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bstract

Glucose biosensors based on the use of planar screen-printed electrodes modified with an electrochemical mediator and with glucose oxidase have
een optimised for their application in the continuous glucose monitoring in diabetic patients. A full study of their operative stability and temperature
ependence has been accomplished, thus giving useful information for in vivo applications. The effect of dissolved oxygen concentration in the
orking solution was also studied in order to evaluate its effect on the linearity of the sensors. Glucose monitoring performed with serum samples
as performed to evaluate the effect of matrix components on operative stability and demonstrated an efficient behaviour for 72 h of continuous

onitoring. Finally, these studies led to a sensor capable of detecting glucose at concentrations as low as 0.04 mM and with a good linearity up

o 2.0 mM (at 37 ◦C) with an operative stability of ca. 72 h, thus demonstrating the possible application of these sensors for continuous glucose
onitoring in conjunction with a microdialysis probe. Moreover, preliminary in vivo experiments for ca. 20 h have demonstrated the feasibility of

his system.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Recently major efforts in diabetes diagnostic research have
een dedicated to obtaining reliable analytical system for the
ontinuous monitoring of glycaemic level. Due to the fact that
lucose levels in blood can change rapidly (2.25 mg/dL min),
eriodic finger thick tests, largely used by diabetic patients, often
ail to detect all hypoglycaemic and hyperglycaemic events.
utomated and non-invasive blood glucose monitoring could

hen offer a valid aid to diabetes care management (Cameron

nd Ambler, 2004; Pickup and Alcock, 1991; Shamoon, 2000).

Some devices for continuous monitoring are on the market,
.g. the subcutaneous needle sensor of Medtronic (Minimed)

∗ Corresponding author. Fax: +39 06 72594328.
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aving received FDA (Food and Drug Administration) approval
or 3 days diabetes management or the iontophoresis based Glu-
oWatch of Cygnus with FDA approval for monitoring with
etrospective analysis (Mastrototaro, 1999; Tamada et al., 1999;
ierney et al., 1999, 2001; Kerner, 2001).

Several attempts have been made to find a truly suitable means
or a continuous monitoring of diabetes (Turner et al., 1999;
ussedat et al., 1997, 2000; Mastrototaro, 1999). Several reports
escribe the use of impedance-based detection systems (Caduff
t al., 2003; Park et al., 2003) or near-infrared and mid-infrared
pectroscopy (Khalil, 2004) for non-invasive glucose monitoring
ut the most popular approaches are those based on electrochem-
cal biosensors. In this perspective there are two preferable ways:

he use of implantable enzyme sensors (Koudelka et al., 1991;
ickup, 1993) and the use of a microdialysis probe coupled
n-line with an electrochemical sensor modified with glucose
xidase (Moscone and Mascini, 1993; Meyerhoff et al., 1992;
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oscone et al., 1992). This latter is less invasive, more stable,
nd easier to sterilise.

A wearable system (Glucoday®) based on this principle has
een developed by A. Menarini Diagnostics in 2001 and is cur-
ently commercialised (Poscia et al., 2003; Varalli et al., 2003;

aran et al., 2002). The instrument is based on the use of a wall-
et cell in which a glucose biosensor is located. This biosensor is
btained by the immobilisation of glucose oxidase on a platinum
lectrode using a nylon membrane. The biosensor is connected
o a microdialysis probe made of a hollow fibre inserted in the
ubcutaneous tissue. The entire system consists of a specially
eveloped microperistaltic pump, the miniaturised wall-jet cell
hich contains the glucose biosensor, and the electronic circuit.
he device was demonstrated to overcome the problem of sen-
itivity variation reported for glucose biosensors in the past and
t showed an optimal stability for more than 48 h of continuous
ork (Poscia et al., 2003; Varalli et al., 2003).
Recently we have reported preliminary results obtained with

he use of novel planar glucose biosensors as electrochemical
robe to be coupled with a microdialysis fiber for continuous
lucose monitoring in order to develop an improved Glucoday
nstrument (Ricci et al., 2005). The sensors were produced using
he “screen printing” technique and showed a high degree of
eproducibility together with a low cost and the possibility of
ass production. Prior to enzyme immobilisation the electrodes
ere chemically modified with ferric hexacyanoferrate (Prus-

ian Blue). This modification allows the detection of the hydro-
en peroxide produced by the enzymatic reaction catalysed by
OD at low applied potential (−0.05 V versus Ag/AgCl), thus

