foulds ������ [244].
god concentrations in the samples were calculated using a calibration curve
of know god concentrations determined with the above mentioned uv
god-detection method. The minimal god concentration that could be
detected with this method was 0.01 units god/ml. From the measured
god concentration, the absolute amount of god units leaking through the
separate dialysis tubes per hour could be calculated. Knowing the absolute
amount of god units leaking through the dialysis tubes and the total
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amount of god units present in the separate enzyme reactors, the percent-
age of leaked units god per hour could be calculated.

The number of god units adsorbed per milligram activated carbon was
determined by perfusing columns of activated carbon at a flow rate of
10 µL/min. with a god solution of 12 units god/ml using a syringe pump
(Braun Perfusor IV). The columns were made as follows; in one end of a
polyethylene tube (Rubber BV, i.d. 3.2 mm, o.d. 3,9 mm) a cotton wool
ball was placed and the tube was filled with a known amount of activated
carbon. Subsequently, a second cotton wool ball was placed in the other end
of the tube. No external pressure was applied for the packing of the carbon
particles. The cotton wool balls prevented that carbon particles were washed
away during the perfusion of the column. Connective tubing (polyethylene,
Rubber BV, i.d. 0.4 mm, o.d. 0.8 mm) was glued (CA 1500) at both ends
of the tube. After drying, the separate columns were coupled to the syringe
pumps. The experiments started when the first fluid left the outlet of the
column (t = 0). Samples at different time intervals of the out-going per-
fusion fluid were collected and the remaining god concentrations in these
samples were measured using the above-mentioned uv-god detection
method. The amount of god adsorbed per milligram carbon could be cal-
culated from the difference between the absolute number of the in- and
out-going god units and the amount of carbon used in the columns.

For the assessment of the carbon filter functioning, 6 carbon filters as
described in section “dual circulation system”, were perfused during sixteen
hours with water at a flow rate of 10 µL/min. After t30 min. 4.4x10-3 ml of
a god solution (10,000 units/ml) was introduced into the perfusion fluid.
This amount is corresponding with the amount of god units present in the
enzyme reactors. For sixteen hours, one-hour samples were collected and
tested on the presence of god using the uv-god detection method.

� Statistical Analysis
Experimental data are reported as mean ± SD.
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3.3 Results
The dialysis tubes used in the enzyme reactor leak god molecules. The per-
centage of god units present in the enzyme reactors that leaked through the
dialysis tubes of different length is 9.5x10-3 ± 4.7x10-4 % (mean ± sd) per
hour. The absolute number of units god leaked through per dialysis tube
length per hour is shown in table 3-1. The amount of units god leaked
through the dialysis tubes is positively correlated with the tube length (���
0.9953). The amount of god that is adsorbed per milligram activated
carbon per hour at a flow rate of 10 µL/min. is 1.54 ± 0.20 units god/mg
per hour (n = 20). We could not find any units of god in the perfusion fluid
leaving the intact carbon filters during 16h when the filter was perfused
with a solution of 12 units god per litre.

Table 3-1. Characteristics of GOD leakage from enzyme reactors of different
length.

Dialysis tube
length (cm)

Conc. GOD
in perfusion
fluid Units/L
(mean ± SD,
n=24)

Abs. number
units GOD in
enzyme
reactor

Abs. number
units GOD in
perfusion
fluid

% units GOD
leaked from
enzyme reactor
per hour

2.5 6.4 ± 2.1 42.7 3.8·10-3 9.0·10-3

5.0 14.1 ± 2.2 85.5 8.5·10-3 9.9·10-3

7.5 21.2 ± 3.5 128.2 12.7·10-3 9.9·10-3

10.0 26.1 ± 3.9 170.9 15.7·10-3 9.2·10-3
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3.4 Discussion
This chapter describes two glucose sensors that are based on the glucose
measurement system developed by Schoonen and Schmidt. However,
unlike the glucose measurement system of Schoonen and Schmidt, the risk
of enzyme leakage from the perfusion system of these sensors into the body
is minimised. We could accomplish this by replacing the enzyme solution
that perfused the microdialysis probe with isotonic saline. In addition, we
inserted a carbon filter in the perfusion system to filter the saline from
enzyme molecules present. Our second condition was to maintain a closed
perfusion system to make future miniaturisation of the glucose sensor pos-
sible. Therefore, the existing perfusion system of Schoonen and Schmidt
was re-designed. Two different approaches were chosen to use the enzyme
solution for both the measurement of glucose and for the prevention of glu-
cose accumulation within the perfusion system. In the dual circulation
system the enzyme solution is part of the flow system in the sense that the
solution is circulated by a pump and is mixed with saline containing recov-
ered glucose. The enzyme solution used in the single circulation system on
the other hand is immobilised in respectively the enzyme reactor and a glu-
cose eliminator, which are perfused with saline containing recovered glu-
cose.

The use of saline to perfusate the microdialysis probe has made a safe in
vivo application of the of both the dual and single circulation system possi-
ble. An accidentally disrupted dialysis tube during in vivo use will now
result in the leakage of the harmless saline into the body instead of the
god/catalase solution used in the system described by Schoonen and
Schmidt [1, 65]. Although there was no immediate danger of leakage of a
highly concentrated enzyme solution into the body, enzyme solutions were
still present in both systems. Since in the dual circulation system the mix of
enzyme- and salt solution was separated by ultra-filtration, some enzyme
molecules could leak through membrane “pin-holes” into the saline as a
result of the imposed pressure. Pinholes are membrane pores far larger than
the mean membrane pores and are caused by irregularities in the production
process of these membranes. Leakage of enzyme into the saline circulation
also occurred in the single circulation system. Although, the pressure of the
perfusion fluid is directed inward in both the enzyme reactor and the glu-
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cose eliminator, diffusion of some enzyme molecules through the mem-
brane pinholes into the saline could not be prevented. Experiments showed
that per hour 9.5x10-3% of the god present in the enzyme reactor is leaking
away. This means that after 14 days of continuous working, about 3.2% of
the initial god concentration have leaked from the enzyme reactor into the
perfusion fluid. Therefore, as an extra safety measure we inserted a carbon
filter in the saline circulation of both systems. Before the saline enters the
microdialysis probe it has to pass the carbon filter. Enzyme molecules
present will be adsorbed by the carbon particles or be blocked by the ultra-
filtration membranes. Results from the experiments of god absorption to
carbon shows that at a flow rate of 10 µL/min., ± 1.5 units of god is
absorbed by 1 mg of carbon. When an enzyme reactor is used as described
in the single-flow system section, ± 1.4 units has leaked into the perfusion
fluid during 14 days of functioning. In theory 1 mg of activated carbon
should be sufficient to absorb all leaked god. In practice, however, not all
fluid containing god molecules can be forced to come in contact with
1 mg of carbon. Therefore in practice at least 40 mg of carbon is used to
form a bed of carbon around six ultra-filtration membranes which form an
extra barrier for enzyme molecules. The leakage of catalase, which is also
used in the enzyme solution, was not examined. However, the size of cata-
lase is about 1.5 times greater than that of god [93]. We assumed that the
extent of catalase leakage is at most equal to, but probably lesser than the
leakage of god from the enzyme reactor. The surplus amount of activated
carbon in the filter as well as the presence of the ultra-filtration membranes
was sufficient to block all god present in the enzyme reactor. No god
could be demonstrated in the out-flow fluid of the carbon filter when an
enzyme solution, with an equal number of god units as in the enzyme reac-
tor, was introduced to the in-flow of the carbon filter. Its is therefore not
likely that leaked god or catalase molecules from the enzyme reactor can
enter the body when used in vivo. Yet, the advantage of an enzyme solution
as perfusion fluid is that recovered glucose is converted immediately and
completely [1, 236]. The perfusion fluid can be circulated without danger
of glucose accumulation so miniaturisation of the perfusion system is possi-
ble. In the dual circulation system saline was mixed with the enzyme solu-
tion. Between the mixing point and separator god instantly converted
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glucose, present in the saline. Since, god in the enzyme circulation was
present in excess and the solutions were considered well mixed, all glucose
recovered by the dialysis probe is converted before the separation in the two
solutions. Therefore, it is not likely that glucose will accumulate in this sys-
tem.

This in contrast to the single circulation system where without the neces-
sary precautionary measures glucose accumulation would occur. The
enzyme solution in this system is immobilised in an enzyme reactor that is
placed in-line with the microdialysis probe. Saline containing recovered
glucose flows through the dialysis tube positioned inside the enzyme reactor
(Figure 3-9, page 62). The dialysis tube was situated in an enzyme solution
with an excess of god. Glucose diffused into the enzyme solution as a result
of the concentration difference between the perfusion fluid and saline
(Fick’s law). There exist a dynamic balance between the glucose concentra-
tion in the perfusion fluid and the enzyme compartment of the reactor.�If
we consider the flow in the dialysis tube to be laminar (diameter tube = 0,15
mm)�and ignore diffusion in the direction of the flow, the following equa-
tion gives a simple diffusion model for microdialysis [245]:

Equation 3-1. Simple model of microdialysis; Ct denotes the
concentration of glucose in the tube, Ce the uniform concentration of
glucose in the enzyme solution, Ci the inlet concentration, P the
permeability coefficient of the dialysis tube, S the surface area of the
dialysis tube and F the flow rate.

The glucose concentration in the perfusion fluid will decrease when the
perfusion fluid flows through the enzyme reactor. The extent of concentra-
tion decrease can be manipulated by adjusting the dialysis tube surface area
and flow rate of the perfusion fluid. In theory, given a certain inlet concen-
tration, the glucose concentration in the perfusion fluid can approach zero
when there is the right relationship between the dialysis tube surface area
and the perfusion flow for that certain inlet concentration. In practice, given
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the highest recovered glucose concentrations seen under physiological con-
ditions (up to 10 mM with ��= 10 µL/min. and ����������	
� = 30 mm), the
area of the tube has to be large enough and the flow rate of the perfusion
fluid low enough to achieve near zero glucose concentrations. However, this
means a prolonging of lag-times, as the distance between the microdialysis
probe and oxygen electrode is increased and the flow rate is lowered. An
enzyme reactor placed in the single circulation system that is long enough
to remove most of the glucose from the perfusate at the flow rate of
10 µL/min., leads to an unacceptable increase in lag-times and T90’s. A
second condition regarding the dimensions of the enzyme reactor is that the
layer of enzyme solution around the dialysis tube should not be too wide. If
the volume of enzyme solution around the dialysis fiber is enlarged, diffu-
sion of oxygen within the enzyme layer would lead to tailing of the oxygen
electrode signal. Therefore, an acceptable length and diameter for the
enzyme reactor was sought to remove a major part of recovered glucose but
at the same time produce a perfusion system that would still have lag-times
below 10 minutes (see also chapter 4). A glucose eliminator, which is in fact
an enlarged version of the enzyme reactor, was inserted in the perfusion
system in line with the oxygen electrode. The eliminator removed a sub-
stantial part of the remaining glucose from the perfusion fluid. The residual
glucose concentration in the perfusion fluid after it passed the glucose elim-
inator is low (< 3% of recovered glucose). This made the closing of the per-
fusion system possible and thereby supplied the basis for the miniaturisation
of the system.

Preferably the perfusion flow (� in equation 3.1)�of a microdialysis probe
should be regular to prevent fluctuations in glucose recovery. A strict
requirement which, for the moment, only can be met by a high precision
syringe pump. Unfortunately, a syringe pump is not suitable for closed per-
fusion systems as described in this chapter. Both flow systems use a piston
pump to circulate the perfusion fluid. The flow produced by the piston
pump pulsates with each pump cycle. Fortunately, the resulting flow had a
constant oscillation due to the precisely constructed pump-chamber and the
accurate functioning of the pump. In addition, both the carbon filter and
the equaliser are dampening the pulse. The size of the pump and its ability
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to create enough pressure to perfuse the carbon filter makes this pump suit-
able for use in both these ambulatory perfusion systems.

The microdialysis probes used in these systems have the dialysis tubes posi-
tioned “side by side”. For glucose measurement in the subcutaneous tissue
this type of probe is most suitable. Both probe in- and outlet tubes were
positioned in the same direction so insertion of the probe needed only one
point of entrance. Implantation of the probe is rather straightforward and
could be done with a slightly modified catheter (20 Gauge, Intraflon 2,
Vygon, France). After implantation the probe can be fixed on the skin using
the butterfly and adhesive tape. Important for user comfort during ambula-
tory experiments is the flexibility of the probe. Rigid probes may cause irri-
tation when the subject is moving, so the probes used in these perfusion
systems were made of flexible and inert materials. The length of the dialysis
tubes can be varied depending upon the desired recovery. Longer dialysis
tubes will lead to higher recoveries at the same flow rate.

The choice for application during in vivo studies and further development
of one of the discussed perfusion systems depends on the advantages and dis-
advantages of each system. The dual circulation system has the advantage
over the single circulation system that all recovered glucose is converted and
no extra measures are needed to prevent glucose accumulation. This, in
contrast to the single circulation system which needs a glucose eliminator to
prevent glucose accumulation. However, the other features of the single cir-
culation system makes this system the first in choice for ambulatory in vivo
studies. First, the enzyme solution is immobilised in a reactor instead of
being a part of the actual perfusion fluid seen with the dual circulation sys-
tem. The pressure on the ultra filtration membranes used in the dual circu-
lation system may promote leakage of enzyme molecules through the
membrane pinholes. Second, in the single circulation system only one
pump is used to maintain the fluid circulation, which is an advantage for the
miniaturisation of the system. Third, an additional advantage of the use of
a single pump is that the energy consumption of the glucose measurement
system is reduced.
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In summary, both the dual circulation system and the single circulation
system described in this chapter are designed to minimise the risk of enzyme
leakage compared to the perfusion system used by Schoonen and Schmidt.
A glucose measurement system based on this perfusion system is safe to use
in vivo because the enzyme solution used as perfusion fluid is exchanged for
saline. Additional filtering of the saline by a carbon filter contributes to an
enzyme free perfusion fluid. For both in vivo studies and further develop-
ment, the single circulation system is most suitably. This, because of both
described perfusion systems, the single circulation system has the lowest risk
of enzyme leakage, lowest energy consumption and most promising possi-
bilities for further miniaturisation.
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4 In vitro characteristics
of the SCGM-system

4.1 Introduction
Various�characteristics of a glucose sensor are important when applied in
vivo [246, 247]. The main function of an in vivo glucose sensor is to help
maintain near normoglycaemia in diabetic patients. Malfunction of the
sensor can have far-reaching consequences for the patient if glucose regula-
tion is based on the sensor measurements. Important sensor properties,
which can be determined in vitro, are the accuracy of measurement, sensi-
tivity of the sensor, the response time of the sensor and the stability of the
sensor. Chapter 3 describes a glucose measurement system (gms), the single
circulation system, which is based on the glucose sensor developed by
Schoonen and Schmidt. However, substantial changes have been made to
the flow system to minimise the leakage of enzyme from the gms. An
enzyme solution of god and catalase, used as perfusion fluid in the flow
system of Schoonen and Schmidt, is replaced by saline. The enzyme solu-
tion in this newly designed flow system, is retained in an enzyme reactor and
separated from the perfusion fluid by a semipermeable dialysis membrane.
A carbon filter is inserted in the perfusion flow to retain enzyme molecules
that leaked from the enzyme reactor and glucose eliminator. Consequently,
the in vitro characteristics of this system are different from the system devel-
oped by Schoonen and Schmidt. Therefore, this chapter describes experi-
ments designed to assess the in vitro characteristics of this newly designed
single circulation glucose measurement system (sc-gms). We determined
the accuracy of the sensor measurements, the sensor sensitivity for glucose,
the sensor response times, the influence of temperature on the sensor meas-
urements and the overall stability of the gms.
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4.2 Materials and Methods

4.2.1 Experimental setup
For the determination of the various in vitro characteristics, the single cir-
culation glucose measurement system was used (n = 12). The separate flow
systems were assembled as described in chapter 2 and placed in the flow
system boxes. A personal computer (pc) was used to monitor the glucose
measurement systems during the different experiments. The flow system
boxes were coupled via an electric cable to a junction box (local electronic
workshop) which was connected to an a/d-converter (Daqbook). This
junction box contained eight connection sockets in combination with eight
potentiostats and pump control units. So in theory a maximum of eight sys-
tems could be tested simultaneously. In practice, however, maximally two
systems were tested at the same time due to the labour-intensive assembly
of the flow systems. The a/d-converter was connected to the pc for com-
munication with the sensor systems. The pc was used for storing the oxygen
electrode current, for setting the flow rate and the time interval of measure-
ment storage. The a/d-converter was needed to convert the analogous sig-
nals from the potentiostats and the pump units to digital signals so data could
be exchanged between the flow system boxes and the pc. Figure 4-1 gives
a schematic overview of the experimental set-up. 

The flow rate was set to 10µL/min. and the sample storage frequency for
most experiments to twice per minute. After a running-in period of 2 to 4
hours, during which the systems were tested on proper functioning, exper-
iments started.
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4.2.2 Experiments

� Assessment of the accuracy of sensor measurements
The 12 systems were calibrated by placing the microdialysis probe at room
temperature (20 - 22 °C) in saline with different glucose concentrations (0,
1.4, 2.8, 4.2, 5.6, 6.9, 8.3, and 11.1 mM). During the day, one calibration
serie was made with every single system. In total, four calibration series were
made with every single system. The Saline-glucose solutions were gently
stirred to minimise the depletion of glucose from the layer of saline around
the dialysis tube. The separate sensors were calibrated by placing the probe
in alternately ascending or descending series of glucose concentrations
while the resulting oxygen electrode current was stored on the pc. The
linear response of the systems was determined by applying the anova F-
test (see also “Statistical analysis” on page 79). The slope of the regression
line in the linear measuring range were calculated from the separate calibra-
tion plots of the 12 sensors.

