F. CESPEDES and S. ALEGRET: New Materials for Electrochemical Sensing, Food technol. biotechiol, 34 (4) 143-146 (1996) 143

UDC 681.586.74:577.152.121
ISSN 1330-9862

review

New Materials for Electrochemical Sensing:
Glucose Biosensors Based on Rigid Carbon-Polymer
Biocomposites

Francisco Céspedes' and Salvador Ale'gret2

1 — y s S . .
Grup de Sensors i Biosensors, Escola Universitaria Politécnica del Medi Ambient,

08100 Mollet del Valles,

chpartament de Quimica, Universitat Autdnoma de Barcelona, 08193 Bellaterra, Catalonia, Spain

Summary

Received: July 31, 1996
Accepted: August 14, 1996

The development of composites based on conductive phases dispersed in polymeric matrices has permitted
important advances in analytical electrochemistry particularly in sensor devices. The present work reviews the
use of biocomposite materials in the construction of glucose amperometric biosensors. These composites are bulk-
-modified biologically (adding enzymes and cofactors) and chemically (blending mediators and catalysts). The
review covers all references found in literature up to 1996,
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Introduction

At present, environmental, clinical and industrial
samples show great diversity and analytical complexity.
At the same time, competitiveness in industrial context
is heigthened increasingly. Most strategies in analytical
chemistry today call for complex instrumentation and
considerable support. This support includes special labo-
ratory facilities and highly skilled personnel. Chemical
scnsors and biosensors are a key element of novel strate-
gics applied to analytical instrumentation. Sensors and
sensor-based devices provide original solutions without
the need of complex instruments or a huge support in-
frastructure. Chemical sensors and biosensors are de-
vices that are small, robust, portable and easy to usc.
Additionally, they do not need reagents to operate and
they can yield reliable information continuosly.

Amperometric biosensors formed usually by biologi-
cally surface-modified voltammetric electrodes are gain-
ing increasing importance. This corresponds to their
high reliability, robustness and sensitivity (1). Addition-
ally, new materials and immobilization techniques are
assayed for the mass production of these devices. In this
context, the present review covers recent work in the
field of glucose amperometric biosensors based on a new
type of materials known as biocomposites. These mate-
rials are formed by rigid conductive composites based
on carbon-polymer matrices where the biological mate-
rial (enzymes) as well as other modifiers {cofactors, me-

diators, catalysts, additives, ctc.) arc jointly bulk-immo-
bilized.

Conducting composites for
amperometric sensing

A composite results from the combination of two or
more dissimilar materials. Each individual component
keeps its original nature while giving the composite dis-
tinctive chemical, mechanical and physical qualitics.
These qualities arc different from those shown by the in-
dividual components of the composite (2). The clectrical
properties of the composite depend on the nature of
each of the components, their relative quantitics and
their distribution. The electrical resistance is determined
by the connectivity of the conducting particles inside the
polymeric matrix. This means that the relative quantity
of each composite component has to be studied to de-
termine the optimal composition. This entails the con-
struction of percolation curves (3),

Carbon-based materials are used frequently as the
conductive phase in composites used for electrochemical
sensors. These materials are available in different mor-
phologies such as graphite, carbon black, carbon fibers,
cte. Carbon materials show a high chemical inertness
which provides a wide range of anodic working poten-
tials. They have a low clectrical resistivity (10 Q cm ap-
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. proximately) and they have a highly pure crystal struc-
ture. This yields low residual currents and, consequently,
a favorable signal-to-noise ratio.

A key feature in any eclectrochemical sensor is a
good detection limit that is associated to a high signal-
to-noise ratio. In accordance to the equation derived by
Oldham (4), if the area is very small, as in microelec-
trodes, the perimeter of the surface has a more signifi-
cant influence in the mass transport than the area itself.
This is translated to a better sensing function since a non-
-lincar diffusion is established gencrating a steady state
current that raises the signal-to-noise ratio. This is
known as the edge effect. This favourable cffect and the
reduced size of the electrode are interesting and welcome
events. However, the gencrated currents are very low,
calling for sophisticated and expensive voltammetric
equipment. Hence, whenever small size is not required,
the use of arrays or ensembles of microelectrodes is de-
sirable. These ensembles can be seen, for example, as a
macroelectrode formed by a great number of carbon fi-
ber microelectrodes. These microclectrodes are separated
by an insulator and connected in parallel. The signal
produced by these ensembles of carbon fibers is the sum
of the individual currents generated by each microelec-
trode. The end product is a sensor with a signal compa-
rable to the signal of a macroelectrode, but showing the
signal-to-noise ratio of a microelectrode. Weber (5)
showed that these clectrodes have a maximum efficiency
when the separation between microelectrodes is around
(0.1 pm. The implicit difficulty of constructing these elec-
trodes is considerable. On the other hand, electrodes
based on composites with a random dispersion of very

small carbon particles in a polymer matrix are very casy
to prepare. If a percolation curve is drawn for these com-
posites, the optimal content of the conductor can be found.