imiting electrochemical interferences. The layer of Prussian
lue (PB) showed high stability under the working conditions

pH 7.4). Also after 1 year of storage dry at RT no loss of activity
as observed. The assembled glucose biosensors showed high

ensitivity towards glucose together with a long-term operational
nd storage stability. On the basis of these characteristics it was
hen suggested that such biosensors be used in conjunction with

microdialysis probe for a continuous monitoring of glucose
or clinical purposes. In the present work, the same sensor was
urther evaluated in terms of its eventual clinical application.
roblems related to temperature and oxygen dependence were

nvestigated and their effect on the linear range of the sensor was
tudied.

Finally, the sensors were tested in conjunction with a micro-
ialysis probe, with serum samples and in animals testing, to
llustrate the positive and encouraging results.

. Materials and methods

.1. Materials and reagents

The perfusion solution (i.e. buffer solution) was prepared by
dding 1 g/L of sodium benzoate to a Dulbecco’s physiolog-
cal buffer (NaCl 136.9 mM, KCl 2.7 mM, KH2PO4 1.5 mM,

a2PO4 8.1 mM, pH 7.4).
The glucose test solution (i.e. control solution) was prepared

y using the same perfusion solution with a concentration of
× 10−4 M of glucose and 0.1% of Kathon added as microbial
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reservative. Other glucose solutions were prepared by adding
ifferent amounts of glucose to the perfusion solution.

All the chemicals were of analytical grade. Ferric chloride,
otassium ferricyanide, glutaraldheyde, hydrogen peroxide and
-d-glucose were obtained from Sigma.

Glucose oxidase from Aspergillus niger (181 U/mg) was
btained from Sigma.

The human serum, obtained from A. Menarini Diagnostics,
as a lyophilised human-based control serum usually used for
uality control in clinical chemistry. The serum was reconsti-
uted with distilled water prior to use.

.2. Glucose biosensor

Screen-printed electrodes (SPEs) were home produced with
245 DEK (Weymouth, England) screen printing machine.
raphite-based ink was used to print the working electrode,
hile a silver ink was used for the reference and counter elec-

rodes. The substrate was a flexible polyester film obtained from
utotype Italia (Milan, Italy). The working electrode (diame-

er 0.2 cm) was modified with Prussian Blue using a chemical
rocedure already optimised in a previous work (Ricci et al.,
003).

Glucose biosensors were obtained by immobilising glucose
xidase onto the Prussian Blue modified electrode surface. The
rocedure used consisted is a cross-linking method employing
lutaraldheyde and nafion (Ricci et al., 2005).

The biosensors were inserted into a wall-jet cell and con-
ected with a prototype portable instrument capable of applying
constant potential (−50 mV) and also controlling a peristaltic
ump with a flow rate of 10 �L/min.

.3. Instruments

A prototype portable instrument was made available by A.
enarini Diagnostics. The portable system consists of a poten-

iostat with a fixed applied potential of −50 mV that is connected
o the screen printed electrode (glucose sensor) inserted into the
ell. The potentiostat is able to continuously record the current
roduced in the cell and to store current values. A programme
llows the downloading of all the stored values in a PC. Moreover
he system controls a microperistaltic pump which continuously
umps a solution to the measuring cell at 10 �L/min.

.4. Microdialysis probe

Custom made poly-sulphone one-way probes were expressly
ssembled by the supplier (MicroBiothec AB, Stocholm, Swe-
en) using 0.5 cm of hollow fiber. For in vivo use the probes
ere sterilised with ethylene-oxide gas.

.5. Procedures
.5.1. Operational stability study
The operational stability of the glucose biosensors was eval-

ated by the following procedure: the biosensors were inserted
n the wall-jet cell and a perfusion solution was driven into the
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ell by use of a peristaltic pump. Once a stable baseline was
btained (ca. 3 min), the perfusion solution was replaced by a
olution of glucose at a fixed concentration and the signal due
o glucose was continuously monitored. All the current values
ecorded by the instrument were automatically converted into
lucose concentration values using the following formula:

[i]c − B

[G]c
= Fc, [G]n = [i]n − B

Fc
(1)

here [i]c is the current at the time of calibration, [G]c the
lucose concentration present at the time of calibration, B the
ackground current (calculated at the beginning of the moni-
oring), [i]n the measured current, and [G]n is the calculated
lucose concentration. This calibration was usually performed
t the beginning of each monitoring session. In this case, all
he successive points could be automatically converted by the
nstrument by use of the simple mathematical proportion.

