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Abstract

Biosensors obtained by immobilising glucose oxidase ‘unentrapped’ and ‘entrapped in liposomes’, both with a
classical H2O2 amperometric electrode and with screen-printed electrochemical sensor, were compared. Electrode
response, linearity range and the influence of some parameters as phospholipid nature, temperature and measurement
techniques were investigated. Experimental results showed that, while with the unentrapped enzyme the output
current is linear only up to about 4 mM glucose concentration, the linearity range increases up to about 20 mM using
enzyme-loaded liposomes; however the low permeability of the lipid bilayer decreases the electrode sensitivity to very
low values (200 nA/M for palmitoylolelyl phosphatidylcholine liposomes). The approach with screen-printed sensors
showed a better performance and gave biosensors with higher sensitivity (about 14 500 nA/mM). A mathematical
model, useful to compare the behaviour of the different analytical systems and to design electrodes with the required
properties, was also proposed. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many biosensors based on the glucose oxidase
(GOD) activity have been described for the deter-
mination of glucose. Generally, the measurement
is performed by following H2O2 production, ac-
cording to the reaction

Glucose+O2 �
GOD

Gluconic Acid+H2O2

by means of its electrooxidation process at a
noble metal anode.

The performances of these systems are however
limited by the enzyme saturation kinetics which
limits the measurement of relevant glucose con-
centrations. Dilution procedures and/or the use of
barrier membranes are usually necessary to extend
the biosensor linear range for assay concentra-
tions exceeding 10 mM.
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Lipid bilayers, showing a low permeability to
glucose and high permeability to oxygen [1], rep-
resent a suitable diffusion limiting membrane and
electrodes based on GOD entrapped in liposomes
seem to be very promising tools [2,3].

Glucose disposable biosensors using GOD im-
mobilized on screen-printed electrodes (SPE) are
also reported [4,5]. These electrochemical sensors
offer several advantages, including low cost, small
size and a high degree of electrochemical activity
deriving from their high specific area and microp-
orous structure [6].

On these basis, aiming to increase the linearity
range of the system, we brought together charac-
teristics of liposomes and SPE performances. The
behaviour of different biosensors are here dis-
cussed in terms of a simple mathematical model
and of a comparison of experimental data. The
paper is organized as follows. We firstly develop
the mathematical model to analyse the different
analytical systems, mainly referring to the effects
of the enzyme entrapping in liposomes; then, we
report the preliminary experimental results ob-
tained by assembling immobilised GOD, unen-
trapped and entrapped in liposomes, both with a
classical H2O2 amperometric electrode and with
screen-printed electrochemical sensors. Linearity
range, electrode sensitivity and influence of some
parameters as phospholipid nature, temperature
and measurement techniques are investigated.

2. Materials and methods

2.1. Materials

Ninety percent pure enriched soya phos-
phatidylcholine (PC) from Natterman Phospho-
lipids GmbH and palmitoylolelyl
phosphatidylcholine (POPC) from Chemi S.p.A.
were used for vesicle preparation.

GOD (E.C.1.1.3.4 from Aspergillus niger,
195.000 units/g solid) and poly-L-Lysine solution
(0.1% w/v) were purchased from SIGMA chemi-
cal Co, St. Louis, MO; polyethylenimide (PEI,
average MW�2.000) solution (2.5% w/v) and
Sepharose 4B were purchased from Aldrich
Chemie Gmbh Steinheim, Germany and Pharma-
cia Biotech.AB Uppsala, Sweden respectively.

Immunodyne C membrane from Pall Corpora-
tion, Glenn Cove, NY, Isopore polycarbonate
membrane 0.6 �m (Millipore) and cellulose ace-
tate membrane were used.

Phosphate buffer solution (PBS) pH 7.0 (10−1

M-NaN3 0.3%) prepared with freshly distilled and
deareated water was used in all experiments.

Amperometric determinations were performed
in presence of KCl 0.1 M.

2.2. Methods

2.2.1. Liposome preparation
Small unilamellar vesicles were obtained from

large multilamellar vesicles (MLV) prepared by
hydration of a dry lipid film (150 mg) with 5 ml of
PBS containing 20 mg of GOD. MLV suspension
was gently shaken for 1 h and then sonicated,
under a nitrogen stream, 4 times for 10 min (with
intervals of 2 min) with a Sonics Vibracell 600
apparatus equipped with an exponential mi-
croprobe. The temperature was maintained con-
stant at 20 °C by means of a water bath.

