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Abstract

Background:

Continuous glucose monitoring is presently used worldwide. Accuracy, precision, durability, invasiveness, and
lack of drift of sensors and lag time are key parameters essential to these systems. This article describes a
new online minimally invasive biodegradable microsensor for optical, transcutaneous interrogation, which has at
least 14 days of functionality.

Method:

Studies were performed in vitro and in vivo on pigs, as well as on type 1 diabetic humans. Functionality has
been ensured in laboratory settings, and precision and durability have been tested in vivo. During in vivo
studies, venous blood samples were used as reference.

Results were based on one single point calibration per experiment.

Results:

Excellent stability was found in 14-day in vitro trials as well as in vivo in up to 70-hour trials. The overall
median relative absolute difference of type 1 diabetic patients was 114%. Error grid analysis showed 97.7% of
all values in the A+B zone. Comparable results were found in animal studies. No sensor drift was observed in any
trial.

Conclusion:

Results point toward the possibility of developing a stable and precise minimally invasive glucose reader for at
least 2 weeks of continuous use.
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Introduction

In the last three decades several attempts have been
made to develop continuous glucose sensors or methods
of monitoring the blood or interstitial fluid (ISF) glucose
directly that would be beneficial to the growing number

of patients affected by type 1 and 2 diabetes worldwide.

Throughout the world research groups and companies
have invested time and money in developing a variety
of solutions that would work as reliable glucose
monitoring systems, ranging from infrared/near-infrared
spectroscopy,'? impedance measurements,® reverse
ionotophoresis,* viscometric,>® and fluorescence’” to
electrochemical®'? methods. The quest for such a reliable
system often stands on the fact that the system lacks a
“true” dose response between the measured signal and
the glucose concentration. Other systems lack stability
arising either from fouling of the membrane or from

degradation of the signaling protein in the chosen setup.

The last mentioned systems would call for frequent
calibration, hence leaving the patient with a need to trust
an unreliable system in drift.

The market currently has three continuous glucose
monitoring (CGM) systems available (electrochemical
based) approved for 3- to 7-day use. PreciSense A/S is
developing a biodegradable glucose microsensor that can
work for at least 14 days in vivo while being interrogated
optically and transcutaneously. The solution provided by
PreciSense is a microsensor element that can be injected
by a patient-operated device into the upper layer of the
skin (in the dermis just below the basal membrane, see
Figure 1), interrogated transcutaneously, and resorbed by
the body after use. The concept ensures that the person
with diabetes does not have to consult a clinic neither
for injection nor for removal of the microsensor element
after use. The main benefit for the diabetic patients using
the PreciSense CGM microsensor system is the need for
less finger pricking and hence less pain associated with
glucose measurements. Only one injection every 14 days
is needed. In return, patients have to accept the insertion
of a microsensor that is resorbed in the dermis, as well
as carrying a device on the body, which could lead to
increased stigmatization of the patients.

The implanted microsensor will be resorbed by the
surrounding tissue, which negates the need of a potentially
traumatizing explantation procedure. However, the fact
remains that the patient needs to accept the resorbtion.
For this, the microsensor needs to be safe in any
thinkable manner. Therefore, we have used materials that

Figure 1. Microsensor capsule placed in the dermis just below the
basal membrane. The microsensor is interrogated by the reader unit
(not shown) aligned with the microsensor on top of the skin.

we (and experts) consider safe. The ingredients are either
approved by the Food and Drug Administration (FDA)
for in vivo use already (the polymer for encapsulation),
of human origin, and passed phase 1 clinical studies
(the receptor protein) or already used for in vivo purposes
(the ligand is used as a plasma expander).

Any manufacturer will have to address what happens if
their sensor is destroyed, releasing highly immunogenic
substances regardless of the indwelling sensor being
removable (via a wire) or not. Using safe ingredients, as
is the case with the PreciSense microsensor, will help
diminish any such problem.

In order to evaluate all aspects of the PreciSense
microsensor system, it was tested in vitro (long-term
interrogation) for up to 14 days and in vivo for up to
3 days. The in vitro test was carried out in order to study
the stability of the sensing system when pertubated
with illumination and heat and in vivo tests to study the
functionality under true physiological conditions. In vivo
tests were done both preclinically and clinically. The
preclinical study was performed on nondiabetic pigs in
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a clamp type of experiment, and clinical experiments
were performed on type 1 diabetic patients in a hospital
setup.