When two calibration points were used, taken at the begin-
ing and at the end of the experimental session respectively, the
nstrument was programmed to use a weighted calibration factor
hich varied linearly between the initial and final value.

.5.2. Temperature monitoring
To evaluate the temperature dependence of the glucose

iosensor, a concurrent record of the perfusion temperature was
roduced using a separate portable instrument that could store
alues of temperature every three minutes and allows to down-
oad the recorded values in an electronic format.

.5.3. Operational stability with serum sample
To evaluate the stability of the glucose biosensor with biolog-

cal samples, the continuous flow system was connected to the
icrodialysis probe and it was perfused with the physiological

olution (perfusion solution). At the beginning of the experiment
he probe was immersed in a perfusion solution to evaluate the
ackground current. The microdialysis probe was then placed
n stirred human serum samples. Moreover, Kathon (0.1%) was
ncluded as preservative to avoid the decrease of glucose con-
entration in the serum due to bacteria growth.

.5.4. In vivo experiments
The performance of the glucose biosensor used in conjunc-

ion with the microdialysis probe was tested by in vivo exper-
ments with dogs (at Research Technology Center, Pomezia,
ome). A sterilised microdialysis fiber was inserted subcuta-
eously through the skin by use of a specific needle. The fiber
as inserted through a Teflon guide and connectors placed on the
ack of the animal to avoid involuntary muscle contractions near
o the sampling point or eventual disconnections of the probe
ue to the animals movement. No local anaesthetics were used,
ither during the fiber implantation or during the measurement
hase. The dogs were conscious and immobilised in a dedicated
age only at the beginning of the experiment. Once the fiber

eached the correct position within the Teflon guide and relative
o the connector, the nylon tubes were connected to the mea-
uring instruments and the physiological solution was pumped
hrough the system. After controlling that the solution flowed
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ithout leaks or obstructions, the Teflon guide and the connec-
ors were carefully removed leaving the microfibers in place.
inally, the microdialysis probe was fixed by using surgical

ape. This procedure took between 5 and 10 min. The instru-
ent was then fully activated, pumping the perfusion solution

nto the microdialysis fiber and recording the dog’s subcutaneous
lucose value every 3 min. After 60 min, which are normally suf-
cient for stabilisation of glucose concentration in the perfusion
olution, in vivo calibration of the instrument was performed.
his was done by testing the venous blood glucose level (using

he Modular Laboratory Instrument, Hitachi) and matching the
ignal (current value) obtained from the instruments by the lin-
ar formula of Eq. (1). In this case [i]c is the current at the
ime of calibration, [G]c is the blood glucose concentration
ampled at the time of calibration, B is the background cur-
ent, [i]n is the measured current, [G]n is the calculated glucose
oncentration.

In the course of the experiment, the values of subcutaneous
lucose concentrations, sampled by the instrument, were com-
ared to those determined from blood samples drawn from the
og’s ear.

. Results and discussion

.1. Operational stability

As stated in the introduction, the objective of this work was to
ully characterise a novel glucose biosensor as to its suitability
or the continuous monitoring of glucose in diabetic patients.

previous paper has already reported the encouraging prelimi-
ary results obtained with new glucose biosensors based on the
se of an electrochemical mediator deposited on screen printed
lectrodes (Ricci et al., 2005). One of the major issues in the
evelopment of glucose biosensors to be used in continuous
ode is their operative stability which should be maintained as

ong as possible to avoid misleading results.
However, at this moment it is unrealistic to expect a glucose

ensor that would give a perfectly constant response during the
uspicated period of monitoring (which is usually intended to
e at least for 48 h). This is especially true when the sensor is
ased on the use of an enzyme. In this context a valid alternative
o the non ideal operative stability of the biosensors is repre-
ented by the occasional calibration with finger-prick glucose
esting performed at fixed times during the monitoring and by
he successive adjustment of the glucose calibration using the
eal values measured. This makes it possible to obtain reliable
esults even if the biosensors has a systematic decrease of activ-
ty during the monitoring. The result would be a very valuable
ool for retrospective analysis.