To remove unentrapped enzyme, the liposome
solution was eluted through a Sepharose 4B
column, using PBS as eluent. All the vesicles were
collected and their presence detected by turbidity
measurements; the vesicle dispersion obtained was
then diluted with the buffer to a fixed lecithin
concentration (11.3 mg lipids/ml).

Preliminary studies with Phospholipids B test
(Wako Chemicals Gmbh) indicated that over 95%
of the initial amount of phospholipid used for film
preparation was recovered in the form of
liposomes.

2.2.2. Electrode A preparation

2.2.2.1. Unentrapped-GOD immobilisation. Ten
microliters of a GOD solution at a fixed concen-
tration (2 mg/100 �l) were placed onto 1 cm2 of
an Immunodyne membrane. After 2 h the mem-
brane was washed with a glycine solution 0.5 M
for 30 min and then with PBS for 15 min.

2.2.2.2. GOD-loaded liposome immobilization. One
square centimeter immunodyne membrane pre-
treated with 2 ml of Poly-L-Lysine solution (0.1%
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w/v) was dipped in a enzyme-loaded liposome
suspension; after 30 min the membrane was gently
washed with PBS.

In both cases the Immunodyne membrane was
assembled between a polycarbonate and a cellu-
lose acetate membrane to minimise enzyme or
liposome losses during its use. The set of mem-
branes was finally positioned over a Clark elec-
trode with a central platinum-working electrode
(Ø 0.5 mm). An outer Ag/AgCl ring as pseudo-
reference was used.

2.2.3. Electrode B preparation
Disposable SPE with Ag/AgCl as reference and

auxiliary electrodes, and a carbon electrode
(about 3 mm of diameter) containing electro-ac-
tive cobalt phthalocyanine (5%), were also used to
immobilise enzyme or enzyme-loaded liposomes.

2.2.3.1. GOD immobilisation. A fixed amount (10
�l) of a 1:1 GOD 4 mg/ml and PEI 2.5% mixed
solution, was placed on the SPE active surface
and left to dry.

2.2.3.2. GOD-loaded liposome immobilisation. Ten
microliter of 1:1 PEI 2.5% solution and 4 mg/ml
enzyme-loaded liposomes were put directly on the
SPE active surface and left to dry.

2.2.4. Amperometric measurements
A and B electrodes were connected to a poten-

tiostat (Amel instruments 2059) and polarised at
+650 and +400 mV respectively.

Experiments were carried out by dipping the
assembled electrodes in 20 ml of thermostated
PBS/KCl containing different glucose concentra-
tions and current values at steady state were
collected.

As far as the SPE, suitable mainly for drop-on
techniques, are concerned measurements were also
carried out by putting a drop of solution, at
different glucose concentration, directly on the
active electrode surface.

In all experiments the buffer solution contain-
ing glucose was equilibrated with atmospheric air.

3. Enzymatic biosensor model

In order to acquire information on the be-
haviour of different enzymatic biosensors and/or
to design analytic systems with the required prop-
erties, a mathematical model can be suitable.

In this work we propose a model, described in
details in Appendix A, accounting for:

(a) enzymatic reaction kinetics, that is limited
by the glucose (cg) and oxygen (co) concentration,
according to the following equation [7]

�=
Vmax

1+ko/co+kg/cg

(1)

Saturation constants, ko and kg, depend on the
enzyme source: values in the range 15–100 mM
for kg and 0.5 mM for ko have been reported [8,9].

(b) substrate and reaction product diffusion in
the enzyme layer, according to the Fick’s law.

(c) substrate and reaction product partition be-
tween the enzyme layer and the aqueous environ-
ment of the sample.

(d) hydrogen peroxide oxidation at the elec-
trode surface; the output current proportional to
the hydrogen peroxide concentration gradient at
the electrode surface.

In order to compare the electrode behaviours,
we assume that the saturation constants are not
modified by the different immobilisation proce-
dures, the diffusional phenomena being accounted
for separately.