Material and Methods

System Description

The glucose assay employed in the microsensor element is
based on reversible binding between a fluorophore-labeled
human glucose receptor and a dye-labeled glucose analog
(dextran). The fluorophore and dye are selected as a Forster
resonance energy transfer pair. The glucose concentration-
dependent degree of binding between the two assay
components is determined by measuring the fluorescence
lifetime of the system. The system is, in principle, equal
to the systems suggested by Schultz and colleagues’
and Meadows and Schultz"® in the early 1980s and later
by Lakowicz and Maliwal,® Russell and colleagues,!
Chinnayelka and McShane,® and a few companies.'®-!8
The use of equilibrium-based assay chemistry and
fluorescence lifetime-based readings provides a sensing
system that should be independent of the environment
wherein it is embedded and hence give a very robust
measuring principle, only calling for an initial
calibration after insertion of the microsensor element.
The equilibrium-based assay ensures that the chemistry
response is independent of the gradient of glucose into
the microsensor and only responds to the actual glucose
concentration inside the microsensor. The use of time-
resolved fluorescence as the interrogation principle
ensures that minor changes of the assay composition do
not influence the reading. Hence it yields a more robust
sensing principle than that of fluorescence intensity.
The robustness of the microsensor will demand fewer
calibrations during use, which will be of benefit to the
patients.

The use of a human glucose receptor (as a substitute for
concanavalin A or apoenzymes from plants or fungi)
ensures that no foreign body reactions will occur during
resorbtion of the assay chemistry after degradation of
the microsensor element.!” Also, the polymer employed
to encapsulate the assay chemistry is made from an
FDA-approved biodegradable polymer that is used as
an implantable medical device? and as a vehicle for
biodegradable drug delivery systems.?

PreciSense Microsensor Element. The glucose responding
assay chemistry consists of Alexa Fluor™ 594 (AF594),
conjugated human mannan-binding lectin (AF594-MBL),
and a 110-kDa hexamethoxy crystal violet-conjugated
dextran (HMCV1-Dex). AF594 succimidyl ester was

obtained from Invitrogen (Molecular Probes, Eugene, OR),
and the dye HMCV1 succimidyl ester was synthesized
as described.”> MBL was obtained from Statens Serum
Institute (Copenhagen, Denmark). The dextran was
obtained from PharmaCosmos A/S (Holbaek, Denmark)
and aminated according to the procedure described by
Lihme and Boenisch.?® Stained conjugates were made as
suggested by Molecular Probes.?

The assay was embedded in a cylinder-like container
made from the biodegradable polymer PolyActive™
(IsoTis, part of Integra Orthobiologics Inc., Irvine, CA).
The polymer acts as a dialysis membrane, allowing the
glucose (and other small molecules and ions) to diffuse
almost unrestricted through the polymer. The glucose
permeability was found to be approximately 107 cm?/s,
i.e, approximately one-fifth the glucose permeability in
a cellulose dialysis membrane.” Also, the PolyActive
membranes were able to withhold dextrans with a size
of 10,000 Da for more than 3 weeks at 37°C but not
dextrans with a size of 3000 Da (immediately leaked).
The degradation of the polymer is caused by passive
hydrolysis,* and in a first trial in rabbits it was found that
sensors had a degradation time of between 4 and 8 weeks.

The assay chemistry was sterile filtered before the aseptic
assembly. The assay chemistry was dispensed into
e-beam-sterilized polymer straw, and the polymer ends
of the straw were closed by heat. The microsensor
has a cylindrical shape with production dimensions
0.5 x5mm. Further swelling of the sensor only
increased the diameter by a maximum of 5%. This swelling
of the polymer had no effect on the dose response from
the sensors, which indicates that the assay chemistry is
robust toward small changes in concentrations.