The objective is then to obtain the greatest stability possible
o as to allow the use of as few calibrations as possible during the
onitoring. As an example of this approach, the Minimed GCM

nstrument requires four calibrations a day during the eventual 3

ays of monitoring. Glucoday, made by Menarini, allows deter-
ination of glucose continuously for 48 h and requires only two

alibrations, one at the beginning and one at the end of the mon-
toring.
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Fig. 1. Glucose continuous monitoring with four different biosensors for a
total period of ca. 72 h. Glucose concentration 0.5 mM in buffer solution. Flow
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Fig. 2. Glucose continuous monitoring for a total period of ca. 72 h. Glucose
concentration 0.5 mM in buffer solution. Flow rate = 10 �L/min; applied poten-
tial = −50 mV vs. Ag/AgCl. Values at the y axes are those recorded by the
instrument. In (a) and (b) solid line represents the monitoring with two cali-
bration points one at the beginning and one at the end of the monitoring. Dashed
l
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ate = 10 �L/min; applied potential = −50 mV vs. Ag/AgCl. Values at the y axes
re those recorded by the instrument. One point calibration at the beginning of
he monitoring was taken.

The novel glucose biosensors optimised by our group have
very good operative stability which allows the measurement

f glucose (0.5 mM) for a period of 72 h with an overall loss
f sensitivity of about 30%. The test concentration of glucose
tilised with these experiments is usually 0.5 mM and has been
hosen taking in account the dilution factor determined by the
icrodialysis fiber in vivo conditions, which is in the order of 10

imes. A normal level of glucose in blood (90 mg/dL, 5 mM) will
hen result in a final concentration of 0.5 mM for the dialysed
olution reaching the electrode surface.

Some typical glucose monitoring profiles obtained using a
xed concentration of glucose of 0.5 mM are shown in Fig. 1.
he loss of sensitivity during 72 h was found to be around 30%

R.S.D.% = 7%, n = 4 sensors) and was almost the same for all
he electrodes tested.

A study of the stability of the biosensors in the absence of any
nalyte (only buffer) and with H2O2 allowed us to understand
he cause of the loss in sensitivity. The overall decrease of the
ignal (ca. 30%) is in fact due to different concomitant events.
ifty percent of this decrease can be attributed to the inactiva-

ion of glucose oxidase which results in a decrease of the signal.
hirty percent has instead to be ascribed to the loss of mediator

eaching from the electrode surface. Twenty percent of the over-
ll decrease of the signal is provoked by the ineluctable decrease
f the background current level which then results in an appar-
nt decrease of the signal. This is due to the fact that during the
onitoring it is not possible to check the background current.
his last contribution should be not properly ascribed to the loss
f sensitivity of the sensor being an apparent loss of sensitivity
aused by decrease of the background component.

The stability that was observed for these glucose biosensors
akes them in any case applicable for retrospective analysis.
or this kind of application, the sensors require the calibration
f the results with more than one single point. Fig. 2(a) shows

monitoring profile which was calibrated with two points, one

t the beginning and one at the end of the monitoring. In this
xample, all the values between these two points are calculated
sing a mathematical algorithm which takes into account the

t
b
o
i

ine in (a) temperature monitoring recorded in parallel and in (b) monitoring
alibrated with the temperature values. In (a) the night/day transition of the first
4 h is also shown.

istance of each point in time from the two calibration points
see experimental part). As can be seen, the use of two calibra-
ion points provided for more reliable behaviour of the glucose
iosensors. However, a strong oscillation of the glucose signal is
till observed during the monitoring period. This corresponded
o the night–day transition, as is indicated in Fig. 2(a), due to the
act that the experiments were carried out in a non thermostated
mbient. Studies of temperature dependence were then required
s a means to compensate for such effects.

.2. Temperature dependence

The temperature dependence of the glucose biosensors could
e due to two possible factors. One is related to the enzymatic
ctivity of glucose oxidase and the other to the H2O2 response
f the mediator (Prussian Blue). However, continuous monitor-
ng of H2O2 during 72 h with temperatures ranging from 22

o 37 ◦C demonstrated that the mediator was not influenced
y temperature changes. Thus, the temperature dependence
f the biosensor can be ascribed completely to the decrease
n enzyme activity. This dependence is in turn due to two
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Fig. 3. Glucose continuous monitoring for a total period of ca. 72 h at 37 ◦C
fixed temperature. Glucose concentration 0.5 mM in buffer solution. Flow
rate = 10 �L/min; applied potential = −50 mV vs. Ag/AgCl. Values at the y axes
are those recorded by the instrument. In the case of curve ‘a’ one point calibration
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ifferent factors: (a) variation of the actual enzymatic activ-
ty and (b) variation of oxygen concentration as a function of
emperature.