Figure 4-1. Schematic overview of experimental set-up.

� Assessment of the sensitivity (upper and lower detection limit)
Of 7 sensors the upper and lower detection limit were determined. For the
assessment of the lower detection limit, the microdialysis probe was placed
in stirred saline-glucose solutions with concentrations of respectively 0.28,
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0.6, 0.8 and 1.1 mM. For the assessment of the upper detection limit saline-
glucose solutions of respectively 8.3, 11.1, 13.9, 19.4 and 22.2 mM were
used. The highest glucose concentration within the linear measuring range
of each system was taken as the upper detection limit of that system.

� Assessment of response times
Of 7 sensors the T90%, i.e. the time to reach 90% of the plateau value if a
sudden change in glucose concentration occurs, and the lag-time, i.e. the
time between the alteration of the glucose concentration and the sensor
reaction, was determined. The environment of the microdialysis probe was
changed from saline to a saline-glucose solution of 5.6 mM and vice versa.
Both T90% and lag-times were calculated from the calibration plots of each
7 sensors.

� Assessment of sensor stability
Two sensor systems were kept operational for 28 days at room temperatures
(20 - 22 °C). During this period base-line values (probe in saline) of both
sensors were recorded on the pc (30 measurements stored per hour). The
sensitivity of both sensor systems was determined by placing the microdial-
ysis probe regularly in a stirred 5.6 mM saline-glucose solution. The base-
line shift and the change in sensitivity for glucose of both systems during
this period were calculated using the sensor measurements. To assess the
influence of base-line shift of the separate oxygen electrodes on the total
base-line shift of the systems, the two electrodes were perfused with saline
for 28 days at room temperature while the output current was recorded (30
measurements stored per hour). For this purpose a perfusion system was
used that consisted of a micro-pump (Parker) which circulated saline, via the
oxygen electrode and oxygen permeable tubes (Teflon, Zeus Industrial
Products, i.d. 0.7 mm, o.d. 1.5 mm), at a flow rate of 10µL/min.

The effect of temperature changes on the sensor measurement at 0 mM glu-
cose was determined by placing 6 flow systems in an incubator (Model KBP
6087, Termacks, Kipp & Zonen, programmable temperature range: 0-70
°C). The temperature of the incubator during the temperature experiments
was increased from 5 °C to 35 °C in steps of 1.8 °C/hour.
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� Statistical analysis
Data are reported as mean ± SD. The linear association between variables is
expressed by the Pearson’s product-moment correlation coefficient. To
assess whether the various glucose concentrations (mM) and the accompa-
nying system response (nA) complied with a linear relation (�������� ����
�����	���), the anova F-test was performed. Of every batch of measure-
ments, the “lack of fit” F-value (Flof) and the inherent P-values of the sep-
arate regression lines were calculated. The P-values found indicate how well
the measured currents and presented glucose concentrations comply with a
linear relationship. When P-values equally or higher than 0.95 were found,
a linear relationship was assumed.

4.3 Results

� Accuracy of the sensor
The measurement series of four systems complied with a linear relation
(Table 4-1, p < 0.95, page 83). The calibration series of the remaining eight
systems showed a deviation of the linear model (Table 4-1, p < 0.95). The
current output of three systems did not change proportionally at glucose
concentrations higher than 8 mM (Table 4-1). The corresponding correla-
tion coefficients of the regression lines show that the output current of the
systems is reasonably correlated with the different glucose concentrations.
Base-line values of the oxygen electrodes used, i.e. at 0 mM glucose, are dif-
ferent for each system and range from 420 to 185 nA. The slopes of the cal-
ibration plots are different for each system. Figure 4-2 shows a typical in
vitro calibration plot of two of the systems in the range of 0 to 11.1 mM
(page 80). Figure 4-3 shows the corresponding response of one of these sys-
tems to glucose concentrations of 4.2 and 8.3 mM (page 80).

� Sensitivity and response time of the sensor
The lower detection limit of the 7 tested systems was 0.58 ± 0.15 mM. The
signal to noise ratio of most systems became too small for reliable measure-
ments when a glucose concentration of 0.28 mM was tested. The upper
detection limit of the systems was 14.3 ± 4.9 mM (n = 7).
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Figure 4-2. In vitro calibration plot of two glucose measurement systems.

Figure 4-3. Typical in vitro response of one of the glucose measurement
systems to glucose solutions of respectively 4.2 mM, 8.3 mM and 0 mM.
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Figure 4-4. Example of sensor response in vitro to changes in glucose
concentration (5.6 mM and 0 mM). For explanation of lag-time and T90%
see “Assessment of response times” on page 78.

The mean T90%-down of the 7 systems was 7.6 ± 0.9 min. and the T90%-
up 9.6 ± 1.5 min. By switching the microdialysis probe of each system from
saline to a saline-glucose solution of 5.6 mM and vice versa, lag-times of 1.5
± 0.4 min. and 1.8 ± 0.4 min. (n = 7) for respectively the descending and
ascending response curve, could be calculated. Figure 4-4 shows one of the
response curves made to assess the lag-times and T90%’s.
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Figure 4-5. Base-line shift of one of the sensor systems during 28
days of continuous operation. Asterisks (*) indicate the sensor
response to a 5.6 mM glucose solution.

� Stability of the sensor
Figure 4-5 shows the measurements of one of the two systems during 28
days of continuous operation. The mean base-line shift of the two glucose
measurement systems during the 28 days is -0.98 ± 0.14%/24h. The mean
decline in sensitivity for glucose during this period was -0.79 ± 0.11%/24h
(n = 2). The mean base-line shift of the two oxygen electrodes during 28
days was -0.87 ± 0.1%/24h (n = 2).

� Temperature influence on sensor measurement
The increase in temperature by 1.8 °C/hour of 6 glucose measurement sys-
tems resulted in a linear increase in output current (Table 4-2). The mean
increase in output current was 4.7 ± 0.9 nA/°C.

Time (days)

0 7 14 21 28

C
ur

re
nt

(n
A

)

0

50

100

150

200

250

*
* * * *

*
* *

*



IN VITRO CHARACTERISTICS OF THE SCGM-SYSTEM
Results
Table 4-1. In vitro calibration values of single-circulation glucose measurement systems.

System
Cmax
(mM)

Base-
line
(nA)

Slope
(nA/
mM)

r
(-)

Flof

Cmax
(-)

Pcmax
(-)

Flof all

conc.
(-)

Pall

conc.
(-) varcmax

1 8.3 303 -21.1 -0.996 0.29 0.95 2.13 0.08 2.9

2 11.1 256 -12.0 -0.996 0.94 0.50 – – 2.0

3 11.1 420 -16.5 -0.999 1.37 0.27 – – 0.8

4 8.3 253 -22.8 -0.996 0.10 0.99 10.3 0.01 4.6

5 11.1 185 -10.9 -0.993 1.00 0.45 – – 4.1

6 11.1 199 -12.6 -0.998 0.84 0.56 – – 2.4

7 11.1 342 -25.2 -0.998 0.76 0.62 – – 3.5

8 8.3 335 -30.0 -0.999 0.24 0.95 2.58 0.04 2.4

9 11.1 301 -12.7 -0.984 0.82 0.58 – – 4.6

10 11.1 418 -31.9 -0.997 1.22 0.33 – – 4.5

11 11.1 209 -9.7 -0.984 0.39 0.99 – – 4.4

12 11.1 285 -16.1 -0.993 1.26 0.31 – – 3.8

Table 4-2. Influence of temperature increase on single-circulation glucose measurement system.

System
Current

5° C35° C
Slope

(nA/° C
r

(-)

A 115 268 5.1 0.999

B 130 277 4.9 0.998

C 187 295 3.6 0.999

D 243 429 6.2 0.998

E 194 329 4.5 0.999

F 250 330 4.0 0.999
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4.4 Discussion

� Assessment of the accuracy of sensor measurements
The in vitro�experiments done with the newly developed glucose measure-
ment system show that the system is suitable to measure glucose within a
defined glucose concentration range. The calibration data of four systems
illustrates that it is possible to have a good correlation between the output
current and the glucose concentration, although the mutual characteristics,
including the linear measuring range, differ for each system. The calibration
data of the remaining eight systems, however, show that the linear relation-
ship between the offered glucose concentrations and the output current is
not-significant (Table 4-1, p < 0.95). This can be explained by the influence
of additional parameters on the measurements. Because the calibration plots
were made on separate days, a combination of changes in air pressure, per-
fusion flow and electrode basal values may have contributed to deviations in
the separate calibration series during these days.

Nine of the tested systems gave a near linear response up to 11 mM glucose,
whereas of three systems the output current reached a plateau value at a glu-
cose concentration lower than 8 mM. This linear response of each system is
valid until the glucose concentration recovered in the microdialysis process
exceeds the actual concentration of dissolved oxygen present in the per-
fusion fluid. Also the detection range of the oxygen electrode influences the
linear measuring range.

At similar conditions, the basal current of the electrodes used in this study
varies considerably for each electrode. A higher basal current extends the
detection range of the electrode. These mutual differences are most likely a
result of the manual manufacturing process. For example, a larger platinum
cathode will increase the basal current relatively. The nominal disadvantage
of a higher basal electrode current is the accelerated consumption of elec-
trolyte, which shortens the total lifetime of the glucose sensor.

To expand the linear measuring range, the relative recovery has to be
reduced. This can be achieved by increasing the flow rate and/or by reduc-
ing the surface area of the dialysis tube. This is illustrated in equation 3.1
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(page 70) which describes the recovery by a microdialysis probe. Inherent
to a wider dynamic range is the loss in resolution because the detection
range of the oxygen electrode does not change. For in vivo studies in non-
diabetic human subjects, a linear measuring range of 0 to 11.1 mM glucose
is sufficient. In literature there has been some debate about the required
detection range in diabetic patients [73, 75]. The blood glucose concentra-
tion in “treated” diabetics can range from 1 up to 30 mM. Velho �	�
�� [73]
proposed that a linearity of response in the range of 1 to 15 mM would be
required for a glucose sensor. They argued that the upper limit of 15 mM
was sufficient high to be useful in the management of blood glucose levels.
Coming from normal levels, there would be enough time to avert too high
blood glucose levels. Kraeger and Chisholm [75] have suggested that a
sensor need only respond linearly up to 8 mM in “non-meal” periods. They
stated that the patient should inject insulin before meals and use the sensor
as an alarming device for too high blood glucose levels. However the general
opinion in the field is that a sensor should respond over the entire concen-
tration of 1 to 30 mM commonly observed in diabetics [74]. This means
that the range of our glucose measurement system has to be enlarged when
used in diabetic patients. One way to achieve this is by decreasing the size
of the dialysis membrane in the probe. At the same flow rate, the recovery
of glucose will be decreased [248] and thus result in a wider detection range.
The implied disadvantage will be the decrease in sensor sensitivity.

� Sensitivity of the sensor
The mean resolution of the tested systems is 0.58 mM. With smaller glucose
concentration differences it is not clear whether the response of the systems
is a result of the recovered glucose or due to the inherent noise of the sys-
tems. A longer dialysis tube and/or a lower perfusion rate will increase the
relative recovery and as a consequence, the resolution. However, it will also
decrease the linear measuring range and result in longer lag-times and
T90%’s if a lower perfusion rate is used. Depending on the intended in vivo
application, the relative recovery should be adjusted by changing the length
of the dialysis tube rather than increasing the perfusion flow. Halving the
length of the dialysis tube will result in twofold increase of the linear meas-
uring range (equation 3.1, page 70). An increase in perfusion flow, higher
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than the 10 µL/min. used in the present experiments, may result in ultra-
filtration of perfusion fluid through the dialysis tube, affecting the recovery
of glucose.

� Assessment of response times
The system T90%-up/-down are higher than the T90% values Hashiguchi �	

�� [69] and Laurell [68] found with their microdialysis based glucose meas-
urement systems (respectively 5.6/7.4 min. at flow rate 2 µL/min. and 2.0/
2.0 min. at flow rate 25 µL/min.). Found T90%-up/-down can, however, be
compared with the values reported by Keck �	�
��-T90%-up: 6.7 min. at flow
rate 10 µL/min. [228, 229].
The mean T90%-down of the tested systems is 2.4 times larger than the T90%
Schoonen & Schmidt found with their glucose measurement system -7.6
min. versus 3.1 min. [1]. Although the mean lag-time of both type of sys-
tems differ to some extent (1.5 min. versus 1 min.), the main cause for the
smaller T90% is that recovered glucose in the system of Schoonen and
Schmidt is converted immediately by god, which is dissolved in the per-
fusion fluid. In the newly developed system, however, recovered glucose has
to diffuse from the perfusion fluid into the enzyme reactor, before conver-
sion takes place. Consequently, at equal perfusion rates, higher values of
T90% will be found. The higher T90%-up of the tested systems can be
explained by the fact that after switching the dialysis probe from a glucose
concentration to saline, first all glucose present in the perfusion fluid has to
be converted and oxygen used in this conversion, has to be replenished.

The T90%’s and the lag-times can be reduced by increasing the flow rate
and reducing the total volume of the tubing, including the enzyme reactor,
between the dialysis tube and oxygen electrode. However, higher flow rates
and smaller tubing create a build-up of fluid pressure within the flow system
and can result in fluid “sweating” through the dialysis tube due to ultrafil-
tration. This disturbs the environment near the dialysis tube and results in
misinterpretation of measured glucose concentrations. Also the total length
of the tubing between the microdialysis tube and the oxygen electrode can
be shortened to improve the lag-time and T90% of the systems. Yet, for prac-
tical reasons, the length of the tubing can not be made too short without
giving in ease of use by the patient. This because the oxygen electrode is
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positioned in the flow system box and there must be some flexibility
between the microdialysis probe, inserted in the tissue, and the flow system
box.

When a microdialysis system is designed, compromises have to be made.
On the one hand there is the wish of small delay times and on the other
hand there is the question of what is technically possible without undermin-
ing the reliability of the sensor measurements. So, an optimum has to be
found within the sensor design between these parameters.

Most important criterion is of course, how the T90%’s found relate to the
time parameters of physiological blood glucose concentration changes in
diabetic patients. Especially, a rapid fall in the blood glucose concentration
causes an acute danger. If the concentration falls below 2.6 mM it can result
in a hypoglycaemic coma of the patient. It is therefore essential that the
sensor is producing a distress signal (“hypo-alarm”) well in time. In this sit-
uation the relationship between decline rate in glucose concentration and
the sensor lag-time is a very important factor.

The rate of decline in blood glucose concentration will differ between
individuals. Aalders �	�
�� [235] observed in a study in type-1 diabetics, a
mean shift of 13 minutes between the venous blood glucose concentration
levels and the subcutaneous sensor levels when a rapid fall in the blood glu-
cose concentration was induced by the intravenous administration of insu-
lin. Hashiguchi �	�
�� found in a comparable in vivo study, a mean delay time
of 8.8 ± 1.6 minute [69]. It is therefore important that a distress signal is
already given at a glucose concentration higher than the critical glucose
concentration in vivo. This, to compensate for the total lag-time between
glucose change and corresponding sensor signal.

� Stability of the sensor and temperature influences
The overall in vitro stability of the systems mainly depends on the basal drift
of the oxygen electrodes as can be concluded when the mean basal drift of
the oxygen electrodes is compared to the mean basal drift of the complete
glucose measurement systems. Factors that also may influence the system
stability when glucose is measured are changes in the perfusion flow of the
microdialysis probe and the dialysis membrane permeability. The overall
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effect in time is a decrease in sensor sensitivity for glucose. The mean cali-
bration factor during this period changed by -0.95%/24h.

For reliable sensor functioning, measurements in time should be compen-
sated for the decrease in sensor sensitivity. The sensor measurement should
also be compensated for temperature changes. Increasing temperatures will
not only induce a diminution of oxygen solubility in the perfusion fluid but
also in higher diffusion rates across the Teflon membranes used in the elec-
trodes. The overall effect of temperature rise is an increase in output current
of 4.7 nA/°C.

In summary, the in vitro characteristics of the sc-gms presented here show
that it is possible to measure glucose reliably with the new designed flow sys-
tem. Although properties like dynamic range and resolution are system
dependent, it is very well possible to apply these systems in vivo after sepa-
rate calibration. Because it is the intention to use the system in diabetic
patients, widening of the linear measuring range to at least 30 mM is nec-
essary. The most suitable solution to expand the linear measuring range
would be by reducing the length of the dialysis tube in the probe. The in
vitro drift of the total system is acceptable to measure for measuring during
a period of at least 2 weeks. However, sensor measurements should be com-
pensated for temperature changes and the overall sensor drift in order to be
reliable.