At the steady state, the model results in a set of
second-order non linear differential equations and
a numerical procedure is required to obtained the
dimensionless output current density (�) as a
function of dimensionless glucose and oxygen
concentration in the sample, �g

s and �o
s, and of

the values of the ratio between diffusion and
reaction characteristic time, �2.

It is worth considering the electrode behaviour
at low �2 values, i.e. when the diffusion time in
the enzymatic layer is much lower than the reac-
tion characteristic time; in this case, the substrate
concentration may be considered as uniform in
the enzymatic layer and the set of differential
equations can be solved analytically to obtain the
dimensionless output current density (all the sym-
bols are defined in details in Appendix A):



A. Memoli et al. / J. Pharm. Biomed. Anal. 29 (2002) 1045–10521048

�=
1
2

�h�2 �g
s

�g
s(1+1/�o

s )+1
(2)

For sake of simplicity we assumed all the par-
tition coefficients as equal to 1. From Eq. (2), it
is evident that the electrode response is linear up
to a sample glucose concentration �g

s ��o
s /(1+

�o
s ), i.e. cg

s �kgco
s /(ko+co

s ), whereas a limiting
value of the current density, �=�h�2�o

s /(1+�o
s ),

independent on the glucose concentration, is ob-
tained for �g

s ��o
s /(1+�o

s ). Finally it is worth
noting that the output current is proportional to
Vmax, in turn proportional to the enzyme con-
centration on the electrode surface. When higher
enzyme concentrations, corresponding to higher
�2 values, are used, the output current increases,
but stronger diffusional limitations occur so that
the simplified approach is no longer correct and
the numerical solution of the complete set of
differential equations is required.

Fig. 1 reports some typical trends of the out-
put dimensionless current density obtained from
the theoretical model, for different values of the
oxygen concentration and of the ratio between
diffusion and reaction characteristic times, �2;
the other model parameters have been chosen
considering that the oxygen diffusion coefficient
in the enzyme layer and the hydrogen peroxide
diffusion coefficient are 3–4 and 2–3 times
higher than that of glucose respectively. Further-
more the dimensionless values of oxygen concen-
tration in the sample have been chosen

considering that the oxygen concentration in wa-
ter at the equilibrium with atmospheric air is
0.265 mM, but may be significantly lower in
samples of a different nature, as, for example, in
the venous blood. As clearly shown the linear
range does not extend to glucose concentration
in the sample greater than kg and is further re-
duced if the oxygen concentration in the sample
is low. At high �2 values, the linearity range is
further reduced and the sensitivity to the oxygen
concentration increases.

A substantial improvement of the electrode
performance can be obtained if a diffusion bar-
rier, like liposome, reduces the effective glucose
concentration in contact with the enzyme while
maintaining oxygen enough for the enzymatic
reaction. In this case, at the steady state, the
glucose concentration in the liposome core (su-
perscript L) is lower than that in the outer solu-
tion according to the following equation:

�g
L=

�g

1+
Vmaxl
kgPg

(3)

Referring to Appendix A for the detailed
mathematical model, we report here only some
considerations based on the assumption that �2

is low and that the lipid bilayer permeability to
oxygen is infinite. In this case, in order to satisfy
the condition �g

L��o/(1+�o), i.e. cg
L�kgco

s /
(ko+co

s ), required for a linear electrode re-
sponse, it is sufficient to assure that the glucose
concentration in the sample is lower than
kgco

s (1+Vmaxl/kgPg)/(ko+co
s ) on the other hand,

the desired increase in the linearity range is ob-
tained with a reduction of the glucose reaction
rate and therefore of the output current density,
that is given by:

�=
1
2

�h�2 �g
s

1+
Vmaxl
kgPg

(4)

Therefore, the lower the bilayer permeability
to glucose, the wider the linearity range, but
also the lower the output current density. As
example, Fig. 2 reports output current trend vs.
glucose concentration for enzyme-loaded lipo-
some using �2=1.