Preparation of the biocomposites
and biosensor construction

The biocomposites are prepared very casily. The
powdered graphite is dispersed homogencously by hand
with the proper amount of polymer. According to Tall-
man and Petersen (6), these materials can be classified
as dispersed composites since the conductor particles have
an equal opportunity to occupy any point throughout the
matrix.

The polymer material is activated when its compo-
nents are blended. The activation happens when a vola-
tile fraction evaporates or when a hardener, catalyst or
initiator acts on the resin. The resin may be epoxy, sili-
cone, methacrylate, polyester or polyurethane (sce Table
1). The contents of the graphite, the modifier (enzyme,
catalyst, mediator), and the additives arc optimized for
a particular polymer matrix. Graphite particles are smaller
than 50 pm (7). The goal is to achieve the maximum
electrical conductivity and the highest response quality
with an appropriate biocomposite rigidity. Graphite con-
tent may vary from 20% (epoxy) to 60% (siliconc) (7). As
mentioned earlier, there are some commercially available
epoxy resins that already contain graphite (8). The homo-
geneous mixture is introduced 2 to 3 mm into a tubce
made of PVC, glass, ete. A metal disk coupled to a wire
is used to contact the composite inside the tube. The en-
semble is left at room temperature or slightly higher

Table 1. Glucose biosensors based on rigid conducting biocomposites

Composite construction

Eappl./V vs.

Bl TRREC o Lincar concentration
Ay [ Ls t ‘o i - = i
N e Ag/AgCl ! response range/mM ek
Enzymela| Carbon Polymer Mediator/Catalyst
GO (2) graphite (19) epoxy (79) +1.15 7.0 0.1- 5 i
(Epo-Tek H77)
GO (2) graphite (49) cpoxy (49) +1.15 7.0 0.1- 5 7
(Epo-Tek 302)
GO (2) graphite (49) methacrylate (49) +1.1 7.0 .2- 5 7
GO (2) graphite (62) silicone (36) +1.15 7.0 (.4-20 7
GOD (2) graphite (36) polyester (62) +1.1 7.0 0.1- 5 7
GOD (2) graphite (60) polyurcthane (38) +1.15 7.0 0.05- 5 This review
GO (20) graphite (10) Teflon (70) +0.9 74 2.5-30 9
covalently bound +(L8 74 0.2- 11|b |
to graphite
GOD (1.5) graphite 158 epoxy (63.0) gold (11.8) and +0.9 7.0 0.01- 2 15
(Epo-Tek 1177) palladium (7.9)
GOD (20) graphite-cpoxy 11" -dimethyl- +1.5 7.4 8
{Dylon) (54) ferrocene (26) +(1.3 6.5 I- 6|bl 17
GOD (1.5) graphite (15.8)  cpoxy (63.0) TTF (19.7) +0.15 7.0 0.1- 2 18
(Fpo-Tek 1177)
GOD (2) silicone (28) TTE, TCNQ (70) +0.2 7.0 0.1- 5 This revicw

[a] glucose oxidase (GO} (100-200 U/mg)
[b] flow-injection analysis
TTF = tetrathiatulvalene; TCNQ = tetracyanoquinodimethane
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Table 2. Results of glucose determination for eight samples ta-
ken from the fermentation broth, using three different analytical
methods. Relative standard deviation was bellow 5%.

v{glucose)/g T

Sample Time/h -
Biocomposite YSI HPL.C
| 2.00 7.99 810 8.42
2 2.50 7.47 7.79 7.72
3 3.00 6.75 7.08 6.31
4 275 6.23 6.31 5.88
5 4.50 5.20 5.20 4.90
6 5.00 +4.21 4.25 3.31
7 5.50) 3.55 3.22 242
& (.00 1.71 1.69 1.34
Confidence interval 95%* +0.06 +0.05 +.05

For each sample determination (n=3) the confidence interval
was smaller than the indicated value

(40 °C) for one or more days as needed by curing of the
polymer. When it is hardened, the biocomposite is pol-
ished with abrasive papers of decreasing grain size.