The first point is related to the classic dependence of enzy-
atic activity on temperature. The second point is instead strictly

elated to the reaction catalysed by GOx:

lucose + O2 → Gluconic Ac. + H2O2

It is clear that the reaction rate will be directly dependent
n the concentration of dissolved oxygen in the working buffer,
hich in turn depends on the ambient temperature. These two

ffects are both important and are in competition in the range
f 22–37 ◦C. In the case of the enzymatic activity, it tends to
ncrease with increasing temperature values (up to 37 ◦C). This
ffect is offset, especially at high glucose concentration, by the
ower solubility of oxygen at higher temperatures. By continu-
usly measuring the temperature during the glucose monitoring,
t was possible to observe the effective temperature dependence
f the glucose biosensors (Fig. 2(a)) and to calculate that there
as a 4% variation of the current signal for each centigrade
egree change. By recording temperature values during the
ourse of the monitoring, it is then possible to re-calibrate the
alues determined by the instrument by using a simple mathe-
atical formula:

alibrated current values = it + (it × 0.04)(T0 − Tt)

here it is the current recorded at the time t, 0.04 the 4% cor-
ection for each centigrade degree, T0 the temperature recorded
n correspondence of the first calibration point and Tt is the tem-
erature at the time t.

Applying this formula, an attenuation of the night–day vari-
tion could be observed (Fig. 2(b), 0.5 mM). As it is clear from
he figure, the temperature based calibration reduced the fluc-
uations thus resulting in a steady response of the biosensors.
lthough it has been demonstrated here that the glucose biosen-

or is temperature-sensitive, in vivo conditions will normally
revent the presence of strong temperature variations. This is due
o the fact that fluid temperature tends to be constant and then
he dialysed sample exiting the microdialysis probe and entering
he wall-jet cell are expected to be almost at a fixed temperature.
till, it could be possible to observe a 2–3 ◦C variations in the
ubcutaneous fluid temperature and also low ambient tempera-
ure could cause a change in the dialysed sample temperature
efore reaching the sensor surface. The monitoring of the fluid
emperature thus becomes extremely important in the practical
pplication of this biosensor.

To confirm these results, and in addition to mimic future
n vivo application of the glucose biosensor, an experiment
as performed in which a 0.5 mM glucose solution at a fixed

emperature of 37 ◦C (to simulate the subcutaneous fluid) was
onitored using our calibration regimes. The profiles are shown

n Fig. 3 for both the one and two calibration methods. It could
e observed that the overall loss of sensitivity was the same

s observed at room temperature (ca. 30%) thus demonstrating
hat, at least in the tested temperature range, the activity decrease
s not dependent on temperature. Also it can be observed that
t a given temperature, the night–day variations disappeared. It

b
fi
m
m

t the beginning of the monitoring was taken. For the curve ‘b’ two calibration
oints one at the beginning and one at the end of the monitoring were taken.

ould be seen that with two calibration points, a constant level
f glucose results for the analysis.

.3. Biosensor coupled with microdialysis probe

The glucose biosensors optimised and utilised in this work
re intended for use in conjunction with a microdialysis probe.
he effect on the operative stability and temperature variations
hould then be carefully studied with this configuration. A pre-
iminary study to this effect has already been reported for a
imited time with a dialysed sample continuously pumped over
he electrode surface (Ricci et al., 2005). Here, the biosensor was
nstead directly connected to a microdialysis probe. The probe
as inserted in a serum sample in constant agitation to mimic the

ubcutaneous liquid. Serum glucose concentration was fixed at
mM and kept constant in the presence of a preservative agent.
he operative stability of the glucose biosensor under these con-
itions was very similar to that observed with standard glucose
olution; a loss of ca. 30% was observed after 72 h. This indicates
hat the matrix components of the serum do not negatively affect
he overall stability of the biosensor and also that the microdial-
sis fiber recovery is constant in this period. The dilution and
rotective barrier effect provided by the microdialysis probe are
n part responsible for this stability. Using two points calibrat-
ng the monitoring a constant profile could be obtained (Fig. 4).
espite this, the application of the temperature correction with
4% factor failed to avoid temperature fluctuations. This is due