Fig. 1. Trends of output current obtained from the mathemat-
ical model for electrodes with unentrapped GOD, at different
dimensionless oxygen concentration and different �2 values
(�2=10 full lines; �2=1 dotted line). Calculations have been
carried out with �o=1,�h=0.4, �g=�o=�h=1.
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Fig. 2. Trends of output current obtained from the mathemat-
ical model for electrodes with unentrapped enzyme (dotted
curves) and enzyme entrapped in liposomes (full curves), at
different oxygen dimensionless concentration. Calculations
have been carried out with �o=1,�h=0.4, �g=�o=�h=1,
�2=1, �g=0.1 and �o=�.

Fig. 4. Reversibility test for electrode A with PC liposomes.

about 4 mM glucose concentration; in this range
the slope of the calibration curve is 2837�17
nA/M. Using enzyme-loaded liposomes the out-
put current is linear up to 10 mM for soya PC
and 20 mM for synthetic POPC liposomes,
whereas the slopes of the calibration curves de-
crease to 575�2 nA/M and to 203�2 nA/M,
respectively. The theoretical model suggests that
the entrapment in liposomes increases the upper
limit of the linearity range by a factor (1+Vmaxl/
kgPg); consequently the lower the bilayer perme-
ability to glucose, the wider the linearity range.
Therefore, the effect of lipid composition on the
electrode response is related to the different bi-
layer permeability to glucose: POPC membranes,
in fact, having POPC a lower insaturation degree
with the respect to PC, show a lower permeability
to glucose; therefore POPC liposomes seem to be
more effective in increasing the linearity range,
even if such increase is obtained with the reduc-
tion of the output current to very low values.

Experiments carried out to verify the response
repeatability show that, repeating the calibration
procedure with the same electrode, the same am-
perometric signal values within an acceptable
2.5% error limit are obtained. As far as reproduci-
bility of measurements carried out with electrodes
assembled with different portions of liposome-
loaded membrane are concerned, a variability of
about 15% in the slope of the linear part of the
calibration curve is obtained. Finally, experiments
performed by increasing the glucose concentration
and, subsequently, by diluting the sample (Fig. 4)
show the complete reversibility of the system.

4. Experimental results and discussion

Fig. 3 reports typical amperometric responses
(i.e. differences between the output current mea-
sured in the sample and the background current
value at 0 glucose concentration) as a function of
glucose concentration for electrode A, based on
GOD or GOD entrapped in liposomes, immo-
bilised on the Immunodyne membrane. As it is
possible to note, according to the theoretical
model predictions, when enzyme entrapped in
liposomes is used, an increase of the linearity
range and a reduction of the electrode sensitivity
are obtained. In particular, with the unentrapped
enzyme the output current is linear only up to

Fig. 3. Response curves as a function of glucose concentration
for electrode A assembled with unentrapped enzyme and GOD
entrapped in POPC and PC liposomes.
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Fig. 5. Effect of temperature on the response of electrode A
with PC liposomes.

some enzyme, immobilised onto SPE, in the same
experimental conditions of Fig. 3. In this case,
response obtained with GOD in PC liposome
assembled sensor is linear up to 20 mM glucose
concentration, but, as regards the sensor sensitiv-
ity, best results are achieved according with the
wider active surface of these electrodes (14 502�
197 nA/M). A comparison of tests performed with
different electrodes, following the same procedure
show response curves within 25% error limit. In
the same figure results obtained with the drop-on
techniques, for some concentration values, are
also shown. As it is possible to note higher cur-
rent values are detected; this behaviour is fre-
quently observed with SPE.

5. Conclusion

Experimental results confirm that electrodes as-
sembled with GOD entrapped liposomes immo-
bilised onto a polymeric membrane allow to
obtain a wide linearity range up to clinically
relevant glucose concentration; however the low
permeability of the lipid bilayer decreases the
electrode response to very low output current
values and therefore reduces the biosensor sensi-
tivity. The approach with SPE sensors, due to
their high degree of electrochemical activity, was
found to be superior and gave biosensors with
higher sensitivity. Phospholipid nature influences
glucose permeability and, consequently, different
linearity range can be achieved using different
liposome composition. Some aspects, like the sen-
sor response stability with time and the effects of
interfering substances need to be deeply investi-
gated and work are in progress in this direction.
Finally it is worth noting that the experimental
results here presented agree at least qualitatively,
with the behaviour predicted by the mathematical
model proposed; the model itself may therefore be
useful to optimise such analytical systems.