5Continuous in vivo
measurements of
glucose in healthy
volunteers

5.1 Introduction
Extensive research efforts during the last three decades have not resulted in
a glucose sensor that can be used for ambulatory in vivo monitoring. Since
Clark suggested the development of a biosensor for glucose in 1962 [77], a
number of sensor designs have been produced. The needle-type glucose
sensor, composed of an immobilised enzymatic layer of god on an H2O2-
transducer, is by far the most important representative of the devices devel-
oped. Major problem of most sensor developments is an emphasis and pre-
occupation with fast and sensitive glucose measurement in vitro, with little
or no attention given to the design shortcomings with respect to measure-
ments in vivo. The metastable biolayer and the underlying transducer ele-
ment, which is subject to fouling with small endogenous substances, and the
inevitable signal drift of any physicochemical detector, are the two major
weaknesses of these designs [36, 246, 249]. As a result, the sensors are unsta-
ble when applied in vivo, making them unsuitable for the physiological gly-
cemic regulation of diabetic patients. The insertion of these needle-type
glucose sensors in the subcutaneous tissue, nearly always impairs the sensor
signal and a fast decrease in sensitivity, sometimes within hours, is seen [49,
89].

The present study deals with the in vivo characteristics of the newly
designed glucose measurement system. The feasibility of the system is tested
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in an ambulatory study with healthy volunteers. Our objective was to meas-
ure glucose with the sensor reliably up to seven days. Additional effects on
the sensor measurement of temperature changes and exercise of the subject
were also investigated.

5.2 Material and Methods

� Glucose sensor
Glucose measurements were performed with the single circulation glucose-
measurement system (sc-gms). For a detailed description of the sc-gms
see chapters 3 and 4. After assembly, each sensor was calibrated in vitro using
known glucose solutions. An incubator (Model KBP 6087, Termacks, Kipp
& Zonen) was used to assess the temperature dependence for each system
(calibration at 20°C and at 30°C). Before applying the system in vivo, the
exterior of the microdialysis probe was disinfected using a chlorohexidine
solution. Sensor measurements were stored in a small computer box that was
coupled to the flow system box (see “Electronics and software” on page 63).

� Glucose calculation
During in vivo measurements, the in vitro calibration factors were used to
convert the out-put current of the sensor into a glucose concentration using
the equation:

Equation 5-1. Calculation of in vivo glucose concentration: IT30 is the current at 0
mM glucose and 30°C (nA), Tm is the measured temperature during the
experiments (°C), Ftemp is the temperature factor system
(nA/°C), Im is the current oxygen electrode during experiments (nA), Cf is the in
vitro calibration factor (nA/mM) and Tf is the tissue factor e.g. the ratio of the
glucose concentration in subcutaneous tissue and venous blood (-).

The basal current at T = 30°C was chosen as reference point because the
mean skin temperature of humans lies around this temperature.
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The value of �� (equation 5.1) was determined retrospectively at the first
day of the in vivo�studies and is different for each individual. In previous in
vivo studies performed by Schoonen en Schmidt, a value for tissue factor of
0.45 ± 0.13 was found. The product of the tissue factor and the in vitro�cal-
ibration factor, e.g. the denominator in equation 5.1 is called the in vivo�cal-
ibration factor. If the in vivo�calibration factor�equals the in vitro calibration
factor, the ratio between the glucose concentration in the subcutaneous
tissue and blood glucose concentration is 1. During the studies, the in vivo
calibration factor was used to re-calibrate the glucose measurement system
if sensor measurements differed from the measured blood glucose concen-
trations.

� Subjects
Ten healthy volunteers, 4 male and 6 female, aged 21.4 ± 1.8 yr. (range 19-
24 yr.), BMI 22.3 ±1.8 kg/m2 (range 19.2 - 25.1 kg/m2), participated in
the study after their informed consent had been obtained (Table 5-1).

Table 5-1. Sex, age and body mass index of subjects.

Subject Sex
(M/F)

Age
(Yr.)

BMI
(kg/m2)

1 M 22 24.1

2 F 21 19.2

3 F 21 21.3

4 M 20 23.7

5 F 24 23.5

6 F 24 22.8

7 M 23 21.3

8 M 19 20.9

9 F 19 21.2

10 F 21 25.1
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� Study protocol
The Ethical Committee of the University of Groningen approved the study.
It was intended to perform an in vivo study with the glucose sensor of seven
days. On the first day, subjects arrived fasting in the hospital. Before inser-
tion of the probe, the skin of the belly was disinfected with a chlorohexidine
solution. The microdialysis probe was placed in the subcutaneous tissue on
one side of the umbilicus without prior anaesthesia using a 20 gauge iv-
catheter set (Intraflon, G20, Vygon, France). Subsequently, the probe was
firmly fixed to the skin using adhesive tape (Transporetm, 3M, Canada)
whereas the entrance of the probe into the tissue was sealed with a plaster.
Both the sensor flow-system box and data-storage box were worn on the
body by means of a holster. Sensor measurements were stored every two
minutes during the experiments.

The experiments on the first day consisted of the following steps:

1. An indwelling catheter was placed in an antecubital vein for intermit-
tent venous blood sampling as a reference. The glucose concentration in 
the blood samples were measured with a glucose analyser (YSI model 
Glucose Analyser, Yellow Springs, Ohio, USA). One and a half hours to 
two and a halve hours after insertion of the microdialysis probe, the 
experiment started (��������) with taking venous blood samples at an 
interval of 15 minutes to determine the basal blood glucose concentra-
tion. The subjects were able to move around freely.

2. At ������ an oral glucose load of 75 gram dissolved in water was adminis-
tered to perform an oral glucose tolerance test (ogtt). The blood sam-
pling interval was changed to once every 10 minutes for one and a halve 
hour. The ogtt was performed to assess the lag time of the sensors 
subcutaneous glucose measurement after a change in blood glucose 
concentration. At �	�����, the blood-sampling interval was changed to 
once every 30 minutes.

3. At �
������, the belly of the subject was heated for 15 minutes by means 
of an infra red (ir) lamp (skin temp. ± 45°C) to assess the effect of local 
heating on the sensor measurements.
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4. At �������, the subject was placed in a cold room (4°C) for 30 minutes 
with a bare belly. This was done to assess the effect of a sudden change 
in the surrounding temperature on the sensor measurement.

5. At �
�������

, the subject had to do a 15 minutes exercise on a home-
trainer to assess the effect of physical exertion on the sensor measure-
ments.

6. After the last blood sampling at �������� the indwelling catheter was 
removed from the arm and the subject could go home, wearing the glu-
cose sensor. Blood glucose was measured regularly with the finger prick 
method (Reflolux, Boehringer Mannheim, Germany). Events like 
walking, sleeping, eating, drinking, exercise etc., were noted in a diary. 
The subjects were allowed to do everything they would normally do, 
except for showering, bathing or swimming because the sensor was not 
waterproof.

� Day 2-7
Every morning, the subject checked in with the hospital. Stored glucose
measurements were downloaded from the computer box and the function-
ing of the sensor was examined as well as the correct positioning of the
microdialysis probe in the subcutaneous tissue. It was also examined if an
inflammation reaction could be observed at the insertion point of the probe
into the tissue. The experiment was stopped if the sensor did not function
any more or when inflammation reactions were noticed at the insertion site
of the probe. After this check-up, the subjects could go their own way.
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5.3 Results

� Duration of in vivo studies
Nine of the ten in vivo studies performed were terminated prematurely.
The mean duration of the in vivo sc-gms study was 3.15 ± 1.7 days (range
1.6 - 7.0 days). In this time period, reliable measurements could be made.
The performance of the sensors on day 2-7 was evaluated using the error
grid analysis method of Clarke �������[250] (Figure 5-1). 

Figure 5-1. Error grid analysis for estimation of the accuracy of sensors
generated blood glucose values ( �� days 2 to 7). Zone A: clinically
accurate; zone B: acceptable values; zone C: inacurate estimation; zone D:
decisions based on these estimations are potentially hazardous.

In one subject, the sensor worked accurately for 7 days. Figure 5-2 shows as
example, a typical day (day 4) of this in vivo experiment. Table 5-2 (page
99) shows the individual values of the ten subjects. The system itself was
removed one day later at the morning evaluation in the hospital. The main
cause for termination was the occurrence of obstructions in the flow system
(n = 7). The resulting build-up of fluid pressure caused leakage of perfusate
and/or irregularities in the perfusion flow. One experiment was stopped
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because the oxygen electrode out-put current was fluctuating heavily where
another experiment was terminated because the microdialysis probe was
partly pulled out of the tissue. During the in vivo studies, no inflammation
reactions were observed at the insertion site of the microdialysis probe.

Figure 5-2. Example of a typical day curve (day 4) of one of the subjects
during the in vivo study ( � capillary blood, — sensor signal).

� Oral Glucose Tolerance Test (OGTT)
Figure 5-3 (page 98) depicts a typical example one of the experiments per-
formed in the hospital on day 1. After insertion of the probe, an ogtt
(75 grams of glucose in water) is given to assess the time lag between the
change in blood glucose and the subcutaneous sensor change. Figure 5-4
(page 98) shows the mean curve of the ten ogtt experiments on healthy
volunteers. The maximum time lag between the venous blood glucose con-
centration and the sensor values in the ascending part of the curve is 10.5
minutes, whereas in the descending part of the curve a maximum time lag
of 9.5 minutes is seen.
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Figure 5-3. Typical example of one of the experiments performed in the
hospital on day 1. ( � capillary blood, — sensor signal).

Figure 5-4. Mean curve of oral glucose tolerance tests (OGTT) on then
healthy subjects ( � venous blood glucose, � sensor signal).
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� Temperature effect
The effect of the ir-lamp and the cold-room on the sensor measurements
can be seen in figure 5-3. Both the heating with the ir-lamp and cooling
in the cold-room give a distinct deviation in the sensor measurements with
respect to the blood glucose concentration. Heating with an ir-lamp
resulted in relative low sensor readings whereas cooling in a cold-room
resulted in high sensor readings. These temperature effects on the measure-
ments were seen in all of the ten in vivo studies.

Table 5-2. In vitro and in vivo calibration factor, change of in vivo calibration factor and
experiment duration of every subject.

Subject

Duration
of in
vivo

study
(day)

In vitro
calibr.
factor

(nA/mM)

In vivo calibration factor
(nA/mM)

Change of in vivo
calibration factor

compared to day 1
(%)

Day Day

1 2 3 5 2 3 5

1 3.1 16.2 8.8 10.1 11.2 — 14.7 27.3 —

2 1.9 23.4 7.4 10.8 — — 45.0 — —

3 2.6 21.6 10.6 10.6 — — 0.0 — —

4 2.9 27.0 13.5 16.6 18.9 — 22.9 40.0 —

5 7.0 12.6 6.3 8.8 12.6 12.6 39.7 100 100

6 5.1 21.6 10.8 14.9 16.2 17.3 38.0 50.0 60.2

7 2.4 18.0 8.1 7.7 — — - 4.5 — —

8 2.2 14.4 6.8 8.5 — — 25.0 — —

9 2.7 19.8 7.6 9.2 — — 21.5 — —

10 1.6 32.4 11.3 11.7 — — 3.5 — —

mean 20.6 50.3 80.1

(SD) 17.2 37.0 28.1
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� Exercise
Exercise of 15 minutes on a home trainer resulted in a small decrease of the
blood glucose concentration in three subjects, which could be demon-
strated in the sensor measurements. In the remaining subjects no clear effect
on the blood glucose concentration could be seen.

� In vivo calibration factor
Table 5-2 shows the in vivo calibration factor of every subject used in the
calculation of the glucose concentration measured by the sensor. It must be
noted that in most cases, the in vivo calibration factor increases in time. The
percentages of increase, in relation to the first day, are also shown in table
5-2.

5.4 Discussion
The study shows that it is possible to monitor the glucose concentration
ambulatory with the developed sc-gms, for at least two to three days. The
main objective of the present ambulatory study was to test the feasibility of
the glucose measurement system over a period of 7 days. Although most
individual studies ended prematurely, one case proved that 7 days of reliable
subcutaneous glucose monitoring is within reach. Hashiguchi ������ reported
a clinical study, were they monitored the glucose concentration in healthy
subjects and diabetic patients for 7 days [69]. For this purpose, they used
their previous constructed needle-type glucose sensor [47] in combination
with an open flow microdialysis system. A similar combination was used in
the in vivo experiments reported by Pfeiffer �������[66, 67, 228, 229, 231,
232]. They monitored diabetic patients and healthy volunteers for 1 to 3
days. However, both in vivo studies were performed under well-controlled
conditions in the hospital. This in contrast to the present study where the
subjects were able to move around freely and go on with their daily life pat-
tern. However, the ambulatory nature of this study is at the same time the
perpetrator of ending most of the individual experiments. Obstruction or
leakage of the perfusion flow system resulted in serious malfunction of the
sensor or even a total shut down. In some cases this happened at night
during sleep. The subject was at the time most probably lying on the flow
system box in such a way that in- and/or out-let tubing, connected the
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microdialysis probe, were squeezed. Consequently, the perfusion of the
microdialysis probe stopped whereas the piston pump kept on working,
which resulted in a pressure build-up at the obstruction point. Due to the
pressure, perfusion fluid leaked from the flow system through the dialysis
membrane (ultra-filtration) or at one of the many glued tubing to tubing
junctions. Also both the flow system box and the computer box are rela-
tively heavy when compared to the microdialysis probe. Inconsiderate
movements of the subject or movements when asleep may therefore well
contribute to the breakdown of the sensor system. Future development of
the sensor must be directed both towards the improvement of the robustness
and the miniaturisation of the system. A strong, light system will be more
applicable under daily life conditions.

Fast temperature changes have a clear effect on the sensor measurements. If
the surrounding of the sensor is heated with an ir-lamp, measured values
decline very fast. The opposite happens when the sensor is exposed to a fast
temperature drop. As can be seen in equation 5.1, the sensor signal will be
corrected for temperature difference between the measured temperature
and temperature at which the system was calibrated (T = 30°C). It is known
that an increase in temperature results in a proportional increase in the
sensor output current and vice versa (see page 82, chapter 4). The electronic
thermometer is situated in the flow system box, yet not integrated within
the flow system. With moderate temperature changes, the temperature
change of the flow system will be in line with the thermometer. If, however,
temperature changes are fast enough, the thermometer will sense these
changes without delay, whereas the temperature of the flow system will
change more gradually. This result in an over correction of the sensor signal
and thus in unreliable glucose measurements. The incorporation of the
thermometer within the oxygen electrode may well fix this problem. In this
way, temperature changes of the electrode are monitored more accurately
and the sensor output values can be corrected accordingly for these temper-
ature changes by a software program.

A number of authors have reported a delay between venous blood glucose
levels and subcutaneous glucose levels after rapid changing of blood glucose
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concentrations [144, 235, 251]. Using the microdialysis technique with
fractionate sampling and a conventional glucose detection method, Jansson
������ found a delay of 2 minutes [223]. An additional problem is however,
the inherent lag time of every glucose sensor. Long delay times between a
change in the blood glucose concentration and the final sensor response can
be a serious obstacle in the development of an automatic feedback control-
led insulin-administering device. In the present study a maximum lag time
was found of 10.5 minutes in the ascending part of the ogtt curve, whereas
a maximum lag time of 9.5 minutes was found in the descending part. The
mean in vitro lag time of the sensor system as such was 1.5 minutes (see page
81, chapter 4). A possible explanation for the additional delay may be the
occurrence of tissue trauma caused by the insertion of the microdialysis
probes. In the present study, the microdialysis probes were inserted 1.5 to
2.5 hours before the oral glucose load was administered. After insertion,
tissue in the near vicinity of the probe is damaged. Local oedema and haem-
orrhage may increase the diffusional pathway of glucose from the intact vas-
cular bed to the dialysis membrane. However, tissue and capillaries will
recover in time. Consequently the recovery of glucose will increase whereas
the lag-time will decrease.

An additional indication is the increase of the in vivo calibration factor. This
factor had to be adjusted during the working of the sensor, in order to keep
the sensor measurements in agreement with the blood glucose values. The
sensor measurement patterns of day 2, which were calculated using the in
vivo calibration factors of day 1, in most cases exceeded the blood glucose
levels. There are two possibilities to adjust the measurements. First, the in
vitro calibration factor can be increased (equation 5.1). In other words, the
sensor measures better in vivo than in vitro,�which seems unlikely. Second,
a more plausible explanation may be that the recovery of glucose by the
probe increased in time. Due to the recovery of capillaries in the tissue
around the microdialysis probe, the supply of glucose may be increased.
Consequently, higher glucose recoveries are measured. In one subject, the
glucose concentration could be monitored for 7 days. The in vivo calibra-
tion factor on the first day was about half of the in vitro calibration factor.
However, at the end of the study both calibration factors were the same (e.g.
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�� = 1, equation 5.1). This is an indication that the glucose concentration
in blood and at the microdialysis probe does not differ. It is unclear why
other investigators who performed microdialysis based glucose measure-
ments for more than one day did not see an increase in glucose recovery
during time. A possible explanation might be that the increase in recovery
is compensated to a certain extent by the loss in sensitivity of their needle
type glucose sensors. Further investigation is necessary to clarify this point
(see also chapter 7).