o the fact that the microdialysis probe recovery is also tempera-
ure dependent. With high temperature in fact, the permeability
f the fibre increases thus allowing a higher recovery of glucose.
o stabilise these fluctuations it is necessary to apply a 12% fac-

or for each centigrade degree so that steady behaviour could
e observed (Fig. 4). A slight oscillation of the recorded cali-

rated values are probably to be ascribed to the microdialysis
ber recovery which is not perfectly constant during the entire
onitoring period. Even if the temperature dependence of the
icrodialysis probe is significant, it should be considered that
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Fig. 4. Glucose continuous monitoring for a total period of ca. 70 h with glucose
biosensor coupled with a microdialysis probe. Microdialysis fiber inserted in a
stirred human serum sample with a glucose concentration of 5.0 mM. Flow
rate = 10 �L/min; applied potential = −50 mV vs. Ag/AgCl. Values at the y axes
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re those recorded by the instrument. Two points one at the beginning and one
t the end of the monitoring were taken. Calibration with the temperature values
ecorded simultaneously was also performed (see text for details).

eing inserted in the subcutaneous tissue it will be protected by
arge temperature variations.

.4. Linearity of the glucose biosensor

One of the major issues associated with the use of glucose
iosensors for clinical application is their linearity range. Due to
he high concentration of glucose in the blood and to limitations
f the oxygen concentration, the problem of obtaining a wide lin-
ar range in hyperglycaemic region, while still maintaining the
ecessary sensitivity, has always affected GOD-based biosen-
ors. In this work, as already mentioned, the conjunction with
he microdialysis probe allows a dilution of the subcutaneous liq-
id of about 10 times. This means that the biosensor only has to
espond linearly to concentrations of glucose up to 1.5–2.0 mM;
orresponding to glucose levels in the subcutaneous liquid of
bout 15–20 mM (270–360 mg/dL). Glucose levels in case of
evere hypoglycaemic periods will be around 30–40 mg/dL (ca.
.0 mM); useful biosensors then have to accurately measure con-
entrations of glucose as low as 0.1 mM. The optimised glucose
iosensor used in this work allows the detection of glucose in
range between 0.025 mM (s/n = 3) and 2.0 mM with a sensi-

ivity of 35 mA/M cm2 (Fig. 5) and is thus appropriate for an
n vivo application. Despite this, the study performed at high
emperature (37 ◦C) has highlighted an important issue which
hould not be underestimated. As already stated, the temper-
ture dependence of the sensor can be totally ascribed to the
nzyme activity and related to the factors of enzymatic activity
nd oxygen concentration. In the study of linearity, the aspect of
xygen concentration was the most important. The enzymatic
eaction directly depends in fact on the concentration of the dis-
olved oxygen in the solution, which in turn is dependent on

he external temperature by the Henry’s law. A shift from 23 to
7 ◦C will result in a decrease in dissolved oxygen concentration
n solution from 8.1 ppm (ca. 0.5 mM) to 6.8 ppm (ca. 0.44 mM).
his variation (i.e. 14%), although apparently low, could lead to

b
1
(
o

ig. 5. Glucose calibration plot at 22 C (©) and 37 C (�). Flow
ate = 10 �L/min; applied potential = −50 mV vs. Ag/AgCl.

different behaviour of the biosensor at high glycaemic levels
here oxygen concentration is limiting. This is demonstrated

n Fig. 5 where the calibration plots obtained at 22 and 37 ◦C
re shown. The current values obtained at 37 ◦C are higher than
hose observed at 22 ◦C thanks to the already discussed tempera-
ure dependence of the enzymatic activity. However, the linearity
f the glucose biosensor at 37 ◦C is diminished relative to that
bserved at 22 ◦C. To overcome this problem for practical appli-
ation at 37 ◦C, a simple diminution of the enzyme amount to be
mmobilised on the electrode surface has been performed. This
eads to a lower consumption of oxygen in the measuring solu-
ion, thus allowing extension of the linear range to sufficiently
igh concentrations. Oxygen limitation is in fact responsible for
he low linearity and its consumption must be controlled in order
or it not to be limiting for the enzymatic reaction. However,
iminishing the enzyme amount on the electrode surface leads
bviously to a lower sensitivity of the sensors (25 mA/M cm2).
his disadvantage is mitigated by the fact that with high tem-
erature the enzyme activity is increased thus giving a higher
urrent response. The overall sensitivity of the biosensor in these
onditions (37 ◦C and lower enzyme amount) allows the mea-
urement of glucose from 0.04 mM (s/n = 3) to 2.0 mM, that is
range similar to what is obtained at 22 ◦C.