Appendix A

In a classical system, where the enzyme is im-
mobilised in a polymeric membrane, placed on the

Fig. 5 shows the effect of the temperature on
the response of GOD/PC liposomes assembled
electrodes. When temperature increases from 27
to 35 °C, the electrode sensitivity increases by a
factor about 1.5. This behaviour is likely due to
the increase in the glucose permeation rate
through the liposome bilayer, that represent the
rate limiting step. The liposomes tested do not
undergo gel-to liquid crystal phase transition at
these temperatures and therefore no abrupt
changes in bilayer permeability are expected.
Again, according to the theoretical model sugges-
tion, the increase in the bilayer permeability re-
sults also in a reduced effectiveness of liposome to
increase the linearity range.

Curves reported in Fig. 6 refer to measurements
performed with unentrapped and loaded in lipo-

Fig. 6. Response curves as a function of glucose concentration
for SPE (electrode B) assembled with unentrapped enzyme and
GOD entrapped in PC liposomes. For liposome electrodes,
response obtained with drop-on technique is also reported.
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electrode surface, the enzymatic reaction that
transform glucose (subscript g) and O2 (subscript
o) in the electro-active compound H2O2 (compo-
nent h) is coupled with the diffusion of the vari-
ous compounds in the membrane. Therefore, at
the steady state, the system behaviour can be

described by the following equation:

−Di

d2ci

dX2+�i �(c)=0 (A1)

where Di is the i component diffusion coefficient
in the enzyme layer, � is the reaction rate, that
depends on the component concentrations (vector
c) according to Eq. (1) and �i is the stechiometric
coefficient (=1 for glucose and oxygen, = −1
for H2O2). The following boundary conditions
hold:

X=0 cg=cg
s co=co

s ch=0
X= l dcg/dX=0 dco/dX=0 ch=0

(A2)

where l is the thickness of the enzyme layer and
the superscript s refers to the value in the enzyme
layer at the interface with the sample solution
(X=0). We assume the equilibrium conditions at
the enzyme layer-solution interface, with partition
coefficients �i ; furthermore the chemical reaction
is considered the rate limiting step at the electrode
surface (X= l).The output current is given by:

J=nFDh

dch

dX
�
X= l

(A3)

with n=2 for the hydrogen peroxide
electrooxidation.

Eqs. (A1), (A2) and (A3) and the boundary
conditions can be rewritten in dimensionless form:

d2�i

dx
−�i�

2f(�g, �o)=0 i=g,o,h (A4)

x=0 �g=�g
s �o=�o

s �h=0
x=1 d�g/dx=0 d�o/dx=0 �h=0

(A5)

�= −
d�h

dx
�
x=1

(A6)

where the following dimensionless variables are
defined:

The parameter �2, usually referred as Thiele mod-
ulus, represents the ratio between the diffusion
and reaction characteristic time.

Eq. (A4) must be solved by a numerical proce-
dure. Here a fixed point procedure is used.

On the other hand, if the enzyme is previously
entrapped in liposomes, substrate diffusion in the
active layer occurs in parallel with the substrate
diffusion across the liposome membrane and the
enzymatic reaction in liposomes. According to
this scheme, the model equation can be rewritten
as:

−Di

d2ci

dX2+�i �(cL)=0 (A7)

Pi(ci−c i
L)=�i �(cL)

R
3

(A8)

where superscript L refers to the concentration
inside the liposome core, P is the component i
permeability across the liposome membrane and
R is the liposome radius. Boundary conditions
Eq. (A2) and Eq. (A3) for the output current
density still hold.

Eqs. (A7) and (A8) is rewritten in dimensionless
form:

d2�i

dx
−�i�

2f(�g
L, �o

L)=0 (A9)

�i(�i−� i
L)=�i f(�L, �o

L) (A10)

where �=3Pi�i ki/(RVmax).
Again, the equation set must be solved numeri-

cally and a fixed point method is used.

�g=
cg

�gkg

�o=
co

�oko

�h=
ch

�hkg

x=X/l �2=
Vmaxl

2

Dgkg

f=
�g

�g�g(1+1/�o�o)+1
�g=1 �o=

Dg�gkg

Do�oko

�h= −
Dg

Dh

�=
J

nF�hkgDh
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