In summary, this feasibility study shows that the new developed glucose
sensor can be used to monitor glucose in vivo for several days. To increase
the in vivo lifetime of the sensor, its robustness must be improved. To com-
pensate fast temperature changes accurately, a thermometer should be
located within the oxygen electrode. The correlation between blood glu-
cose concentrations and sensor measurements is well within clinical accu-
racy. A point of concern is the increase of glucose recovery in time.
Additional research is needed to investigate the effect of probe implantation
on the sensor measurements.
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6 In vitro model of glucose
recovery by
microdialysis

6.1 Introduction
The in vivo sampling of substances in tissue by dialysis has evolved after it’s
introduction in the mid sixties, into a major research tool in experimental
psycho-pharmacology and neuropathology [252-254]. In addition, micro-
dialysis has established a wide application in the monitoring of metabolic
processes in peripheral tissue during the past 15 years [221-227, 240, 255,
256]. For instance, the insertion of a microdialysis probe in muscle or in sub-
cutaneous adipose tissue provides an opportunity to monitor glucose con-
centration changes almost in real-time. The technique is used to obtain a
better understanding of the dynamic glucose changes in relation to physio-
logical responses and medication. Although microdialysis as a technique has
been available for more than 15 years, it was not until 1990 that a more gen-
eral theoretical framework for microdialysis was suggested by Bungay ������
[257]. Before this time, the use of the technique was primarily empirical
[245]. Bungay proposed a model comprising the effects of both in vitro
parameters as well as the properties of the external in vivo�medium of the
microdialysis membrane� For a proper interpretation of measured data, a
solid understanding of both qualitative and quantitative processes in micro-
dialysis are needed. In this chapter the quantitative processes of microdialysis
will be discussed and an attempt is made to answer the question to what
extent in vitro calibrations can be used for in vivo measurements, e.g. how
are the absolute concentrations of glucose at the site of measuring quanti-
fied? This chapter deals with the qualitative and quantitative aspects of
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microdialysis in vitro�and in particular with a model respectively with mem-
brane parameters of the microdialysis probe used in the glucose measure-
ment system described in the present thesis.

6.2 Theoretical background
The principle of dialysis is based on diffusion where molecules are moved
down the concentration gradient existing between two compartments that
are separated by a semipermeable membrane (Fick’s law). We speak of
microdialysis if one of the two compartments is significantly smaller in com-
parison to the other compartment and the fluid within this compartment is
constantly renewed. Typically, a microdialysis probe has as basis a small
cylindrical dialysis membrane connected to in- and outlet tubing. The
inside of the dialysis tube is perfused constantly with a fluid, e.g. saline or
Ringer solution, while the outside of the membrane is in direct contact
with the medium of interest [242]. The outgoing fluid can be analysed on
the substance of interest after fractional collection or analysed on-line, as is
the case with the glucose measurement system described in this thesis. Sev-
eral authors describe the relationship between the flow rate in the dialysis
tubing, the membrane area and mass exchange [242, 258, 259]. Ungerstedt
�������introduced the concept of recovery in microdialysis [260]. If a dynamic
equilibrium in concentration is established between the two compartments,
the ratio between these concentrations is defined as recovery. The relative
recovery is obtained if volume concentrations are used and is inversely
dependent on the flow rate e.g. at increasing flow rates samples are more
diluted.

In formula:

Equation 6-1. Recovery. Cout is the concentration of substance of
interest in out flow; C∞ is the undisturbed concentration of the
substance of interest in the medium.
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Conversely, at higher flow rates the absolute amount of mass removed from
the medium of interest increases until a maximum diffusion flux is reached.
Thus, the absolute recovery is defined as the units of mass removed per time
interval.

Jacobson ������ gave a mathematical model which described recovery as a
relationship between flow rate, membrane area and mass exchange, assum-
ing the flow in the dialysis tube to be laminar and ignoring diffusion in the
direction of the flow [245]:

Equation 6-2. Mathematical model of Jacobson et al. describing
recovery. Km is average mass transfer coefficient, S is membrane
surface area and Q is the flow rate used.

In this model, the average mass transfer coefficient is assumed to be constant
and does not vary with the flow rate in the range of 0.5-10 µL/min. The
extracellular concentrations of the substance of interest can be found by
measuring the 	

���
�at various flow rates and applying the experimental data

to the following equation (rearrange equation 1-2):

Equation 6-3. Rearranged equation 1-2, n is the number of measurements.

A non-linear fit of the experimental in vivo data is used to obtain the prod-
uct 


�
� and 	∞ is the apparent extracellular concentration. The 


�
 found

is an overall mass transfer coefficient combining the mass transfer coeffi-
cients in the dialysate, membrane and tissue.
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The general theoretical framework for microdialysis suggested by Bungay ��
��� is an expansion of the model of Jacobson ������ In this model an attempt
is made to further specify the mass transfer coefficient from physical and bio-
chemical processes occurring in vivo. Bungay introduces a new variable, an
overall probe and external medium permeability (�).

The mass transfer coefficient used by Jacobson is equivalent to the permea-
bility used by Bungay ������:

Equation 6-4. Permeability as defined by Bungay. Rm, Rd and Re are
successively the mass transfer resistance in the dialysis membrane,
dialysate and the external medium.

Substituting this in equation 1-2 will give:

Equation 6-5. Recovery according Bungay. Substitution of permeability
coeffiecient in equation 1-2.

The parameters for �� and �� are functions of membrane dimensions,
porosity and diffusion coefficients in the membrane and dialysate. In a well
stirred medium �� is zero whereas in tissue �� is a function of the volume
fraction of extracellular fluid, the membrane area, effective diffusion coeffi-
cient (including tortuosity and hindered diffusion effects in tissue), metab-
olism and exchange processes. Unfortunately, most parameter values are as
yet unknown. In addition, the effects of blood-flow and blood circulation
in the tissue around the probe are considered static and are not included in
this model. Although the in vitro performance of a microdialysis probe is
well characterised, the Bungay model has limited application in vivo.
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In the glucose monitoring system described in the present thesis, microdi-
alysis is used to recover glucose from the subcutaneous adipose tissue. In the
succeeding paragraph a model is presented comprising the in vitro charac-
teristics and membrane parameters of the microdialysis probe used in the
sc-gms. From both experimental in vitro data and in vivo data, a mass
transfer coefficient for glucose in abdominal adipose tissue is estimated.

� In vitro model of microdialysis probe
A microdialysis probe configuration is considered with the dialysis tube
connected with in- and outlet tubes in a serial arrangement and, for sim-
plicity, operating under steady-state conditions. The basis of the model is
the empirical relation of Jacobson ������ It is assumed that the membrane
structure is symmetric along the total membrane length. The dialysis mem-
brane has an annular shape and cylindrical pores. These pores take up a cer-
tain fraction of the total membrane area and not all pores are positioned
perpendicularly on the z-axe of the probe. Porosity is the fraction of the
membrane that exists as pores whereas the tortuosity accounts for an
increased path length of diffusion due to bending of the pores compared to
the shortest “straight-through” pores.

The mass flow through the microdialysis probe and the external medium is
characterised using the mass transfer resistance concept, which expresses the
proportionality between a concentration driven force and the resulting mass
flow. As mentioned in the preceding paragraph, the mass transfer resistance
is a sum of the individual resistance to solute movement in the dialysate,
membrane and external medium. The overall probe resistance, in the dia-
lysate and the membrane, is best studied in a perfectly mixed external
medium (�����= 0).

The flow inside the tube is slow enough to be laminar. This is true if the
Reynolds number, �� = 2Q/(��)< 2300. At a flow rate of 10 µL/min =
1.67·10-10 m3sec-1, a tubular membrane radius at moistly conditions of
����	� = 0.190 mm and a kinematic viscosity of water, ��= 10-6 m2sec-1 the
Reynolds number is �� = 0.55, which is far lower than 2300. For simplicity
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of the model, the glucose mass flow resistance in the dialysate is considered
static according the Sherwood relation [261]:

Equation 6-6. Sherewood relation.

The overall in vitro mass transfer coefficient is expressed by:

Equation 6-7. Overall in vitro mass transfer coefficient.

The reduced recovery profile by the probe can be mathematically formu-
lated as (see also equation 6-2, page 107):

Equation 6-8. Mathematical formulation of reduced recovery profile by the probe.

The transmembrane mass flow is described using the geometric membrane-
parameters in combination with a pore-model of the membrane where the
diffusion of the solute within the accessible volume fraction is characterised
by the effective diffusion coefficient of glucose. If reversible binding to the
membrane surface is excluded, the effective diffusion coefficient incorpo-
rates the effects of tortuosity and hindrance. Hindered diffusion of a solute
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in a pore can be described by hydrodynamic theory. The solute hindrance,
a combination of sterical exclusion and sterical hindrance is described by the
relation of Ferry-Faxén [262, 263].

Figure 6-1. Membrane geometry used in model.

6.3 Experimental

� Determination membrane parameters
The membrane geometry, e.g. length (�), wall thickness (λ ) and inner
diameter (��
� ) of the tube (figure 6-1) were determined under moist con-
ditions using a magnifier (Nikon SMZ-U zoom max 75x) and a slide with
precision ruler.

The porosity of the membrane was determined by precise measurement of
the membrane length under dry and moist conditions using the magnifier
and slide with precision ruler. The membrane porosity is given by the quo-

Table 6-1. Membrane characteristics.

Membrane properties

Material Cellulose acetate

MWCO (Dalton) 18,000

Wall thickness-moist (µm) 10.0

Inner diameter (µm) 190.0

Dint
Inlet

membrane (Length = L)

�

111



CHAPTER 6
Experimental

112
tient of the membrane volume under dry condition and moist condition.
Table 6-1 (page 111) shows the properties of the membrane used.

The overall in vitro mass flow coefficient was determined using in vitro
recovery data of glucose. The recovery was determined using microdialysis
probes with various membrane lengths (1.0, 2.5, 3.1 and 3.5 cm) at various
flow rates (0.5-20.0 µL/min). A standard high-precision syringe pump
(BAS-bee, USA) was used to perfuse the probes. Glucose concentrations in
the dialysate were measured photometrically using a standard hexokinase-
glucose detection method (D-glucose kit, Boehringer Mannheim). Figure
6-2 shows the in vitro recovery of glucose of two different microdialysis
probes at different flow rates.

Figure 6-2. In vitro recoveries of two microdialysis probes. Membrane length
3.5 cm (� ). Membrane length 1 cm ( ◊). Dotted lines are plots of theoretical
predictions from equation 6-8.

To determine the unknown overall in vitro mass transfer coefficient, recov-
eries found have been used to fit to equation 8 (Mathcad® 6.0, minimal
error method). Fitted values for ��� are listed in table 6-2.
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The hydrodynamic permeability of the membrane can be calculated by the
following equation:

Equation 6-9. Hydromnamic permeability of the membrane.

However, the pore-diameter (��) and tortuosity (τ ) of the membrane are
not known. Experimentally, a hydrodynamic membrane permeability (��	�)
of 1.15·10-20 m2 was found.

To calculate the effective diffusion coefficient for glucose in the mem-
brane the following relation is used: 

Equation 6-10. Effective diffusion coefficient for glucose. R1= 0.5 ·Dint
and R1= 0.5 ·Dint + λ .

The coefficient � is the mean mass transfer coefficient for glucose, calcu-
lated from the fitted ��� values. The coefficients��� and �� are necessary to

Table 6-2. fitted values for kov

Membrane lenght (cm) Estimated Kov (m/sec)

1.0 2.79 ·10-6

2.5 5.56 ·10-6

3.1 3.63 ·10-6

3.5 3.65 ·10-6
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account for the cylindrical geometry of the membrane. Applying equation
6-10, an effective diffusion coefficient of 3.49·10-11 m2sec-1 was calculated.

Knowing the effective diffusion coefficient of glucose in the membrane
together with the diffusion coefficient of glucose in water, the hindrance of
glucose by the membrane can be calculated according:

Equation 6-11. Hindrance of glucose by membrane.

A hindrance factor of 0.054 is found after entering the values of and
. The hindrance together with the value found of the hydrodynamic

membrane permeability (�
�	�

) were subsequently used to fit to the relation
of Ferry-Faxén:

Equation 6-12. Relation of Ferry-Faxén
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where 

Equation 6-13.

Using the minimal error fitting method in Mathcad® 6.0 software, the tor-
tuosity (τ ) and pore size (��) could be estimated. Fitted value of τ  = 1.98
and �� = 5.23·10-9 m where found. Table 6-3 summarises experimental and
calculated parameter values.

� Estimation of kext
As mentioned in preceding the paragraphs, in vivo measurements with a
microdialysis probe yields an overall in vivo mass transfer coefficient (�����).
The found ����� is a summation of the mass transfer coefficients of glucose
in the dialysate (��
� ), membrane (�� ) and external medium (���� ). A
number of the microdialysis probes used to determine the overall in vitro
mass transfer coefficient where implanted in the abdominal adipose tissue of
four healthy volunteers (see chapter 7 for a detailed description of these
experiments). By measuring the in vivo recovery of glucose at different flow
rates, the ����� for the individual probes could be calculated according the
method of Jacobson ��� ��� [245]. This was done, using recovery data of
probes that were implanted for at least a week. The slope between 1/flow

Table 6-3. Experimental and calculated parameter values.

Parameter Value

Porosity 0.40

Best 1.15 ·10-2 m2

IDest 3.49 ·10-11 m2sec-1

Hindg 0.054

τ 1.98

dp 5.23 ·10-9m

λ �
�
�
�

( , )
�
�
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and -ln·(1-recovery) corresponds to the overall mass flow resistance for glu-
cose in vivo. 
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Using the slopes of the various probes, an overall in vivo mass transfer coef-
ficient can be calculated according:

Equation 6-14. Overall in vivo mass transfer coefficient.

Knowing the ����� and the mean in vivo mass transfer coefficient, the ���� in
the abdominal adipose tissue can be calculated according:

Equation 6-15. Mass transfer coefficient in the abdominal adipose tissue.

Found values of ���� for the individual membrane lengths are shown in
table 6-4.

6.4 Discussion and Conclusion
This chapter provides a mathematical model of the microdialysis probe used
in the sc-gms. The experimentally obtained in vitro glucose recoveries for
two probes are well related to the theoretically predicted values. By fitting
experimental in vitro recovery data, several membrane parameters could be

Table 6-4. found vales of kext

Membrane length (cm) Found kext

1 1.32 ·10-6

1.5 1.36 ·10-6

2.5 9.63 ·10-7

3.1-3.5 1.28 ·10-6
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obtained. The mean pore diameter found of 5.23·10-9 m is about a factor
10 larger in magnitude than the diameter of a glucose molecule (� =
7.03·10-10 m, estimated using the Stokes-Einstein relation). The membrane
manufacture provides in the membrane data-sheets a molecular weight cut-
off (mwco) of 18,000 Dalton. If for comparison, the molecule diameter of
an amylose polymer (mw 18,000 Dalton; flexible from) is calculated, a value
for amylose of 4.4·10-9 m is found.

Several authors have described the recovery of glucose using a logarithmic
relation of perfusion rate, membrane surface and mass transfer coefficient
[237, 252, 258]. Jacobson ������ takes an empirical approach to describe the
recovery of a solute in vivo [245]. Jacobson used this model to estimate the
apparent extracellular concentration of aminoacids in the olfactory bulb of
rabbits. Assuming that the mass transfer coefficient is constant and does not
vary with the flow rate and that the dialysis membrane is the major diffusion
barrier, the can be estimated. In practice, the recovery of the solute is
measured at various flow rates where the slope between the recovered con-
centration versus the flow rate corresponds to the 
and the is the intercept at zero flow. Bungay gives a detailed description
of the solute recovery by a microdialysis. He also attempts to describe the
external solute resistance in terms of solute binding to tissue, tissue tortuos-
ity and metabolic transformation. He calculates from in vivo data from lit-
erature that the tissue resistance is much higher than the membrane
resistance. Therefore he proposes the existence of a spatial concentration
profile of the solute around the probe when applied in vivo. However, for
small molecules like glucose, the spatial influence may be negligible. It is,
however, unclear if the calculated tissue resistance value is justified. Most
process and parameter values used in the calculations of the tissue resistance
are still unknown.

Using the experimentally found parameter values, the mass transfer coeffi-
cient for glucose in vitro was calculated. After applying the microdialysis
probes in four healthy subjects, the overall in vivo mass transfer coefficient
could be calculated. Knowing the overall mass transfer coefficients under in
vitro and in vivo conditions, the mass transfer coefficient of glucose in the
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adipose tissue could be calculated. If the values found for �
��

 and �
���

 are
compared, it is clear that the main solute resistance is in the membrane. The
results show that the estimated tissue resistance is a factor three lower than
the membrane resistance. This has the advantage that glucose depletion
from the tissue around the probe is minimal and does not adversely influ-
ence the glucose recovery in the flow range (0.5-20 µL/min) used in the
experiments.
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7Microdialysis up to
three weeks in healthy
volunteers

7.1 Introduction
Brain microdialysis has been reviewed in 1989 [252] and microdialysis of
adipose tissue in 1993 [240]. A mathematical model has been presented
[257] to provide a quantitative basis for microdialysis in which diffusional
aspects as well as metabolism and exchange between tissue and blood was
considered. The microdialysis technique is regarded as minimally invasive,
calibration of the probes is possible, and the technique is easy to apply.