The stability of the glucose biosensors thus has to be con-
rmed with this new configuration and also with higher glucose
oncentrations, also considering the possibility of long-term
yperglycaemia. For this reason, further stability experiments
ere performed with a glucose concentration of 2.0 mM which,

aking into account the dilution performed by the microdialysis
robe, corresponds to a glycaemic level of 20 mM (360 mg/dL).
he same loss of sensitivity (ca. 30%) was observed with this
oncentration of glucose after 72 h, thus demonstrating that high
lucose levels do not negatively affect the overall stability of the

iosensors. Also, as a confirmation, a complete monitoring of
00 h was performed with four different glucose concentrations
0.5, 1.0, 1.5, and 2.0 mM) and demonstrated a steady response
f the biosensors (Fig. 6).
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Fig. 6. Glucose continuous monitoring for a total period of ca. 100 h. Glucose
concentration 0.5, 1.0, 1.5 and 2.0 mM in buffer solution. Flow rate = 10 �L/min;
applied potential = −50 mV vs. Ag/AgCl. Values at the y axes are those recorded
b
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y the instrument. Two points calibration at the beginning and at the end of the
onitoring were taken. Calibration with temperature data was also performed.

.5. In vivo experiments

Fig. 7a shows the glucose profiles recorded during a prelimi-
ary in vivo experiment with a dog for about 20 h. The figure also

eports the values of the control points taken at various intervals.
hese results demonstrate how the fiber system connected to the
iosensor reliably follows the blood glucose concentration. Dur-
ng the night period (from 23:00 p.m. till 7:00 a.m.), no control

ig. 7. Glucose continuous monitoring in dog. (a) Entire monitoring of about
0 h; (b) ca. 2 h monitoring where hyperglycaemic levels are visible. Red dots
dentify blood glucose control points. (For interpretation of the references to
olour in this figure legend, the reader is referred to the web version of the
rticle.)
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oints where taken. Given the fact that the experiment were per-
ormed in a temperature controlled room, no temperature control
as necessary. The sensor response time is fast enough and the

tability of the sensitivity observed quite acceptable. The profile
n Fig. 7b shows a part of a different monitoring of ca. 2 h. Dur-
ng this period an oral infusion of glucose was performed. It can
e seen how the biosensor adequately responds to high glucose
evels during this period. Also the biosensor showed good sta-
ility and high sensitivity during the entire monitoring period.
medical examination of the animal’s skin after the monitoring

as confirmed the absence of any problems due to the fiber’s
resence.

To provide an overall estimation of the accuracy, the dog’s
lasma venous glucose determinations were plotted versus the
lucose values determined by the instrument in an error grid
nalysis form. One hundred percent of the 18 points falls within
he A + B region. The mean bias was 4 mg/dL and the correlation
oefficient was equal to 0.9489.

. Conclusions

A detailed study of the operative stability of glucose biosen-
ors has been performed, showing good behaviour for up to 72 h
ontinuous monitoring at different glucose concentrations (0.5,
.0, 1.5, and 2.0 mM) and with temperature as high as 37 ◦C. A
trong temperature dependence has been observed, resulting in
4% variation in the current value for each centigrade degree

hange. The need of a parallel monitoring of the temperature has
een then highlighted in order to avoid misleading results due
o possible temperature changes. Monitoring performed with
erum samples in conjunction with microdialysis fiber demon-
trated efficient behaviour for 72 h continuous monitoring with
ittle matrix effect on operative stability. Linearity of the sensors
as also studied taking in consideration the dissolved oxygen

oncentration in the working solution and its dependence upon
emperature changes. Also in this case, care is required in order
o take this issue into account for future in vivo applications.
nder the optimised conditions, sensors were capable of detect-

ng glucose at concentration as low as 0.04 mM and with a good
inearity up to 2.0 mM (at 37 ◦C). In vivo experiments with dogs
or ca. 20 h have demonstrated the feasibility of the system pro-
osed in this study suggesting the utility of successive clinical
tudies on diabetic patients.
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