PreciSense Reader Unit. The reader unit used to interrogate
the microsensor element was a home-built light-emitting
diode (LED)/Avalanche photodiode-equipped, time-resolved
fluorometer (measuring lifetime in the frequency domain)
fitted with custom-made optics suited for reading the
fluorescence from the AF594 fluorophore used in the
assay. No conversions from obtained raw data (phase
measurements) to lifetimes were made for any set of data.
All measurements were performed with a modulation
frequency of 61 MHz and a cross-correlation frequency
of 968 Hz. The LED output was 1 mW measured at the
skin surface, and calculations showed that approximately
2% of the incident light reached the microsensor.
The reader unit was capable of collecting approximately
20% of the emitted fluorescence leaving the skin. The
reader unit came in two versions. The first version
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used weighed approximately 75¢g and the dimensions
were 16 x 65 x 145 mm, and the second version weighed
approximately 40 g with dimensions of 16 x 65 x 75 mm.
Both versions were battery operated, and data logging
was done both by a radio link and by a storage device
(data logger) mounted in the reader unit itself. The reader
unit was mounted on top of adhesive tape fixed to the
skin in such a manner that the optics of the reader unit
was aligned with the microsensor embedded in the skin.
The reader unit read the microsensor element every
5 minutes, collecting 10 sample points for the calculation
of the phase. The illumination period was 13 seconds
every 5 minutes. Phase readings were done with a
precision of +0.02°.

Experimental

In Vitro Experiments. The microsensors were placed
in a home-built cuvette that was part of a wet section
system ensuring the continuous flow of three different
glucose buffer solutions. The aqueous buffers used
were all based on 10 mmol/liter Tris, with isotonic salt
concentrations (cNa*® 135 mmol/liter, ¢K* 4 mmol/liter,
cCa* 1.25 mmol/liter), pH 74, containing 2.5 mmol/liter
(45 mg/dl), 5mmol/liter (90 mg/dl), or 15 mmol/liter
(270 mg/dl) glucose. All glucose solutions were kept at 37°C
at all times and the measurements were performed
at 37°C with an interrogation interval of 5 minutes.
Because of the nature of the wet section system, stable
glucose levels were only obtainable for 16 hours of
operation every 24 hours. During transient periods, the
microsensors were still illuminated; hence the total time
of photoperturbation of the assay was 63 minutes per
24 hours, yielding an illumination total for the 14 days
of 14 hours and 34 minutes. During this 14-day period,
the microsensor was exposed to approximately 1 joule of
incident light.

Preclinical Experiments. The 10 animals used were female
pigs (Landrace, Yorkshire, Duroc). The study was approved
by the local ethical committee. The day prior to measure-
ments, the microsensor was inserted manually by use
of a 19-gauge hypodermal needle parallel to the skin at
a depth of approximately 0.3 to 0.5 mm. The pigs were
anesthetized shortly with 0.5 mg/kg midazolam for the
insertion and were subsequently allowed to move freely
in their habitat. No action was taken to protect the
microsensor overnight until the interrogation day. On the
day of measurements, the pigs were anesthetized and the
PreciSense reader units were mounted above the micro-
sensors in order to interrogate them. The protocol used
during the trials inscribed the blood glucose levels to be
ensured as follows: euglycemic [5 mmol/liter (90 mg/dl)]

level kept for 4 hours after mounting the reader unit,
blood glucose level raised by glucose intravenous infusion
at a rate of +10 mmol/liter/h (+3 mg/dl/min) to either
15 mmol/liter (270 mg/dl) or 30 mmol/liter (540 mg/dl)
and kept constant at the high level for 2 hours before the
blood glucose level was allowed to return to euglycemia
at a rate of —10 mmol/liter/h (-3 mg/dl/min). The final
euglycemic level was maintained for 2 hours. The reference
used in the preclinical experiments was venous whole
blood glucose (analyzed on a Radiometer ABL™ 615 system)
and as control a CGMS Gold™ system was used
(Medtronic MiniMed, Northridge, CA). Early preclinical
experiments showed that the pigs had difficulties in
tolerating longer periods of hypoglycemic events. The
purpose of the experiments was to obtain longer lasting
stable levels of glucose. Hence, the hypoglycemic events
were omitted in order to secure results.

Prior to preclinical experiments, the study was approved
by the authorities of animal welfare, Ministry of Justice.
The pigs were sedated with 0.5 mg/kg midazolam and
transported to the surgical research center. After arrival
at the experimental research wunit, anesthesia was
commenced (5 ug/kg/min midazolam, 0.2 ug/kg/min
fentanyl, and 0.25mg/kg/min ketamine) and maintained
throughout the experimentation period. Ventilation was
maintained by a Servo 900 respirator (Siemens-Elema,
Solna, Sweden). At the end of the experiment, the pigs were
killed with potassium chloride injected into the heart.