Dialysate concentrations of substances in the extracellular water space can
be measured off line, but it is also possible to measure dialysate concentra-
tions of a substance continuously by using a biosensor. Such a device was
introduced in 1987 for glucose measurement in adipose tissue [1, 69, 228].
Essentially, microdialysis is a technique for transport of chemical informa-
tion from inside the body to the outside, where the information may be
manipulated for useful purposes. The membrane of the probe functions as
the interface and should therefore have a constant, or at least a predictable,
permeability in time. If a diffusional model is valid for glucose transport
from the body to the probe, a clear relationship between the extraction rate
or recovery and perfusion flow rate exists. From this relationship, it should
be possible to derive the “true” interstitial glucose concentration. To esti-
mate the “true” interstitial glucose concentration, procedures were intro-
duced to reach equilibrium between the concentration of glucose in the
probe and in the interstitial fluid [221, 234, 264-266]. Besides these meth-
ods, it was attempted to filter interstitial fluid [234, 267]. Usually a “true”
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interstitial concentration of glucose was found equal to blood glucose [221,
265, 267], but also far lower values were reported [234, 266].

In this study, glucose was measured in subcutaneous adipose tissue by micro-
dialysis for 3 weeks to evaluate how parameters change in time. The kinetics
of glucose transport in adipose tissue was investigated. We use perfusion flow
rates from 0.5 µl/min to 20 µl/min for microdialysis probes with a mem-
brane length between 10 and 35 mm and perfused various glucose solutions
as introduced by Lönnroth �����. [221].

7.2 Research design and Methods

� Subjects
Five healthy subjects, two men and three women (age 25 ± 2.7 years , BMI
23.2 ± 2.3 kg/m2 [mean ± SD]), participated in the study (Table 7-1). The
subjects had detailed knowledge of the study before giving their consent.
This investigation was part of a study that was approved by the Ethical Com-
mittee of the University Hospital Groningen.

Table 7-1. Characteristics of Subjects.

Subjects

1 2 3 4 5

Sex M F F M F

Age (years) 27 23 24 29 23

BMI (kg/m2) 21.3 26.9 22.7 21.4 23.7
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� Procedure for microdialysis probe insertion
In each volunteer, four microdialysis probes were inserted into adipose
tissue using specially prepared catheters (Intraflon 2, 18 gauge, Vygon,
France). Two probes were placed parallel to each other at a distance of
~3 cm on each side of the umbilicus. No local anaesthetics were used.
Before the implantation, the Teflon guides of the cannulas were prepared
under aseptic conditions. Preparation of the guides was needed to remove
the guide after insertion of the probe. With a scalpel, a cut was made over
the entire length of the Teflon part of the guide. A second incision was made
perpendicular to the first cut, close to the entrance port of the cannula.
After insertion of the four cannulas, the steel guide was removed, leaving
the prepared Teflon part of the guide in the tissue. The entrance port was
bent at an 180º angle, so the Teflon guide opened along the second incision
and the probe was gently inserted. Finally, the guide was carefully retracted,
making use of the first cut to pull the guide free of the probe. The micro-
dialysis probes and tubing were disinfected by pumping 70% ethanol
through the system for at least 15 minutes and subsequently stored in sterile
water. Before insertion, the outside of the probe was disinfected in 70% eth-
anol for 15 minutes. After 5 minutes drying time, the probe was inserted.
The experiments started immediately after the last probe was inserted. The
total insertion procedure of the four probes took about 30 minutes.

Figure 7-1. Construction of the microdialysis probe.

silica tubing

polyethylene tubinghollow fiber

tungsten wire pump

vial
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� The microdialysis probes
The microdialysis probes were constructed in our lab using polyethylene
tubing (i.d. 650 µm, o.d. 850 µm, Rubber B.V., Holland) and silica tubing
(i.d. 110 µm, o.d. 180 µm, SGE, ABC-diagnostics, Holland), cyanoacrylate
glue, and hollow dialysis fibers of various lengths. A tungsten wire was glued
within the probe to give the probe strength. The dialysis fibers (regenerated
cellulose, molecular weight cut-off at 18,000 Dalton, o.d. 190 µm, wall 10
µm) were obtained from Spectrum Medical Industries Inc. (Los Angeles,
CA). The fibers were cut at the desired length (Table 7-2) and glued to the
tubing (Figure 7-1, page 123).

� Characterisation of the probes in vitro
Before insertion, the fibers were tested in vitro. The probes were placed in
a well-stirred vessel with a 5.6 or 8.3 mmol/l glucose solution in saline and
perfused with saline at flow rates ranging from 0.5 µl/min to 20 µl/min. For
probes with hollow fibers of 30 to 35 mm, a 100% extraction rate (i.e. the
dialysate glucose concentration equals the glucose concentration around the
probe) was reached at flow rates lower than 1 µl/min.

Table 7-2. Characteristics of Probes.

Subject

1 2 3 4 5

Hollow fiber
Length (m) Fiber

I 3.0•10-2 3.2•10-2 3.0•10-2 3.5•10-2 3.5•10-2

II 3.0•10-2 1.0•10-2 3.0•10-2 3.1•10-2 3.5•10-2

III 3.0•10-2 3.2•10-2 3.0•10-2 3.5•10-2 1.5•10-2

IV 3.0•10-2 1.0•10-2 3.0•10-2 2.1•10-2 1.5•10-2
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� In vivo measurements
The subjects arrived in the laboratory each day at 8:30 a.m. The inlet
tubing was attached to the syringe fixed at the micro-perfusion pump (BAS
Bee, BAS Inc., West Lafayette, Indiana, USA). At the outlet tubing, the dia-
lysate was sampled in a vial for measurement of glucose. Before the experi-
ments started, the probe was rinsed at a flow rate of 10 µl/min with 50%
ethanol and subsequently with sterile saline.

During a day, an experiment was performed either with eight different
perfusion flow rates (0.5; 0.8; 1; 1.5; 2.5; 5; 10; 20 µL/min) of saline, start-
ing with a flow of 0.5 µL/min going up to 20 µL/min (type A), or an exper-
iment with various glucose concentrations of the perfusate (0; 2.8; 8.3; 11.1
mmol/l) at a perfusion flow rate of 0.5 µl/min (type B) (see Table 7-3, page
126). In the B-experiments, subjects 4 and 5 were perfused with the same
perfusion solution in a probe during the day. Subjects 1, 2 and 3 changed
the perfusion solution four times a day, so each probe was perfused with all
solutions (0; 2.8; 8.3 and 11.1 mmol/l glucose). During the daily experi-
ments, only carbohydrate-free food and drinks were allowed to keep blood
glucose at basal levels. At the end of the experiments, the probe was rinsed
with 50% ethanol. The in- and out-let tubing were connected to prevent
contamination of the probe and subsequently taped on the belly.
125



CHAPTER 7
Research design and Methods

126
†A: Perfusion of saline at eight different perfusion flow rates (0.5, 0.8, 1.0, 1.5, 2.5, 5.0,
10.0, 20.0 µl/min);

B: Perfusion of glucose solutions (0, 2.8, 8.3, 11.1 mmol/l) at flow rate 0.5 µL/min.

Table 7-3. Characteristics of Experiments.

Subjects

1 2 3 4 5

Experiment type†

Day

1 B B B B B

2 B A B B A

3 B B B B B

4 B A B B A

5 — — — A B

6 B B B — —

7 B A B B A

8 B B B B B

9 B A B A A

10 B B B B B

11 — A — A A

12 B — B — B

13 — B — — —

14 B A B A A

15 B B B B A

16 B A B — A

17 B B B A A

18 B A B A A

19 B — B B A

20 — — B A —

21 — A — — —

22 — B B — —

Total days: 19 22 22 20 19
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� Sampling and analysis
Dialysate was sampled twice for each flow rate or each perfused glucose
concentration. When the perfusion flow rate or the inlet glucose concen-
tration was changed during the experiments, several minutes were allowed
to elapse before the measurement was started from the outlet tubing to avoid
dead volume effects. Depending on the flow rate, the time needed for a re-
equilibration ranged from 5 min for 20 µL/min to 15 min for a flow rate of
0.5 µL/min.

Immediately after the substitution of vials, the glucose content in the col-
lected dialysate was estimated spectrophotometrically (Hexokinase method:
Glucose Kit, Boehringer Mannheim GmbH, Germany). During the exper-
iments, blood glucose was measured at regular time intervals by the finger-
prick method (Reflolux® S, Boehringer Mannheim GmbH). These
intervals depended on the perfusion flow rate used, but never exceeded 30
minutes. Later the Reflolux method was compared to the Accutrend
method (Accutrend® ��, Boehringer Mannheim GmbH). During the day,
the subjects measured blood glucose by both methods in the same drop,
obtained by fingerprick. The blood glucose values measured by the
Reflolux method were substantially lower than the values measured by the
Accutrend method. It appeared that the wiping of blood from the Reflolux
stick was performed quite differently by each volunteer, resulting in an
appreciable interindividual variation. Therefore, the blood glucose values
obtained by the Reflolux method were corrected for each volunteer by the
factors shown in table 7-4 (page 128). 

An estimation of the accuracy of the Accutrend method for two batches
of each 100 sticks compared to the Hexokinase method was provided by
Boehringer Mannheim GmbH. Capillary blood was obtained and measured
with both methods. The regression equation (x: reference method) is at fol-
lows for batch 1: ;
for batch 2: .

� Statistical analysis
Results are expressed as means ± SD. On the results obtained by perfusion
of four glucose solutions according to the ��	
�������� method [221], linear
regression analysis was performed by the method of least squares. The equi-

� ������ ��������� �����=+=
� ������ ��������� �����=–=
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librium glucose concentration, �����, was evaluated from the linear regres-
sion equation. Experiments performed to obtain ����� lasted about 10
hours. To eliminate blood glucose variations during this time on the evalu-
ation of �����, each value used for the linear regression analysis was divided
by the mean blood glucose value during the collection of that sample. Then
linear regression analysis was performed, and the obtained value for the
abscissa was multiplied by the mean blood glucose of that day to arrive at
the �����. 

One-way analysis of variance (anova) was performed to decide whether
the capillary blood glucose concentrations were different from the equilib-
rium glucose concentrations (����� ) and the dialysate concentrations
(������	�
� ).

7.3 Theoretical background
The probe is a tube, which is imbedded in tissue. At zero perfusion flow rate

, the glucose concentration in the probe is in equilibrium with
the surrounding tissue. This concentration, �����, is defined as the principle
driving force for diffusion of glucose into the probe. Saline is pumped
through the probe with a flow rate and an initial glucose concentra-
tion (���). When ��� and ����� are different, uptake (or release) of glucose
by the probe takes place. The outlet concentration of glucose (������	�
�) will

Table 7-4. Correction factors for Reflolux method.

Subject Correction factor

1 1.31

2 1.31

3 1.20

4 1.35

5 1.15

Φ���� 0=( )

Φ����( )
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be different from the initial glucose concentration because of glucose trans-
port. 
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We can define the extraction rate, ��, or recovery to characterise the per-
formance of the probe as follows:

Equation 7-1. Extraction rate of glucose (see text for explanation symboles).

When the transport of glucose is caused by diffusion only, the recovery is as
follows:

Equation 7-2. Extraction rate of glucose when transport is caused by diffusion only
(see text for explanation symboles).

Here, �

 is the total resistance of the system. This resistance contains the
partial resistances of the flow in the probe (Taylor dispersion), membrane
diffusion and tissue diffusion.
Equation 7-2 can be rearranged to present results in a manner that are more
easily accessible, for instance, first, to check the validity of equation 7-2 for
transport of glucose in tissue to the probe, equation 7-2 can be written as:

Equation 7-3. Rearranged equation 7-2.
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or:

Equation 7-4. Rearranged equation 7-3.

If glucose transport is controlled by diffusion, according to equation 7-4 a
plot of  against 1/  should yield a straight line, with slope

.

may be written as the product of the surface area of the probe
membrane (#) and the overall permeability ($) of tissue and probe [257]:

Equation 7-5. See text for explanation symboles.

Assuming a constant permeability ($), the slope should be proportional to
fiber length (%) at constant value of 	, because membrane area  
(	�is the outer diameter of hollow fiber). Second, to determine the glucose
concentration in the probe that is in equilibrium with the tissue matrix of
adipose cells and capillaries (����� ), perfusion flow rate should be zero.
Although it is possible to apply very low flow rates (< 0.5 µl/min) to reach
near equilibrium, a more precise experimental method to estimate ����� is
the zero net flux method, introduced by Lönnroth [221]. Different glucose
solutions (���) are perfused and the ����� is estimated by linear regression at
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the point where no net influx or efflux from the probe is present. Combin-
ing equations 7-1 and 7-2:

Equation 7-6. Combining equations 7-1 and 7-2.

or

Equation 7-7. Rearranged equation 7-6.

So if a range of glucose solutions (��� ) are perfused, a plot of ������	�
� - ���

against ��� should yield a straight line: slope is ;
the Y-intercept is (��� equals 0;
Figure 7-2, page 132). Hence the absolute value of the slope equals the
recovery 
(������	�
�/ �����) and�������is the intercept on the x-axis.

Two cases can be identified in the following:

1. ����� changes at a constant recovery, and

2. the recovery changes at a constant �����.

For monitoring of glucose in diabetic patients, the first case is assumed. �����

should closely follow the blood glucose value at a constant recovery. In
figure 7-2, a change in blood glucose is seen as a parallel displacement of the
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regression line. In addition, at a stable glucose concentration in blood, a par-
allel displacement may be seen if a local process is consuming glucose
around the probe and blood glucose is measured at a different location of
the body.

If the permeability of the probe membrane and the perfusion rate are con-
stant, a change in recovery always means a change in tissue permeability. In
figure 7-2, this effect is seen as a change in slope of the regression line at a
constant value for �����.

Figure 7-2. Regression analysis according to the “zero net-flux” method of Lönnroth.
Three or four probes are perfused simultaneously with different glucose solutions. The
y-axis shows the net increase or decrease in dialysate glucose, the x-axis shows the
glucose concentration of the solutions perfused. At x = 0, (Cdialysate - Cin) = Cdialysate.
At y = 0, Cin = Cdialysate, so there is no net influx or efflux of glucose in the probe: Cin =
Cequi. Changes in recovery are reflected by changes in the slope of the regression
line: Cdialysate / Cequi. Changes in Cequi are reflected by a parallel displacement of the
regression line (t = 0, start of study; t = 2, end of study).
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7.4 Results
The results of subjects 1 through 4 could be used for the monitoring of the
equilibrium concentration and the dialysate concentration in time (type B
experiments). Subject 5 is omitted in the calculation of ����� because two
of the four probes broke down during the experiments. However, the results
of all five subjects could be used to judge the validity of a diffusional model
for glucose transfer between tissue and a microdialysis fiber (type A experi-
ments).

In figure 7-3 (page 134), dialysate glucose concentrations ������	�
�, meas-
ured in saline are compared to the mean capillary blood glucose (����������)
and the calculated equilibrium glucose concentrations, �����, obtained by
the zero net-flux method. In all cases, the dialysate glucose concentration
was increasing twofold for 6-9 days, whereas the mean blood glucose for
each day was almost constant. In addition, the equilibrium concentration is
increasing, but this parameter stabilised after 1 or 2 days.

Figure 7-4 (page 135) shows the results of the 1st day. Here in all cases,
both the dialysate concentration and the equilibrium concentration are
decreasing. There is a significant variation in individuals during the period
involved to reach the nadir for the dialysate concentration. The mean of dia-
lysate glucose concentration measured at the 1st day ranges from 34 ± 5 to
61 ± 21% of the final plateau value, and the lowest and highest value meas-
ured for all subjects are 12 and 84%, respectively.

†Hours are corresponding with time in the plots of the subjects on day 1
(Fig. 7-4).

Table 7-5. Slope of Lönnroth-plot on day 1.

Subject Slope (hour in plot)†

1 –0.47 (1) –0.46 (2)

2 –0.53 (2) –0.51 (4)

3 –0.60 (6) –0.61 (7)

4 –0.41 (4) –0.55 (6)
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Figure 7-3. Dialysate glucose concentration (� ), equilibrium glucose
concentration ( �) and blood glucose concentration (� ). Error bars show the
SD for all blood glucose measurements during a day and the SD for results of
the number of long probes (3.0-3.5 cm) used during a day. Glucose
concentration in perfusion fluid used to obtain the equilibrium concentration: 0 ;
2.8 ; 8.3 and 11.1 mmol/l. Each panel shows the results for one subject (subject
1=A, 2=B, 3=C, 4=D).

Mostly the dialysate concentration decreases within an hour after insertion,
whereas the equilibrium concentration falls at least one hour later. In Table
7-5 (page 133) it is shown for each volunteer that the slope of the regression
line before and after the decrease of the equilibrium concentration does not
change, so the recovery is constant.
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Figure 7-4. Dialysate glucose concentration (��, equilibrium glucose
concentration (�) and blood glucose concentration during the 1st day (� ). Each
hour, a sample was collected using one set of corresponding probes perfused with
differing glucose solutions: 0 ; 2.8 ; 8.3 and 11.1 mmol/l. Each panel shows the
results for one subject (subject 1=A, 2=B, 3=C, 4=D). For comparison, the final
plateau glucose concentrations of Cequi and C0 are depicted in the figures for each
subject.

These differences in onset and duration of the changes in glucose concen-
tration for ������	�
� and ����� suggest that different mechanisms may cause
the fall in glucose concentration for both parameters.
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From the time ������	�
� and ����� did not change any more, all the concen-
trations measured were compared to the measured capillary blood glucose
concentrations:

1. ������	�
� differs statistically significant from ����������  ($�< 0.05).

2. For ����� and ����������, there is no statistically significant difference 
($ < 0.05).

3. ������	�
� differs statistically significant from ����� ($ < 0.05).