Clinical Experiments. A study to show the performance of
the PreciSense system in humans was performed. The
study was approved by the local ethical committee and
all participating subjects completed the consent information
process according to the Declaration of Helsinki II
The 12 subjects were male and female diabetic type 1
patients aged 40 to 60 years. Patients were admitted to the
hospital during the trial. The microsensor was inserted
manually parallel to the skin surface by means of a
19-gauge needle. Only the microsensor was left in the
skin. The insertion procedure was done by a trained person
using a manually operated device. The PreciSense reader
unit was placed on the skin above the microsensor, and
measurements commenced within 1 hour from the time
of insertion. Whether this 1-hour warm-up is needed
cannot be tested before the insertion device is ready. At
present the manual procedures and logistics in mounting
the reader units are simply too long to go below 1 hour
of warm-up time. In the future, this device will allow
the patient to do the insertion him/herself and, at the
same time, leave the adhesive tape on the skin for easy
positioning of the reader unit.
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Insertion of the sensor into human skin is easier than
inserting it into pig skin. Human skin is much softer
and the needles slide nicely into the skin, whereas more
force is needed in pigs and hence the risk of going
deeper with a loss of signal (fluorescence intensity) as a
consequence.

The interrogation frequency of the microsensor was
5 minutes. The experiment lasted approximately 10 or
70 hours (1- or 3-day trial). Reference venous blood
glucose samples were drawn every hour during the
day and evening of the trial days, and the samples
were analyzed by a Beckmann glucose analyzer. During
trial days the patients were free to move around, eat,
and behave as they were used to doing. Insulin was
administered according to their own schedule. Readings
from the PreciSense reader were not available to the
patients during or after the trial. Glucose values from
their own capillary testing devices were the only values
available to the patients during the trial. Results from
the venous blood samples were made available to
the patients after the trial ended. As a full biological
evaluation of the entire microsensor had not been
performed prior to the trials, the microsensor was
removed after completion of the experiment.

Results

In Vitro Results

The dose response from the PreciSense assay
chemistry inside the microsensor can be described
by a three-parameter curve. The curve is the usual
Michaelis—Menten-like curve description when ¢, =0 and
the relationship between the glucose estimate and the

Agbmax ) [Glu]

d ph hift ¢ is gi b = + ,
measured phase shift ¢ is given by ¢ = ¢, K, + [Clu]

where [Glu] is the glucose concentration, ¢, is the phase
angle at [Glu] =0, A¢,., is the difference between the
phase measurements for [Glu] =« and [Glu] =0, and Kj
is the apparent dissociation constant for the system. A
typical dose-response curve is shown in Figure 2.

In order to be able to use such an assay in a clinical
setting the glucose concentration-phase measurement
relationship needs a three-point calibration, which is not
practical in a person with diabetes. In order to avoid the
three-point calibration, a stable assay chemistry system
is needed, i.e., it is crucial that use of the microsensor
only calls for a single-point calibration or no calibration
at all.
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Figure 2. Dose-response characteristics of an AF594-MBL/HMCV1-
Dex assay in a microsensor container. Phase readings are performed
in vitro and have a precision of +0.02°. The curve parameters
for this particular set of data are ¢, = 37.86 ° A¢max = 7.0% and
Kp = 41.5 mmol/liter.

During the 14 days of in vitro testing the microsensors
exhibited excellent stability.”” Table 1 shows the statistics
of the 1st and 14th days of the experiment. Two of the
three calibration parameters (A¢,,, and Kp) were constant
during the entire test, only the baseline parameter
(po) changed during the test; hence only a single-point
calibration was needed during use. Results showed
that the microsensor was stable, ie., it did not change
properties due to thermal degradation or photobleaching
during the test period. It is obvious that the performance
of the microsensor is convincingly good when compared
to the International Organization for Standardization
standard® and that the microsensor system can be
employed for clinical use for as long as 14 days.

The excellent thermal stability of the protein used in the
assay could be due to it being at its natural conditions
when kept at 37°C and pH74. Human proteins are
expected to be more stable at body temperature than
proteins derived from (most) plants. The stability toward
photobleaching in the interrogated signal is ascribed
predominantly to the time-resolved interrogation principle.
The investigation on how the process of photobleaching
influences the tested assay has not yielded any clear
answers; hence this issue has not been clarified in a
satisfactory way:.