To judge the validity of a diffusional model for glucose transfer between
tissue and a microdialysis fiber, the results of experiments with various flow
rates are presented according to equation 7-4 in a plot ���&��	�'
(�	�) versus
�*�
+ 	��� (Figure 7-5). The results show an excellent agreement with the
diffusional model.

Figure 7-5. Results of experiments aimed at investigating the rate limiting process
in transport of glucose from the vascular bed to the probe (see text). Diffusion is
considered to be the rate limiting process, if straight lines are obtained. Hollow
fiber length: 3-3.5 cm ± SD in 3 subjects (� ), 2.5 cm (�), 1.5 cm (� ), 1 cm (�),
each fiber in one of 3 subjects. The correlation coefficients were r2=0.9997 (� ),
r2=0.9932 (�),r2=0.9934 (� ), r2=0.9948 (�).
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7.5 Discussion and Conclusions
The results of the present study show a significant effect of probe implanta-
tion on the dialysate glucose measured with that probe and on the equilib-
rium glucose concentration. The first day a fall in dialysate glucose was
measured mostly during the first hour. This phenomenon was also observed
by other investigators [224].

Because of the long-term measurement, for the first time, an increase in
dialysate glucose was measured in subsequent days untill a plateau value of
84.0 ± 7.4% of the capillary blood glucose for the longer probes was reached
in ~1 week. During the 1st day especially, there is a significant variation in
individuals of the measured dialysate glucose concentrations. This variation
may partly explain why authors present recoveries in a range from 20 to
100% of the blood glucose value for an 8- to 10-hours measurement period
[44, 45, 47, 48, 65, 125, 144, 174, 184, 235, 239]. Bolinder ������ [239]
report a constant glucose recovery of 93 ± 3% at a flow rate of 0.5 µL/min
during a 3-day study period in 17 diabetic patients. This seems to be con-
tradictory to the increasing recovery found in the present study during the
first days. However, in the Bolinder �������study [239], daily blood glucose
concentrations were fluctuating considerably. It is possible that a change in
recovery is present but is masked because of the lag-time between change in
blood glucose and subcutaneous glucose concentrations. In the present
study, blood glucose of the healthy subjects was kept quite constant (Figure
7-3). Therefore, calculations of the glucose recovery are considered more
accurate.

If the changes in ������	�
��are compared with the changes in the �����, we
see some distinct differences. For all four subjects ����� falls at least 1 h later
than the ������	�
�. For three out of four subjects, the steepest fall in ������	�
�

took place in the first hour after implantation, whereas the ����� did not
change significantly. Finally, the ����� stabilises in 2 days, whereas the 
������	�
��needed much more time to reach a stable value. As explained in the
theoretical background section, an independent behaviour of the driving
force (����� ) and the recovery (������	�
� /����� ) allows a more precise eval-
uation of the mechanisms involved. If we assume a constant permeability of
the probe membrane, the initial fall in ������	�
� at a constant ����� can only
be caused by an increasing tissue resistance. Probably insertion of the probe
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causes some trauma to cells and capillaries, creating a not fully functional
layer of tissue around the probe that may present a barrier to diffusional glu-
cose transport. The repair of the tissue microstructure around the probe may
well take a rather long time and is accompanied by a steady increase of the
glucose recovery.
����� is defined as the concentration of glucose in the probe at zero per-

fusion flow rate. The fluid in the probe is in equilibrium with the fluid in
the surrounding tissue. Hence, ����� is not affected by any kinetic parameter,
as there is no concentration gradient for glucose in tissue or in the probe.
Therefore, probe dimensions and permeability, but also tissue permeability
and in general all parameters affecting the recovery, do not influence the
equilibrium concentration. In fact, the ����� equals the actual glucose con-
centration in the surrounding tissue and depends solely on the balance
between the supply of glucose by the arteries and the uptake of glucose by
tissue cells. Therefore, when blood glucose is constant and ����� falls, the
only explanation is an increased uptake of glucose by tissue around the
probe, possibly some inflammation reaction.

Our results show equal glucose values for capillary blood (����������) and
�����, when no “implantation” effects are present anymore. It proved to be
difficult to assess the accuracy of the used-fingerprick method. We meas-
ured rather low values for blood glucose with the Reflolux method during
the experiments. This method was validated by comparing it with the Acc-
utrend fingerprick method. During a day, the volunteers measured blood
glucose with both methods from the same drop. It appeared that the wiping
of blood from the stick for the Reflolux method produced low and differ-
ent, but specific, results for each volunteer. In this way, we could correct the
blood values, However the results still depend on the accuracy of the Acc-
utrend method. In the literature [268-270] the Accutrend method and other
fingerprick methods, was assessed by comparing these methods to a refer-
ence method. However, only one study [271] was performed on capillary
blood of diabetic patients. In this study the Accutrend method measurement
were 8.6 ± 8.6% lower than those of the applied glucose-oxidase reference
method. We added 8.6% to our blood glucose values and repeated the sta-
tistically analysis of ������	�
�, ����� and corrected ���������� by one-way
anova: the difference between ����� and ���������� was still not statistically
139
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significant ($ < 0.05). Comparing the Accutrend method to the Hexoki-
nase method (See “Sampling and analysis” on page 127), the Accutrend
method result in 3.3 ± 7.3% and 2.3 ± 7.7% higher than the reference
method, in contrast to the 8.6% lower value that was obtained for the glu-
cose oxidase reference method.

Although the equivalence between the capillary blood glucose and the
equilibrium concentration should be viewed with some care because of the
uncertainty about the accuracy of the blood glucose measurement, we think
the alternative conclusion is allowed that some uniform interstitial concen-
tration is not the driving force for diffusion to the probe, but that it is the
capillary blood glucose concentration itself. Adipose tissue consists of
densely packed adipose cells surrounded by sheets of connective tissue,
richly innervated by blood vessels [272]. The diameter of a capillary is
~5 µm and the diameter of the probes is 190 µm, so it is assumed that
numerous capillaries surround the probe and the differences in capillary glu-
cose concentration from the arterial end to the venous end are evenly dis-
tributed around the probe. Then the mean blood glucose around the probe
is the capillary glucose concentration. Many studies [44, 45, 47, 48, 65, 125,
144, 174, 184, 235, 239] have used the venous plasma glucose concentration
as reference for the dialysate concentration. After the recovery has reached
a plateau, the dialysate glucose concentration is corresponding best with
capillary blood glucose. This means that for microdialysis experiments in
adipose tissue in general, for substances not produced in the tissue around
the probe, capillary blood is a better reference than venous plasma.

Based on this histological picture, adipose tissue is better described by a
tissue matrix of cells and capillaries in which the transport of glucose in
tissue is governed by convective flow of blood inside the vascular bed and
not so much by diffusion in the interstitial space.
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The “matrix” model views transport of glucose from capillary to probe as a
two-stage process:

1. Convective flow in the vascular bed for transport of glucose to the 
vicinity of the probe. The value of ���������� is the result of the balance 
between supply and uptake processes of glucose in the tissue matrix 
(uptake of glucose by cells equals arteriovenous difference in glucose 
concentration times the blood flow).

2. Diffusional flow across the capillary wall, a small layer of interstitial fluid 
and the membrane wall of the probe. ���������� is the driving force for 
diffusion of glucose into the probe, as ����� appears to be equal to 
����������.

The “uniform interstitial concentration” model [227, 257] assumes there is
some definable interstitial concentration far enough from the probe not to
be disturbed by the probe that may serve as the driving force for diffusion.
The probe is thought to drain glucose from the interstitial fluid, so a rather
large diffusion layer is assumed.

The “matrix” model integrates diffusional transport of glucose across the
capillary wall, the interstitial fluid layer and probe membrane. ���������� is the
driving force for diffusion of glucose. The “uniform interstitial concentra-
tion” model separates diffusion across the capillary wall from diffusion
through the interstitial fluid and probe membrane.

In a two-stage transport process, either of the steps may be rate limiting.
If capillaries are completely drained by the probe, glucose supply by the vas-
cular bed is at a maximum and an increase of perfusion flow rate of the dial-
ysis fluid can not extract more glucose from the capillaries. Therefore,
uptake of glucose by the probe is constant and independent of perfusion
flow rate. This process is rate limiting and results have been presented [227]
indicating this possibility. We also found similar results at the 1st or 2nd day
in several subjects. For intact tissue, the experimental results indicate that
diffusion is the rate-limiting step as can be seen by the straight lines in figure
7-5.

The observed implantation effect on the recovery may well impede a
short-term application of continuous microdialysis in adipose tissue. This
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study shows that glucose recovery in all subjects increases after insertion of
the probes until a plateau value is reached. The time to reach a plateau value
differs from subject to subject, but takes, with the probe configurations used
in this study, 5-9 days. Only when the recovery is stabilised, dialysate glu-
cose concentrations correlate directly with the blood glucose concentration.
We therefore recommend that for reliable continuous glucose measure-
ments one should wait until recovery has stabilised. However, this is rather
impractical so we are investigating the possibility to determine a correction
factor based on a blood glucose measurement at the 1st day. The correction
factor can then be used to predict the change in recovery after insertion of
a microdialysis probe.

For glucose monitoring in diabetic patients, the implantation effect on the
measured dialysate glucose and equilibrium concentration is a complication.
The glucose recovery of probes may be increased by optimising probe char-
acteristics, such that near-equilibrium will be reached at a suitable flow rate.
Then the probe almost measures the local capillary glucose concentration.
That is as far as one can get, because changes in the equilibrium concentra-
tion because of, for instance a local inflammation effect on glucose uptake
by tissue, reflect changes in the local capillary glucose concentration. The
probe measures too low a value and less insulin than is needed will be
administered. Further research should elucidate if the changes in equilib-
rium concentration, independent of capillary glucose concentration by fin-
gerprick, are an inevitable part of the repair process, or that the materials
and glue used for the probe play a role. Finally, the equivalence between the
equilibrium concentration and the capillary concentration for the driving
force simplifies the following. Question: “What is a microdialysis probe in
subcutaneous tissue really measuring?”. Anwser: It is measuring a percent-
age of the capillary glucose concentration.
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A final word

The central theme in this thesis is the development of a glucose measure-
ment system for diabetic patients. Diabetics must frequently measure their
blood glucose levels using a self-monitor device and adjusting their insulin
dosage, food intake and physical activity to keep these levels as close to “nor-
mal” as possible. The best way to avoid hyperglycaemic and hypoglycaemic
events is to frequently monitor the blood glucose levels. However, even the
most diligent patients who perform blood glucose measurements many
times a day achieve only a poor approximation of continuous monitoring.
As described in the first chapter of this thesis, a continuous glucose meas-
urement system or glucose sensor could be of likely benefit for diabetic
patients in the management of their blood glucose concentration. Most
implantable glucose sensors are amperometric enzymatic glucose sensors.
Although progress is made during the years of development of this type of
directly implantable sensors, they still suffer from a poor in vivo perform-
ance. A major problem of hydrogen peroxide based sensors is that the oxi-
dation of hydrogen peroxide requires an applied potential at which many
other species commonly found in the body are electro-oxidisable, creating
possible interference. It is therefore important that the detector part of a glu-
cose sensor contains some barrier to prevent the transport of substances not
to be measured. A potential danger is that these sensor designs allow hydro-
gen peroxide to enter the body causing inflammation reactions. Directly
implantable glucose sensors which detection scheme measures the oxygen
consumption suffer in vivo from the “oxygen deficit” problem, the low ratio
of oxygen to glucose that exists in the body. In addition, these glucose sen-
sors can not be miniaturised to the same extent as hydrogen peroxide based
glucose sensors. Microdialysis is a technique that might be use to separate
the site of sampling and the site of reaction. After diffusion of glucose from
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the tissue into the system, an enzyme reactor might be applied so the
amount hydrogen peroxide produced or the amount of oxygen used can be
measured. This configuration is a combination between an amperometric
enzymatic biosensor and the in vivo sampling/transportation technique that
microdialysis is. The single circulation glucose-measurement system pre-
sented in this thesis is a good example of such a “hybrid system”. The sensor
has evolved from the glucose sensing system designed by Schoonen and
Schmidt. Several adaptations have been made to the flow system to mini-
mise the leakage of enzyme into the body. Furthermore, the electronics of
the sensor have been miniaturised to a great extent. This makes it possible
to wear the sensor and a read-out device outside the body in a belt pack
where only the microdialysis probe is implanted subcutaneously. With the
newly designed system we were able to perform ambulatory studies on
human subjects during daily life conditions. A problem remains the robust-
ness of the system during these ambulatory studies. Our initial goal to meas-
ure glucose continuously in vivo for at least two weeks could therefore not
be accomplished yet. The results show that it is very well possible to measure
a number of days reliable in vivo. However, further improvements to the
flow system have to be made in order to reach our goal of continuous in
vivo measurement for two weeks. At this moment our sensor system is
merely a “functional model”, providing a “proof of principle” instead of a
finished product ready for the market. Future developments must be
directed both towards the improvement of the robustness and further min-
iaturisation of the system. Although a number of companies are in the proc-
ess of bringing commercial glucose sensors to the market, including Roche
Diagnostics GmbH who are developing a glucose sensor system based on
one of our patents, there remain some problems for each invasive method,
including microdialysis. The device, or a part of the device, has to be
inserted percutaneously. Insertion is causing some damage to the micro-
structure of the tissue and the body reacts to the implant as an insult and
produces a specialised biochemical and cellular response. For glucose we
have shown that the concentration of glucose measured by the system
increases in time until a plateau value is reached. In fact the capillary glucose
concentration is the driving force for diffusion of glucose into the system.
Disruption of the capillary bed results in a lower density of capillaries and
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thus in a lower supply of blood around the device. Often a short inflamma-
tion period of a few hours may be seen. This inflammation process itself
consumes glucose, also lowering the glucose concentration recovered by the
device. For microdialysis, very low flow rates, combined with the use of
long membrane probes are minimising the effect of a low capillary density,
but not the short time inflammation effect. If higher flow rates are used, like
in our sensor system, the question remains if this change in glucose recovery
can be predicted for every individual subject every time a sensor is applied.
If so, than a correction factor can be used. If not, you have to wait until the
recovery has reached the plateau value. The long-term membrane permea-
bility in adipose tissue is not a problem. We have measured for three weeks
and did not find a decrease of permeability of the microdialysis membrane
in time.

������������	��
������

The ultimate goal, an automated feedback controlled insulin dosage system,
requires a reliable glucose measurement system. Looking back from the time
that the concept of a glucose sensor was introduced in the 1960s, a lot of
progress has been made. The fact that there is not a commercial glucose
sensor available at this moment doesn’t mean that the industry has lost their
interest in the subject. Companies like Minimed Inc. and Roche Diagnos-
tics GmbH. are both working hard to bring a glucose sensor to the market.
The marketing and commercialisation of these sensors means more clinical
testing which inevitably raises some new questions. However, problems of
robustness and miniaturisation of sensor systems are for these companies
with their financial resources not a major obstacle. With the introduction of
a reliable glucose sensor and a better understanding of problems related to
biocompatibility and biophysics, the development of an artificial pancreas
will be accelerated. In the mean time, the patient can improve his glycaemic
control using a glucose sensor. Especially an appropriate first goal is a
hypoglycaemic alarm that alerts patients when their glucose levels drops
below a threshold value. The best solution for a sensor would ultimately be
a total implantable glucose measurement system (“out of sight, out of
mind”). A total implantable system requires much more from a technical
point of view. Implanted sensors have to be engineered to last longer than
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the percutaneous sensors (months to years opposed to days). This means that
to use of fluids like enzymes, electrolytes etc. and moving parts like pumps
(relative high energy consumption) are not appropriate. For future develop-
ments, a glucose sensor based on Fourier-Transform-Infrared (ftir) com-
bined with fiber-optics may provide a solution (see illustration below). The
discovery of insulin in the 1922 by Banting and Best together with the
introduction of the self-monitoring of blood glucose are regarded as mile-
stones in the treatment of diabetes. A glucose sensor in combination with
an insulin delivery device may well be the next major improvement.

Impression of (pacemaker like) future type of implantable glucose
sensor based on FTIR-detection of glucose using an optical fiber.
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Summary

This thesis describes the development of a glucose measurement system
designed to monitor the glucose concentration of diabetic patients contin-
uously. Diabetes Mellitus is a disorder of metabolism of carbohydrate, fat
and protein associated with a relative or absolute insufficiency of insulin
secretion and with various degrees of insulin resistance. The World Health
Organisation (who) has estimated that diabetes affects about 135 million
people worldwide. The two most occurring types are type-1 and type-2
diabetes mellitus. They both account for 99% of all prevalence of diabetes.
In untreated state the disease is characterised by hyperglycaemia (blood glu-
cose concentrations higher than 10 mM). It is very important to keep blood
glucose concentrations within a narrow range of 3 to 10 mM. Glucose con-
centrations under 3 mM (hypoglycaemia) impair brain function, whereas
glucose concentrations higher than 10 mM exceed the renal glucose reab-
sorption threshold, which results in wasting of glucose. In addition, pro-
tracted hyperglycaemia causes degenerative complications in the long-term
[2]. For type-2 diabetic patients a diet, oral hypoglycaemic agents and/or
the administration of insulin usually mange to regulate the blood glucose
concentration. First priority is to reduce chronic hyperglycaemia and the
associated long-term degenerative complications. Type-1 diabetic patients
have an absolute insulin deficiency and can only be treated by insulin injec-
tions. Main objective is to normalise the blood glucose concentration in
order to reduce long-term complications. Hypoglycaemia, on the other
hand, is the most common side effect of treatment with insulin and repre-
sent the immediate subject of concern for the patient. The development of
self-monitoring of blood glucose (finger-prick method) has been a major
improvement in the insulin therapy. However, the number of measurements
done with the finger-prick method is limited and will only provide infor-
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mation about blood glucose values at intermittent moments. Continuous in
vivo glucose monitoring may therefore be an improvement and may con-
tribute to a more adequate insulin administration. In addition, a glucose
sensor could be of use in the early detection of hypoglycaemia. 