Results from Preclinical Experiments

Glucose estimates obtained during the preclinical
experiments were evaluated by median relative absolute
difference (RAD) analysis and continuous glucose
(Clarke) error grid analysis'' (CG-EGA). Results showed
an overall median RAD (all levels) of 11.9%. This result
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Table 1.
Statistical Evaluation of Glucose Values Obtained during a 14-day In Vitro Test”
Day 1 Day 14 DS/EN I1SO 15197¢
Glucose level
Mean® SD°¢ CV%“ Mean SD CV% SD CV%
45 mg/dl 43.8 +2.9 6.7% 47.4 +1.9 41% +7.6
90 mg/dl 90.3 +2.1 2.3% 90.3 +3.9 4.3% 10%
270 mg/dl 272.5 +3.5 1.3% 262.8 +5.8 2.2% 10%

and 80 times (90 mg/dl) in a nonrandom protocol.
b Mean is the average glucose reading obtained during day 1 or 14.
¢ SD is the standard deviation obtained during day 1 or 14.
9 CV% is the coefficient of variation, i.e., SD/mean.

€ The ISO standard describing test requirements for blood—glucose monitoring.

4 The two columns at the right show the International Organization for Standardization (ISO) standard test requirements for blood-glucose
test systems. All values are shown in milligrams per deciliter. On every day each glucose level was measured 40 times (45 and 270 mg/dl)

indicated very good performance of the microsensor in
pig skin. It should be noted that no algorithms were
used to smooth the readings nor was it necessary to
correct for any drift during the experiment (the system
did not exhibit drift during the experiments) as often
needed when electrochemical needle-based sensors are
employed. The CG-EGA (Table 2) showed that 99% of the
estimates were in the point EGA regions A+B, whereas
the rate of glucose change yielded 84.5% of the points in
the region A+B of the rate EGA. The time lag between
ISF and venous blood in pigs varied from 8 to 25 minutes
(time to 95% of steady state) among the different pigs in
preclinical experiments. The variation between sensors
in the same pig was much smaller, typically only up
to £2 minutes. This indicates that the observed time lag
between glucose values in the two compartments is of
physiological origin.

The CGM system control used during the preclinical
experiments seemed to exhibit excessive drift, most
probably due to the sensor not being placed in fat tissue
but merely in muscular tissue; hence no results are
shown.

Results from Clinical Trials

The single-day clinical experiments showed convincing
results when data were evaluated according to the CG-EGA.
During the trial no recalibrations were made; only one
set of calibration parameters was applied to patient data.
Results of the CG-EGA analysis showed 98% of points
to lay in the A+B zones. The overall median RAD value
found during the single-day trials was 11.4%.

An example of an obtained glucose profile for one of the
patients participating in the 3-day trial is shown in Figure 3.

D b 0
Ob d g
d A 0 Blood
P C
Rate-EGA Point EGA
CG-EGA
zone Individual | Sum zones | Individual | Sum zones
zones A+B zones A+B
A 61.2% 82.9%
84.5% 99.6%

B 23.3% 16.7%
C 9.5% 0.0%
D 3.1% 0.4%
E 2.9% 0.0%

4 The table summarizes 455 data sets obtained during five
preclinical trials. (A data set is a PreciSense reading vs a venous
blood glucose reading with no correction for physiological time
delay between the two different compartments.)

The glucose estimates were calculated retrospectively by
applying the three-parameter curve shown earlier. The
Kp and A¢,,,, were kept constant (values were obtained
through an in vitro batch calibration of the sensor
batches prior to the trial) during the whole series of
measurements, and the ¢, was obtained by retrospective
calibration. This method of “calibration” was chosen due
to lack of knowledge of when would be the optimal time
for calibration of the sensor after insertion. No correction
for the physiological time lag was used.

The fact that the PreciSense glucose estimates shown are
based on one calibration set only during the entire 70 h
of testing proves the ruggedness of the microsensor.
The calibration sets for each individual patient used
to convert raw data (phase measurements) to glucose
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estimates are shown in Table 3. No drift was observed
on any sensors during any of the trials. Nothing
indicated that any wear had occurred during the trial,
e.g, caused by illumination from the reader unit or
elevated temperatures during the trial. This confirms
that the microsensor system is a very robust glucose
sensing system suitable for clinical use. Figure 4 shows
CG-EGA results for the lowest gradient for all 3-day trial
patients. We only show the lowest gradient for matter
of convenience and because this figure covers 85% of
all collected data points. CG-EGA results showed that
during the 3-day trial the A+B zones of the rate EGA
were the only rate zones visited and that the A+B zones
of the point EGA were visited 977% of the time (Table 4).
The overall median RAD value obtained during the
3-day trial was 11.4%. These findings included all
data, ie, not restricted to |gradients| <+l mg/dl/min.
These findings are comparable to the findings by
Kovatchev et al,'! Wilson et al,” and Weinstein et al.*® in
testing the Abbott’s FreeStyle Navigator™ electrochemical
indwelling sensor. This electrochemical sensor also
exhibited a physiological time lag in the range of 8 to
21 minutes® just like the PreciSense microsensor. We
believe that this time lag is dominated by physiology
(glucose determination in two different compartments)
and not by the sensor itself. This is supported by the
large inter pig variation and the low intra pig variation
of the observed time lag. For humans this has not been
tested, as we were only allowed to insert one sensor per
patient during the trials. Because we believe that the
origin is physiologic, the means to change it are difficult
to identify.

400 |

= Venous Blood
— PreciSense

300

Glucose (mg/dl)

100 |

0
06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00
Day 1 Day 2 Day 3

Time (hh:mm)

Figure 3. Data for male patient type 1, diabetes duration 11 years.
The line shows the glucose estimate obtained by the every 5-minute
interrogation of the PreciSense microsensor, and the points show the
venous blood glucose from the patient.

Nielsen
D

DY d O ed O :

DSC Ale O O (d

Calibration constants used Results

A max Kp Median
¢o (degree) |y ree)® | mmolitery | MEaN RAD | “pap

48.14 10.00 41.5 11.7% 8.8%
47.92 10.00 4.5 14.0% 11.1%
4518 10.00 4.5 17.7% 13.5%
47.52 8.00 4.5 16.5% 9.9%
47.86 8.00 41.5 19.2% 15.2%
47.57 10.00 4.5 19.9% 16.9%

4 The table presents calibration parameters for the last six
patients during the trials, one set for each. The use of these
calibration constants yields the statistical results shown.

b A Apmax of 10 or 8 comes from two different sensor batches.

Point-EGA (-1 mg/dl/min = rate < 1 mg/dl/min)

Est. glucose (mg/dl)

200

Ref. glucose (mg/dl)

400

Figure 4. Point EGA plot for the lowest gradient interval during the
trial, i.e,, 85% of the data sets acquired is shown here. Data points are
from the last six patients participating in the 3-day trials.

q 0 0 D 0 0
ed d g DF
Error zone Rate EGA Rate A+B Point EGA | Point A+B
A 95.1% 74.0%
100.0% 97.7%
B 4.9% 23.8%
C 0.0% 0.0%
D 0.0% 2.3%
E 0.0% 0.0%

2 The table includes 288 correlated data sets obtained during the
trials covering all gradients (not limited to +1 mg/dl/min). (A data
set is a PreciSense reading and a venous blood glucose reading
with no correction for physiological time delay between the two
different compartments.)
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Knowing the nature of the dose-response curve of
the assay, the error seen at the hypoglycemic levels in
Table 5 would not be expected to be larger than the
errors at both euglycemic and hyperglycemic situations.
This is, however, the case and we believe that this is due
to the physiological time lag between the microsensor
reading and the reference method (venous blood glucose).
The combination of a gradient and a time lag will lead
to a difference between the two values measured at the
same point in time. A gradient of 0.11 mmol/liter/min
(2 mg/dl/min) and a time lag of 15 minutes yield an
error of 1.67 mmol/liter (30 mg/dl) regardless of the
absolute concentration of glucose. Because this difference
is not dependent on the glucose level but is a constant
value (for a given gradient and time difference) it will
lead to a much larger relative error in the hypoglycemic
region than for euglycemic and hyperglycemic levels.

If an idealized glucose reading system were obtainable, the
relative error at a (mean) euglycemic level of 5mmol/liter
(90 mg/dl), a (mean) absolute gradient of 0.0278 mmol/
liter/min (0.5 mg/dl/min), and a physiological time lag
between the ISF reading and the venous blood glucose
value of 15 minutes would yield a relative error of
8.3% just due to the physiological time lag. The same
calculation in a hypoglycemic situation at 2.5 mmol/liter
(45 mg/dl) would yield an error of 16.7%.

We believe that it is important to look further into
whether the lower limit of precision in these systems
could be governed by the physiological time lag and the
gradient.