In chapter 1 some basic concepts like classification, causes, complications
and treatment of diabetes mellitus are discussed. Type-1 diabetes is a result
of a chronic autoimmune destruction of the pancreatic beta cells resulting
in an absolute insulin deficiency. In type-2 diabetic patients organs are less
sensitive for the action of insulin and/or the production of the beta cells is
insufficient. Type-2 diabetic patients can be treated with a diet, hypoglycae-
mic agents and/or insulin injections whereas type-1 diabetic patients can
only be treated with insulin injections. Especially for type-1 diabetic
patients, insulin injections in combination with self-monitoring of blood
glucose have improved diabetic control. However, it is still difficult to
achieve near normoglycaemia. Two other approaches to improve metabolic
control in type-1 diabetics are discussed in this chapter:

1. Transplantation of the pancreas or isolated islets of Langerhans.

2. The use of continuous glucose monitoring systems preferentially com-
bined with a feedback controlled insulin dosage system.

Although transplantation of especially the pancreas in combination with the
kidney has a success rate of approximately 75% it remains to be seen whether
the majority of type-1 diabetics will profit. This, because of the shortage of
suitable donors and the lifetime use of immunosuppression agents. Contin-
uous glucose measurements may be an improvement over self-monitoring
using the finger prick method. Self-monitoring of blood glucose suffers
from the fact that it is discontinuous. A continuous glucose monitoring
system would therefore provide an alternative to the present discrete meth-
ods of glucose monitoring. Based on the sensor signal the patient can antic-
ipate and thus regulate his blood glucose concentration. A technical
advanced application is an insulin delivery system that is feedback controlled
by a continuous glucose measurement system (artificial beta cell). In this
case, insulin administration is based on the on-line measurement of the glu-
cose sensor without or with minimal interference of the patient. Possible
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methods of glucose monitoring, as well as in vivo applications and require-
ments of glucose sensors are discussed in this chapter.

In chapter 2 various minimally invasive glucose sensors and their basic
detection principles are reviewed. There are different types of glucose sen-
sors developed depending on the used detection- and glucose extraction
techniques. However, the majority of sensors monitor the enzyme-catalysed
oxidation of glucose. Glucose is oxidised to gluconic acid by the enzyme
glucose oxidase (god) under consumption of oxygen and producing of
hydrogen peroxide. Electrodes based on amperometric or potentiometric-
operating principles can monitor this reaction i.e. the depletion of oxygen,
or the amount of hydrogen peroxide/gluconic acid produced. Principles
and methods of these enzyme based glucose sensors and their subsequent
benefits/shortcomings are discussed. Hydrogen peroxide glucose sensors are
the most used because of their relative ease of manufacturing and the possi-
bility of constructing them in small sizes. Special attention should be paid
to the safety of these sensors when they are used for in vivo measurements.
In most cases a “needle-type” glucose is inserted directly into the tissue of
the subject. With these needle-type sensors, god is immobilised on an elec-
trode. Small (bio-)molecules may foul the electrode space, causing rapid loss
of sensitivity and in addition, produced hydrogen peroxide deactivates the
enzyme god. Hence the poor in vivo performance of nearly all the hydro-
gen peroxide based glucose sensors. An alternative is the oxygen-based glu-
cose sensor where the electrode is protected by a hydrophobic membrane
that is only permeable for gases and not for biomolecules. In addition, the
enzyme catalase is co-immobilised with god to forestall peroxide-mediated
deactivation of this god. Unfortunately, up till now, oxygen-based glucose
sensors can not be miniaturised to the same extent as peroxide-based sensor.
Also a disadvantage is the dependency on a constant environmental oxygen
concentration in the tissue surrounding the sensor. Because these disadvan-
tages, of both the hydrogen peroxide based glucose sensor as well as the
oxygen electrode based glucose sensor, a number of other sensor concepts
have been explored which are also discussed in chapter 2. One of these con-
cepts is the use of microdialysis as a special means of transport to deliver glu-
cose from the body to the glucose sensor. Basically the technique comprises
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the implementation in tissue or blood compartment of a small hollow sem-
ipermeable dialysis-membrane construction (named probe) that is perfused
with a water-based solution (termed perfusate). Glucose diffuses from the
tissue or blood into the perfusate and is transported to the glucose measure-
ment system. The technique circumvents various disadvantages of the direct
implanted glucose sensors and seems a promising approach for continuous
subcutaneous glucose measurement. Microdialysis based glucose sensors are
discussed in greater detail in chapter 2 and through the remainder of this
thesis. The effect of sensor or microdialysis probe implementation on glu-
cose measurement is still partially unclear and is also briefly discussed in this
chapter.

Chapter 3�describes the development a glucose measurement system based
on the work of Schoonen and Schmidt [1]. A major disadvantage of the
system of Schoonen and Schmidt is that a god/catalase solution is used as
perfusion fluid. This means that there is a potential danger of enzyme leak-
age through the dialysis tube. This makes the clinical use of such a system
not appropriate. We redesigned the “closed-flow” microdialysis perfusion
system of the sensor to minimise the risk of enzyme leakage without losing
the benefits of a closed perfusion system.
Two new flow system designs are described in this chapter:

1. The dual circulation system.

2. The single circulation system.

The dual circulation system combines, as it names indicates, two flow sys-
tems. A saline solution is used to perfuse the microdialysis probe. After the
probe outlet, saline is mixed with a god/catalase solution. Now, god reacts
with the glucose present under the consumption of oxygen. An oxygen
electrode measures this diminution of dissolved oxygen in the mix. The
amount of diminution is a measure for the amount of glucose present.
Ultrafiltration is used to separate the two types of flow. For reasons of safety,
a filter containing active carbon was inserted in the saline circulation to
adsorb and block enzyme molecules that possibly leaked through the ultra-
filtration membranes. Validation experiments of the these carbon filters are
described. No god molecules could be demonstrated in the perfusion fluid
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after a carbon filter. To further decrease the risk of enzyme leakage the sin-
gular circulation flow system was developed. In this system the god/cata-
lase solution was retained in an enzyme reactor. Isotonic saline was used to
perfuse the microdialysis probe. To prevent the accumulation of glucose
within the system a glucose eliminator was developed. A detailed construc-
tion of both systems is given in this chapter. Both advantages and disadvan-
tages of the two systems are discussed. For in vivo studies and further
development, the singular circulation system is most suitable. This, because
the single circulation system has the lowest risk of enzyme leakage, lowest
energy consumption and the most promising possibilities for further minia-
turisation.

Chapter 4 describes various in vitro characteristics of the singular circula-
tion system based glucose measurement system (sc-gms). We determined
the accuracy of the sensor measurements, the sensor sensitivity for glucose,
the sensor response times, the influence of temperature on the sensor meas-
urements and the overall stability. The results show that it is possible to
measure glucose reliably with the new designed flow system. The in vitro
drift of the total system is acceptable to measure for a period of at least 2
weeks.

In Chapter 5, continuous in vivo measurements with the glucose measure-
ment system are presented. The feasibility of the system was tested in an
ambulatory study with ten healthy volunteers with a general objective to
measure reliably up to seven days. Additional effects on the sensor measure-
ment of temperature changes and exercise of the subject were also investi-
gated. Before application in vivo, the sensor was calibrated in vitro with
known glucose solutions. Also the temperature dependence for each system
was assessed to correct for temperature changes. On day one the subjects
arrived fasting at the hospital where an oral glucose tolerance test (oggt)
was performed. The purpose of this test was to investigate the magnitude of
the lag-time between a change in blood glucose and the sensor signal. Addi-
tional tests were performed in the hospital to assess the effect of temperature
and physical exertion on the sensor measurements. On day 2 to the end of
the experiment, subjects checked in every morning in the hospital to down-
load the measurement data and to examine the functioning of the sensor.
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The study showed that it was possible to monitor the glucose concentration
ambulatory with the sensor for at least two to three days. Biggest problem
was the lack of robustness of the system. This resulted under daily life con-
ditions in obstructions and leakage of the perfusion flow system. The cor-
relation between blood glucose concentration and sensor measurements is
well within clinical accuracy. A maximum lag-time was found of 10.5 min-
utes in the ascending part of the oggt curve, whereas a maximum lag-time
of 9.5 minutes was found in the descending part. An interesting finding
during these studies was that the recovery of the microdialysis probe was
increasing in time. The recovery of blood capillaries and the subsequent
increase of glucose supply may be an explanation of this phenomenon (see
also chapter 7).

Chapter 6 deals with the qualitative and quantitative aspects of microdialy-
sis. This because microdialysis is the base technique used in the glucose
measurement system and for a proper interpretation of measured data a solid
understanding of these processes are helpful. In this chapter an attempt is
made to answer the question to what extent in vitro calibrations can be used
for in vivo measurements. Mathematical models of Jacobson �������[245] and
Bungay ������ [257] are shortly discussed. Using in vitro data, in vivo data
and a mathematical model of the probe, the in vivo mass transfer coefficient
of glucose could be calculated. The results of this calculation show that the
estimated tissue resistance is a factor three lower than the membrane resist-
ance. This means that the depletion of glucose from the tissue around the
probe is not a limiting factor to the glucose recovery in the flow range used
in the experiments (0.5 – 20 µl/min).

Chapter 7 describes glucose measurements in subcutaneous adipose tissue
by microdialysis for 3 weeks in five healthy subjects. We evaluated the
change in recovery in time. In these experiments we tried to derive the
“true” interstitial glucose concentration in adipose tissue (or in other words:
what is a microdialysis probe really measuring?). The kinetics of glucose
transport in adipose tissue was also investigated. We used perfusion flow
rates from 0.5 µl/min to 20 µl/min for microdialysis probes with a mem-
brane length between 10 and 35 mm and perfused various glucose solutions
as introduced by Lönnroth et al. [221]. In each subject four probes were



SUMMARY

155

inserted, two on each side of the umbilicus. Each day, an experiment was
performed either with eight different flow rates or an experiment with var-
ious glucose concentrations. Using vials, dialysate was sampled twice for
each flow rate or each perfused glucose concentration. The glucose content
in the collected dialysate was estimated spectrophotometrically. At the
beginning and at the end of the sampling period, a blood glucose measure-
ment was taken. The study design and a detailed description of methods
used are given in this chapter. The results showed that the initial glucose
recoveries increased for 6-9 days until a plateau was reached. Especially the
(individual) change in recovery during the 1st day was significant. Probably
insertion of the probe causes some trauma to cells and capillaries, creating a
not fully functional layer of tissue around the probe that may present a bar-
rier to diffusional glucose transport. The repair of the tissue microstructure
around the probe may well take a rather long time and is accompanied by a
steady increase of the glucose recovery. At a flow rate of zero, the equilib-
rium concentration is not effected by any kinetic parameter (Lönnroth
method). The concentration equals the actual concentration in the sur-
rounding tissue and depends solely on the balance between the supply of
glucose by the arteries and the uptake of glucose by cells. Our results show
equal glucose values for capillary blood and the equilibrium glucose con-
centration when no “implantation” effects are present. We think therefore
that not some universal interstitial concentration is the driving force for dif-
fusion to the probe but that it is the capillary blood glucose concentration
itself. This means that for microdialysis experiments in adipose tissue in gen-
eral, for substances not produced in the tissue around the probe, capillary
blood is a better reference than venous plasma. Based on this histological
picture, adipose tissue is better described by a tissue matrix of cells and cap-
illaries in which the transport of glucose in tissue is governed by convective
flow of blood inside the vascular bed and not so much by diffusion in the
interstitial space. This matrix model views transport of glucose as a two-
stage process. First, convective flow in the vascular bed for transport of glu-
cose to the vicinity of the probe. Second, diffusional flow across the capillary
wall, a small layer of interstitial fluid and the membrane wall of the probe.
The matrix model integrates diffusional transport of glucose across the cap-
illary wall, the interstitial fluid layer and the probe membrane. The observed
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implementation effect on the recovery may well impede a short-term appli-
cation of continuous microdialysis in adipose tissue. Only when the recov-
ery is stabilised, dialysate glucose concentrations correlate directly with the
blood glucose concentration. We therefore recommend that for reliable
continuous glucose measurement one should wait until recovery has stabi-
lised. 







Samenvatting

Dit proefschrift beschrijft de ontwikkeling van een glucosemeetsysteem
(ook wel “glucosesensor” genoemd), dat kan worden gebruikt in de behan-
deling van diabetes patienten. Een glucosesensor moet het continu meten
van glucose in het lichaam mogelijk maken. Diabetes mellitus is een auto-
immuunziekte waarbij het koolhydraat-, vet- en eiwit-metabolisme is ont-
regeld. De ziekte wordt gekenmerkt door een relatief of absoluut tekort aan
insuline en/of door een verminderde gevoeligheid voor insuline. De
“World Health Organisation” schat dat wereldwijd ongeveer 135 miljoen
mensen lijden aan een vorm van diabetes. Het belangrijkste doel is, zo goed
als dat gaat, de bloedglucosespiegel te normaliseren. Een belangrijk hulp-
middel voor de patiënt is tegenwoordig de mogelijkheid om zelf de gluco-
seconcentratie in het bloed te bepalen door middel van
bloedglucoseteststrips en bloedglucosemeters. Hierdoor krijgt de patiënt
inzicht in het effect van de behandeling en hij kan deze eventueel aanpassen.
Een intensieve insulinetherapie is noodzakelijk voor een verbeterde rege-
ling, maar is ook lastiger. Zelfregulatie betekent een verhoogde controle
door extra bloedglucosemetingen. Voor een goed inzicht in het verloop van
deze spiegel moeten er dus regelmatig metingen worden verricht. Een con-
tinue glucosemeting door middel van een glucose-sensor kan daarom een
verbetering betekenen in de behandeling van diabetes. 

In hoofdstuk 1 geef ik een overzicht van de ziekte diabetes mellitus: de clas-
sificatie, oorzaak, complicatie en de behandeling van de ziekte. Type-1 dia-
betes is een auto-immuun ziekte. Het afweersysteem van het lichaam
“vergist zich” en richt de afweerreactie op cellen in de alvleesklier, die de
insuline produceren (eilandjes van Langerhans of ook wel bêta-cellen
159
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genoemd). Wanneer deze cellen vernietigd zijn, kan er geen insuline meer
worden geproduceerd. Hoewel de behandeling van type-1 diabetes patien-
ten duidelijk is verbeterd, is het nog steeds moeilijk om de bloedsuikerspie-
gels binnen normale waarden te houden (4- 8 mM). 

In dit hoofdstuk bespreek ik twee benaderingen om de regeling van de
bloedglucosespiegel te verbeteren:

1. De transplantatie van de pancreas of van de bêta-cellen.

2. Het gebruik van een onafgebroken glucosemeeting d.m.v. een 
glucose-sensor, die het liefst gekoppeld is aan een systeem van automati-
sche gecontroleerde insuline toediening. 

Hoewel de transplantatie van vooral de pancreas in combinatie met de nier
in 75% van de gevallen succesvol is, is het maar de vraag of de meerderheid
van de type-1 diabetes patienten hiervan zullen profiteren. Dit komt voor-
namelijk door het tekort aan geschikte donoren. Bovendien moet de patiënt
na een transplantatie zijn leven lang immunosuppressieve medicatie gebrui-
ken om afstotingsreacties tegen te gaan. Een alternatief voor de discontinue
glucosebepaling m.b.v. een bloedglucosemeter is een continu metende glu-
cose-sensor. Aan de hand van het signaal van de sensor kan de patiënt zelf
bepalen wanneer en hoeveel insuline hij moet toedienen. Een technisch
meer geavanceerd systeem is de koppeling van de sensor met een insuline-
toedieningsapparaat. Hierbij wordt afhankelijk van o.a. de glucoseconcen-
tratie in het bloed geheel automatisch insuline toegediend zonder tussen-
komst van de patiënt. In dit hoofdstuk komen methoden van
glucosemeting, in vivo toepassingen en vereisten van glucose-sensoren aan
bod.

In hoofdstuk 2 geef ik een overzicht van verschillende minimaal invasive
glucose-sensoren en hun basis detectieprincipe. 