The major concern for the person with diabetes using
the PreciSense microsensor is the degrading nature of

A g AD and edia AD
0 DF
Glycemic region Mean RAD Median RAD
Hypoglycemic <70 mg/dl 23.7% 22.1%
Euglycemia 15.9% 10.5%
Hyperglycemic >180 mg/dl 15.0% 11.5%
PreciSense All 16.3% 11.4%

@ Results are based on glucose estimates where the calibrations
included fixed values of Agmax and KD. Only ¢, was individual
for each patient. The table includes 288 correlated data sets
obtained during the trials covering all gradients (not limited to
+1 mg/dl/min). (A data set is a PreciSense reading and a venous
blood glucose reading with no correction for physiological time
delay between the two different compartments).

the microsensor. A full biological evaluation, including
degradation of the microsensor, has not yet been done
but will be needed prior to final clinical testing. An
allergic reaction originating from a sensor burst (most
likely the protein) would be the most worrying situation
to happen. We believe that the human nature of the
MBL will reduce the risk of anaphylactic reactions to
a minimum. Further, the accumulated “intake” of MBL
after 40 years of use (one inserted microsensor every
2 weeks) will be approximately one-tenth the single dose
of MBL injected in the phase 1 trial. No adverse reactions
were observed in that trial after the injection of MBL."”

Conclusions

The PreciSense microsensor system has, during the in vitro
results, proven long-term stability of the microsensor,
whereas  the  preclinical  experiment  confirmed
the functionality of the microsensor in an in vivo
environment. Clinical data confirm in the best possible
way that the microsensor system is suitable for long-term
continuous glucose measurements in type 1 diabetic
patients without the need for frequent recalibration or
smoothing algorithms. Furthermore, the fact that the
microsensor functions equally well in pigs and humans
confirms the postulate that the PreciSense microsensor
system is, in fact, not dependent of the environment in
which it has been placed. This is due to the nature of the
microsensor (equilibrium chemistry with a fluorescence
lifetime reporter system); it has been designed to exactly
circumvent the problems that can give environmental
dependence. In conclusion, results point toward the
possibility of developing a stable and precise minimally
invasive commercial glucose reader for at least 2 weeks
of continuous use.
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Appendix

Previously published results from in vitro and preclinical experiments. Results were published as a poster at the 65th
annual American Diabetes Association meeting in San Diego in 2005.

Trans-Cutaneous Fluorescence Lifetime Based

PRECisense’

Continuous Glucose Reading for Long Term Interrogation

Jesper 5. Kristensen & Seren Aasmul, PreciSense AfS, DK-2970 Harsholm, Denmark

Jannik K. Nielsen & Jens 5. Christiansen, Department of Diabetes and Endocrinology, Aarhus University Hospital, Aarhus, Denmark

INTRODUCTION

Several attempts have been made to develop continuous glucose
monitors that could work in vive without the need for frequent re-
calibration. A lot of work has focused on skin penetrating electro-
chemical sensors, which are limited to 3 days use due to regulatory
demands. PreciSense A/S is working to develop a biodegradable
glucose sensor, which can work for at least 14 days in vivo and may
be interrogated optically and trans-cutaneously.

THE PRECISENSE SOLUTION

The sensor element is injected by a patient operated device, inter-
rogated trans-cutaneously and resorbed by the body after use. The con-
cept ensures that the patient does not have to consult the doctors
office neither for injection nor for the removal of the sensor element.

Figure 1: Sensor capsules placed below the basal membrane and a view of
anticipated device location for continuously reading.

The glucose assay employed is based on the reversible binding be-
tween a fluorophor labeled Human Glucose Receptor (HGR) and a
dye labeled glucose analog (Dextran). The fluorophor and dye are
selected as a Foster Resonance Energy Transfer (FRET) pair. The glu-
cose concentration dependent degree of binding between the two
assay components is determined by measuring the fluorescence
lifetime of the system. The use of equilibrium based assay chemistry
and fluorescence lifetime based readings offers a very robust mea-
suring principle only calling for an initial calibration after insertion
of the sensor element.

Acceptor dye (F2) Doner fluorophor (F1)
- Glucose analogue - Glucose receptor
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Figure 2: Principle of the competitive proximity assay developed by PreciSense AlS.
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EXPERIMENTAL (/N VITRO PART):

The assay chemistry (HGR and Dextran) was encapsulated in a micro-
capsule made from FDA approved biodegradable glucose-permeable
polyester polymer and placed in a cuvette as a part of a wet section
system. The glucose level was changed between the glucose levels
3 mM; 10 mM; 30 mM and 50 mM. The buffer used was a "physi-
ological” Tris buffer pH 7.4, saline (sodium, potassium and calcium
present in physiological concentrations). The temperature was held
constant at 34°C during the entire experiment. The experiment
lasted for 14 days.

BIORESORBABLE MICROCAPSULE

400 pm
Assay chemistry

Glucose permeable polymer

Figure 3: Scematic drawing of the bioresorbable microcapsule used in the in
vitro and in vivo test. Picture showing the actual capsules.

For trials and initial experimentation, the PreciSense miniaturized
time-resolved fluorometer was used. The device interrogates the
microcapsule every five minutes i.e. a glucose reading is available
every five minutes.

Figure 4: Pictures showing functional models of both the injection device and
the minituarized, fluorescence lifetime reader device.
Reader unit size: Approx. 100 g and 16 mm = 54 mm x 145 mm.

RESULTS FROM IN VITRO EXPERIMENT

The glucose values were calculated using a single set of calibration
constants and a baseline correction after the noise observed in the
period from day 10 to 12 (caused by the wet section).

HUMAN GLUCOSE RECEPTOR - DEXTRAN ASSAY
3 mM, 10 mM, 30 mM AND 50 mM GLUCOSE PROTOCOL
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Figure 5: Glucose estimates obtained in vitro during a 14 days test at 34°C
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Figure 6 Close up of the glucose measurements on the fifth day during the 14—
days experiment. Standard deviation on each glucose level is marked with bars.

TABLE 1: STATISTICAL EVALUATION OF THE GLUCOSE
VALUES OBTAINED DURING A 14 DAYS IN VITRO TEST

Glucose level Mean” SD? V% n*
3mM 3,10 0,43 14,0% 255
10 mM 9,61 0,66 6,8% 498
30 mM 30,97 1,37 4,4% 499
50 mM 49,28 2,19 4,4% 245
Uidean B the yverage giucose reading oblined during o D it during th, i

" EVR s the Coefficent of Varlatlon Le. SDiMean “n is the number of measurements on each glucose level,
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RESULTS FROM PRE-CLINICAL /N VIVO EXPERIMENT

A microcapsule formed sensor element was placed in the dermis of
a non-diabetic anesthetized pig and interrogated with the PreciSense
miniaturized time-resolved fluorometer (glucose reading every five
minutes). The sensor element was interrogated while the physio-
logical conditions in the skin were allowed to normalize (6 hours).
Subsequently the glucose level was raised to approx. 30 mM by
glucose infusion and held constant for approx. two hours before
the glucose level was returned back to normal by insulin infusion.
The experiment lasted 13 hours.

PRE-CLINICAL EXPERIMENT
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Figure 7: Points (#): Arterial glucose values, Line: Sensor readings, Vertical lines:

Start and stop for glucose and insulin infusion.

PRE-CLINICAL EXPERIMENT, CLARKE ERROR GRID
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Figure 8: Glucose readings during periods of constant glucose levels in the pre-

clinical in vivo experiment presented in a Clarke Error Grid.

SUMMARY OF RESULTS

From the in vitro experiment excellent stability of the sensor system
is observed. The final day of the experiment shows the same dose
response as the first day implying that the sensor system is stable
for longer than the 14 days tested. The repeatability of the glucose
estimates is as good as +0.5 mM glucose on the 3 mM level.

In the pre-clinical in vivo experiment total reversibility of the sensor
was observed. After a step to 30 mM arterial glucose concentration
a lag between rise in arterial glucose concentration and the onset
of sensor response of 5 minutes was observed. The sensor response
reached 90% of the steady state level after 58 minutes. After the
step from 30 mM to 7 mM the lag between decrease in arterial
glucose concentration and the onset of sensor response was 5 min-
utes. The time lag between the arterial glucose level and the sensor
reading during the decrease of the glucose level is found to be
26 minutes. The average repeatability of the glucose concentration
estimate obtained with the sensor was 13% (CV) at the 7 mM level
and at the 30 mM level.

CONCLUSION

The in vitro results prove long-term stability of the sensor, while
the pre-clinical experiment confirms the functionality of the sensor
in an in vivo environment. In conclusion, the results point towards
the possibility of developing a stable and precise minimally invasive
commercial glucose reader for at least 2 weeks continuous use.

WWW.precisense.com
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