Er zijn verschillende typen glucose-sensoren ontwikkeld, die zich onder-
scheiden in het gebruikte detectieprincipe en methode van glucose-extrac-
tie. De meerderheid van alle sensoren maakt gebruik van de enzymatische
omzetting van glucose door het enzym glucose-oxidase (god). In deze
reactie wordt glucose omgezet in gluconzuur onder verbruik van zuurstof
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en produktie van waterstofperoxyde. Er zijn verschillende elektrodesyste-
men ontwikkeld die de glucose-afhankelijke concentratie van of zuurstof,
of waterstofperoxyde, of gluconzuur kunnen meten (zgn. naaldtype-elek-
trodes). Principes en methoden waarop deze glucose-sensoren zijn geba-
seerd en hun voor- en nadelen worden besproken. Naar aanleiding van de
besproken nadelen van dit type sensoren, zijn er een aantal andere glucose-
sensorconcepten ontwikkeld. Een van deze concepten is het gebruik van de
microdialysetechniek om glucose uit het lichaam te transporteren naar een
glucosemeetsysteem. Bij microdialyse wordt een klein buisvormig mem-
braan (de zgn. probe) in gebracht in het weefsel of de bloedbaan. Deze
probe wordt doorspoelt met een waterige oplossing (de zgn. perfusievloei-
stof). Glucose diffundeert vanuit het weefsel of bloed in de perfusievloeistof
en wordt getransporteerd naar het glucosemeetsysteem voor analyse. De
glucoseconcentratie wordt dus ex vivo gemeten. Microdialyse omzeilt een
aantal van de nadelen van direct geimplanteerde glucose-sensoren. Glucose-
sensoren die deze techniek gebruiken komen verder aan bod in dit hoofd-
stuk en de rest van het proefschrift.

Hoofdstuk 3 beschrijft de ontwikkeling van een nieuw glucosemeetsys-
teem.

Dit nieuwe meetsysteem is gebaseerd op de glucose-sensor ontwikkeld door
Schoonen en Schmidt [1]. Een groot nadeel van dit systeem was dat een
god/catalase-oplossing werd gebruikt als perfusievloeistof. Deze oplossing
werd door een microdialyse-probe gepompt in een gesloten pompsysteem.
Glucose, opgenomen door de probe, reageerde met het aanwezige god. De
afname van zuurstof, wat een maat is voor de hoeveelheid opgenomen glu-
cose, werd gemeten met behulp van een zuurstofelektrode. Bij in vivo
metingen vormde de mogelijke lekkage van enzymen uit de vloeistof een
potentieel gevaar. Het gesloten pompsysteem werd zodanig aangepast dat de
kans van enzymlekkage in het lichaam minimaal is. Twee nieuwe type
draagbare systemen worden beschreven:

1. Het 2-pompsysteem.

2. Het 1-pompsysteem.
161
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Het 2-pompsysteem bestaat uit twee gesloten vloeistofcirculatiesystemen.
Een fysiologische zoutoplossing wordt hierbij door de microdialyseprobe
gepompt. Nadat de vloeistof uit de probe is gekomen wordt het vermengd
met een god/catalase-oplossing. Na dit mixpunt vindt meteen de reactie
met glucose plaats. Een zuurstof-elektrode meet de afname van zuurstof in
de vloeistof. Dit is een maat voor de hoeveelheid glucose, die is opgenomen
door de microdialyse-probe. Na de zuurstofmeting wordt d.m.v. ultrafiltra-
tie de mix weer gescheiden in een god/catalase-oplossing en een fysiolo-
gische zoutoplossing. Om extra veiligheid te krijgen wordt de fysiologische
zoutoplossing, voordat het door de probe wordt gepompt, nog gezuiverd
door een koolfilter. Mochten er enzymmoleculen bij de ultrafiltratie-stap
mee zijn gekomen dan worden die nu weggehaald. Om het risico van
enzymlekkage verder te verkleinen en om het systeem energiezuiniger te
laten werken, is het 1-pompsysteem ontwikkeld. Dit systeem bestaat uit een
enkel gesloten vloeistofcirculatiesysteem. De god/catalase-oplossing is
“vastgezet” in een enzymreactor waarin glucose wordt omgezet door het
enzym god. Omdat niet alle opgenomen glucose wordt omgezet, kan er
ophoping van glucose in het systeem ontstaan. Hiervoor is een glucose-
eliminator ontwikkeld. Een gedetailleerde beschrijving van zowel het 1- als
het 2-pompsysteem en hun constructie staat in dit hoofdstuk. Evenals de
voor- en nadelen van beide systemen. Om het functioneren van de koolfil-
ters te valideren zijn een aantal experimenten uitgevoerd. Er konden geen
god-moleculen in de perfusievloeistof worden aangetoond. Het 1-pomp-
systeem is het meest geschikt voor verdere ontwikkeling en voor in vivo stu-
dies. Dit komt omdat bij dit systeem het gevaar van enzymlekkage het
kleinst is, het systeem een laag energieverbruik heeft en de mogelijkheden
van miniaturisatie het grootst zijn.

In hoofdstuk 4 beschrijf ik verschillende in vitro karakteristieken van het
1-pompsysteem. 

Er zijn experimenten uitgevoerd voor de bepaling van de meetnauwkeurig-
heid, de gevoeligheid van de sensor voor glucose, de reactiesnelheid van de
sensor, de invloed van temperatuur op de meting en de totale stabiliteit van
het systeem. In totaal zijn twaalf glucosemeetsystemen getest. De resultaten
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laten zien dat er betrouwbaar met het nieuwe 1-pompsysteem gemeten kan
worden. Het verloop van het meetsignaal (drift) is voldoende klein om ten-
minste twee weken met dit systeem te meten. Het meetbereik van de sen-
soren kan worden vergroot door de membraanlengte van de
microdialyseprobe te verkleinen. Een nadeel hiervan is, dat de gevoeligheid
van het systeem afneemt. Het is duidelijk dat bij de ontwikkeling van een
op microdialyse gebaseerd glucosemeetsysteem, compromissen moeten
worden gesloten en dat er naar een optimum moet worden gezocht tussen
gevoeligheid, meetbereik en reactiesnelheid van het systeem. 

In hoofdstuk 5 worden in vivo proeven beschreven met dit nieuwe gluco-
semeetsysteem.

Deze ambulante in vivo studies, uitgevoerd bij tien gezonde vrijwilligers,
hadden als belangrijkste doel, tenminste zeven dagen betrouwbaar te meten.
Bovendien is het effect van snelle temperatuur verschillen en fysieke inspan-
ning op de glucosemeting onderzocht. Voordat het glucosemeetsysteem
werd aangebracht bij de vrijwilligers, werd het eerst geijkt m.b.v. bekende
glucose-oplossingen. Ook werd de specifieke temperatuursafhankelijkheid
van het systeem bepaald, om te corrigeren voor temperatuurveranderingen.
Op de eerste dag kwamen de proefpersonen zonder iets gegeten te hebben
in het ziekenhuis om een orale glucosetolerantie-test (ogt-test) te onder-
gaan. Het doel van deze test was, er achter te komen hoe groot de tijdsver-
traging was tussen een verandering in de bloedglucoseconcentratie en de
meting door de sensor. Vanaf de tweede dag tot het einde van het experi-
ment kwamen de proefpersonen ‘s morgens naar het ziekenhuis om de
meetwaarden van de sensor te laten opslaan in een computer. Er werd dan
ook gekeken of het systeem wel naar behoren functioneerde. De uitkomst
van deze studie laat zien dat het goed mogelijk is om met dit systeem glu-
cose te meten voor ten minste drie dagen. Het grootste probleem is dat het
systeem vrij fragiel is. Dit resulteerde gedurende verschillende in vivo expe-
rimenten in verstoppingen en lekkage van het perfusiesysteem. Er was een
goede correlatie tussen de bloed-glucoseconcentratie en het sensormeetsig-
naal. De maximale vertraging tussen het meetsignaal en de bloedglucose-
concentratie in de opgaande curve van de ogt-test was 10.5 minuten. De
163
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vertraging in de neergaande curve was 9.5 minuten. Een interessante uit-
komst van deze studie was dat de opname van glucose door de microdialy-
seprobe toenam gedurende de tijd van implantatie. Een verklaring hiervoor
kan het helen van de capillaire bloedvaatjes zijn, die bij het inbrengen van
de probe kapot zijn gegaan. Hierdoor zal er een verhoogde toevoer van glu-
cose naar de probe plaatsvinden waardoor de relatieve opname van glucose
door de probe ten opzichte van het bloed toeneemt (zie ook hoofdstuk 7).

In hoofdstuk 6 staan de kwalitatieve en kwantitatieve aspecten van de
microdialysetechniek. 

Omdat microdialyse de basis vormt voor het glucosemeetsysteem is het
belangrijk om een goed begrip te hebben van de processen die zich afspelen
bij het toepassen van deze techniek. In dit hoofdstuk probeer ik om een ant-
woord te vinden op de vraag in hoe verre een in vitro-ijking gebruikt kan
worden voor in vivo metingen. Mathematische modellen ontwikkeld door
Jacobson ������ [245] en Bungay ������ [257] worden kort besproken. Door
gebruik te maken van in vitro- en in vivo-data van het glucosemeetsysteem
en door de toepassing van een mathematisch model was het mogelijk om
de in vivo massa-overdrachtcoëfficiënt voor glucose te berekenen. Deze
massa-overdrachtcoëfficiënt zegt iets over hoe makkelijk glucose getrans-
porteerd kan worden vanuit het bloed naar de probe. De resultaten van deze
berekening laten zien dat de weerstand in het weefsel een factor drie lager
is dan de weerstand in het microdialyse-membraan van de probe. Bij de per-
fusieflow-snelheden die gebruikt zijn in deze experimenten (0.5–20 µL/
min) betekent dit, dat de afname van glucose uit het weefsel rondom de
probe geen limiterende factor is voor de opname van glucose door deze
probe. Het is dus goed mogelijk om ook met hogere perfusieflow-snelheden
glucosemetingen uit te voeren. Dit verkort de tijdsvertraging van het sys-
teem, zodat snelle veranderingen kunnen worden gevolgd. Dit is van belang
wanneer een glucosesensor wordt gekoppeld aan een insuline-toedienings-
apparaat.

Omdat we bij eerdere in vivo experimenten zagen dat de relatieve glucose-
opname veranderde gedurende de tijd van implantatie, zijn een aantal extra
experimenten uitgevoerd om een beter inzicht te krijgen in onderliggende
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mechanismen. In hoofdstuk 7 beschrijf ik glucosemetingen gedurende drie
weken in het onderhuidse vetweefsel van vijf gezonde vrijwilligers. Ons
doel was, te kijken in hoeverre de opname van glucose door de microdia-
lyse-probe veranderde gedurende de implantatietijd. We hebben gepro-
beerd om met deze experimenten de werkelijke onderhuidse
glucoseconcentratie te bepalen. Of met andere woorden: “wat voor een
glucoseconcentratie meet de microdialyse-probe nu eigenlijk?”. Ook werd
in deze studie de kinetiek van het glucosetransport in het onderhuidse vet-
weefsel bestudeerd. We hebben verschillende perfusieflowsnelheden toege-
past (0.5 – 20 µL/min) bij microdialyseprobes met een membraanlengte
tussen de tien en vijfendertig millimeter, en we hebben als perfusievloeistof
verschillende glucoseconcentraties gebruikt (Lönnroth-methode [221]). Bij
elke proefpersoon werden vier probes ingebracht, twee aan elke kant van de
navel. Elke dag werd er een experiment uitgevoerd met acht verschillende
perfusieflowsnelheden of een experiment waarbij de probe werd doorspoelt
met verschillende glucoseconcentraties. Voor elke perfusieflowsnelheid en
voor elke gebruikte glucoseconcentratie werd een hoeveelheid dialysevloei-
stof opgevangen in een cupje. De glucoseconcentratie in het verzamelde
dialysaat werd spectro-fotometrisch bepaald. Aan het begin en het eind van
elk monster werd de capillaire bloedglucoseconcentratie gemeten. De opzet
van de studie en de details van de gebruikte methoden beschrijf ik in dit
hoofdstuk. De resultaten laten zien dat de relatieve glucose-opname door de
microdialyse-probe toeneemt gedurende zes tot negen dagen, totdat een
plateauwaarde wordt bereikt. Vooral de (individuele) verandering in glu-
cose-opname gedurende de eerste dag was significant. Bij het inbrengen van
de probe wordt het weefsel en de haarvaatjes rondom de plaats van inbren-
gen beschadigd. Deze weefsellaag vormt nu een barrière voor glucosetrans-
port door middel van diffusie. Het herstel van deze beschadigde laag kan
enige tijd duren en gaat samen met een toename van de relatieve glucose-
opname. Wanneer de perfusievloeistof stil staat in de probe ontstaat een
evenwichtsconcentratie die niet wordt beïnvloed door enige kinetische
parameters (Lönnroth-methode). De concentratie is dan gelijk aan de con-
centratie in het weefsel rondom de probe. Deze concentratie is alleen afhan-
kelijk van de aanvoer van glucose door de arteriële bloedvaten en de
opname van glucose door het weefsel. Wanneer na een aantal dagen het
165
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effect van de implantatie is verdwenen, vinden we een evenwichtsconcen-
tratie die gelijk is aan de concentratie in de capillaire bloedvaatjes. We
denken daarom dat er geen universele interstitiële concentratie is, die geldt
als drijvende kracht voor diffusie van glucose naar de probe, maar dat deze
wordt bepaald door de concentratie in de capillaire bloedvaatjes. Dit bete-
kent dat bij microdialyse experimenten in het onderhuidse vetweefsel, voor
stoffen die niet door de cellen rondom de probe zelf worden geproduceerd,
de capillaire bloedconcentratie een betere referentie is dan de veneuze
bloedconcentratie die nu meestal als uitgangspunt wordt gebruikt. Geba-
seerd op deze histologische voorstelling wordt het onderhuidse vetweefsel
veel beter beschreven door een matrix van cellen en capillairen, waarbij het
transport van glucose in het weefsel wordt bepaald door convectief transport
binnen het vasculaire bed en niet zozeer door diffusie in het interstitium.
Het matrixmodel ziet het glucosetransport als een proces dat bestaat uit
twee stadia. Als eerste vindt er convectief transport plaats in het vasculaire
bed, waarbij de glucose naar de probe wordt gebracht. Als tweede wordt de
glucose door middel van diffusie door de wand van de capillairen, een klein
laagje interstitium en het microdialysemembraan, heen getransporteerd.
Het implantatie-effect is een nadeel voor een kortdurende toepassing van
continue glucosemeting door middel van microdialyse in het onderhuidse
vetweefsel. Pas wanneer de relatieve glucose-opname is gestabiliseerd corre-
leert de gemeten glucoseconcentratie direct met de bloedglucoseconcentra-
tie. Voor betrouwbare metingen adviseren wij daarom om te wachten totdat
deze relatieve glucose-opname is gestabiliseerd.
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Abbreviations and symbols

λ = Membrane wall thickness (µm)

t = Tortuosity of membrane (-)

ADA = American Diabetes Association

ANOVA = Analysis Of Variance

BMI = Body Mass Index (kg/m2)

C∞ = Concentration of a substance outside the envi-
ronment of the dialysis tube (mg/dl)

CA = Cyano-Acrylate glue

Ce = The uniform concentration of glucose in the
enzyme solution (mg/dl)

Cequi = Equilibrium glucose concentration (mg/dl)

Cf = In vitro calibration factor (nA/mM)

Ci, Cin = The inlet concentration (mg/dl)

Cout = Concentration of substance of interest in out
flow (mg/dl)

Cperfusion fluid = Concentration of a substance in the perfusion
fluid leaving the dialysis probe (mg/dl)

CSII = Continuous Subcutaneous Insulin Infusion 

Ct, Cdialysate = Denotes the concentration of glucose in the
tube (mg/dl)

DCCT = Diabetes Control and Complications Trial
Research Group

Dint = Inner diameter of the tube (m)

dp = Membrane pore diameter (m)
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ds = Glucose diameter (m)

Ep = Recovery

F, Q, Fperf = The perfusion flow rate (µL/min)

Ftemp = Temperature factor system (nA/°C)

GMS = Glucose Measurement System

GOD = Glucose Oxidase

i.d. = Internal Diameter (m)

IDDM = Insulin Dependent Diabetes Mellitus

IDeffg = Effective diffusion coefficient of glucose in
the membrane (m2sec-1)

IDg = Diffusion coefficient glucose in water 
(m2sec-1)

Im = Current oxygen electrode during experi-
ments (nA)

IR = Infrared

ISE = Ion Selective Electrodes

ISFET = Ion Selective Field Effective Transistor

IT30 = Current at 0 mM glucose and 30°C (nA)

iv = Intravenous

Kext = Mass transfer coefficient in the external
medium (m/sec)

Kg = Mean mass transfer coefficient for glucose
(m/sec)

Kint = Mass transfer coefficient in the dialysate
(m/sec)

Km = Mass transfer coefficient in the membrane
(m/sec)

Kov = Overall mass transfer coefficient (m/sec)

Kvivo = Overall mass transfer coefficient in vivo
(m/sec)

L = Length of membrane (m)
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MWCO = Molecular Weight Cut Off (Dalton)

NIR = Near Infrared

o.d. = Outer Diameter (m)

OGTT = Oral Glucose Tolerance Test

P = The permeability coefficient of the dialysis tube
(m/s)

PC = Personal Computer

Probe = Small hollow semi permeable dialysis-mem-
brane construction

Rd = Mass transfer resistance in the dialysate (s/m3)

Re = Mass transfer resistance in the external medium
(s/m3)

Rm = Mass transfer resistance in the dialysate mem-
brane (s/m3)

Rtot = The total mass transfer resistance (s/m3)

S = The surface area of the dialysis tube (m2)

SCE = Standard Calomel Electrode

SC-GMS = Single Circulation Glucose Measurement
System

SMBG = Self Monitoring of Blood Glucose

SPK = Simultaneous Pancreas-Kidney transplantation

Tf = Tissue factor (-)

Tm = Measured temperature during the experiments
(°C)

WHO = World Health Organisation
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