If the matrix is Teflon (9), the granular polymer is
mixed with graphite in a mass fraction of 70 to 30%, re-
spectively. The biological material is immobilized pre-
viously to particles of graphite powder. Once mixed, the
material is pressed at 7000 kg/em® producing 2 mm
thick disks. These pellets are coupled to a tube to form
an electrode. According to Tallman and Petersen (6),
these materials can be classified as consolidated compos-
ites since the conductor particles extend throughout the
matrix in a random, reticulated fashion with regions of
pure insulator and pure conductor.

Glucose amperometric biosensors
based on rigid carbon-polymer
biocomposites

Several glucose biosensors based on biocomposites
are reported in literature (see Table 1). Glucose oxidase
(GOD) has been used in our laboratory as enzyme
model to study the biocatalytic characteristics of rigid
conducting biocomposites that feature immobilized en-
zymes. This oxidase is compatible with matrices of
graphite and several polymeric materials such as epoxy
resins, polymethacrylate, silicone, polyester, polyure-
thane and Teflon. These biocomposites have been ap-
plied to glucose measurements based on the direct oxi-
dation of the hydrogen peroxide produced by the action
of the enzyme. This happens at high positive potentials
(0.9 to 1.5 V ws. Ag/AgCl) (sce Table 1). When a graphite
polymer composite is used, a shift towards more posi-
tive potentials is noticed compared to measurements re-
alized with graphite or platinum electrodes (10,11). Tt is
known that carbon clectrodes that have metal particles
(I’t, Ru, Rh, Pd, Au, ete.) on their surface, show great
catalytic action (12,13). The same happens when the met-
al is dispersed in carbon pastes (14). The addition of
catalysts (gold or palladium) to a GOD graphite-cpoxy
biocomposite for the oxidation of hydrogen peroxide in-
creases the stability of the signal and reduces the re-
sponse time. Furthemore, the oxidation potential of hy-
drogen peroxide is lowered by 250 mV (15). This

decrease is also found in experiments with carbon rods
where Au-Pd was sputtered to the surface of the elec-
trodes (16). Therefore, metal bulk-modified composites
represent more viable alternatives than those surface-
-modified electrodes produced by sophisticated tech-
nologies. However, the inclusion of metal catalysts in the
biocomposite does not hinder the action of the usual in-
terferents found in biological samples (ascorbic acid, uric
acid, etc.) (15). On the other hand, it has been observed
in our laboratory that this material retains the enzymatic
activity in dry storage for more than one year.

Artificial electron acceptors may be added to the
biocomposite. These substances act as electron mediators
between GOD and the electrode and include 1,1'-di-
methylferrocenc (8,17) and tetrathiafulvalene (18). The
addition of these mediators permits the use of working
potentials in the range of (.5-0.15 V. The action of inter-
ferents is reduced greatly at these working potentials. In
the biocomposite modified with tetrathiafulvalene,
ascorbic acid interference is reduced 90% and inter-
ference of uric acid is negligible (18).

Fermentation monitoring using a glucose
biosensor based on a biocomposite

The combination of systems based on biosensors
and flow injection analysis (FIA) are being applicd to the
monitoring of bioprocesses. One of the key determinants
of the stability of a biosensor is the immobilization proc-
ess used to fix the biological component to the
transducer surface. Enzyme loss in a flow system can be
imputed to leaching, prolonged use or inhibition of the
biological component.

Construction of the graphite-epoxy-Au-Pd-GOD ampero-
metric biosensor. — The biomaterial is made of Epo-Tek H77
epoxy resin, powdered graphite, gold powder, palla-
dium powder and glucose oxidase. The mass fraction of
the biomaterial composition was the following: polymer
63.1%, graphite 15.8%, metals 19.7% and enzyme 1.5%.

Microorganism and fermentation medium. — The micro-
organism employed was the yeast Candida rugosa (ATCC
14830) which was preserved in a mixture of malt, pep-
tone and agar at 4 °C. The fermentation was carried out
in a chemical medium composed of: (NH,),SOy (4 g/1.),
KHLPO, (15 g/1.), MgSO, - 7H,0 (1 g/1.) and FeCls- 3H.0
(19 mg/L) and inositol (4 ug/1.), biotine (8 ug/1.) and thia-
mine HCI (0.2 mg/1) as vitamins. The initial glucose
mass concentration in the medium was 10 g/1..

Characteristics of the sensing system. — The use of metals
permits a lower response time, a higher signal stability, and
a lower HO, oxidation potential (900 mV) when com-
pared to biosensors that do not have the catalyst (1150
mV). These high working potentials are the norm when
using clectrodes based on conductive composites (10).

Glucose analysis. — Eight samples of approximately 5
ml were extracted from the fermentation vat at different
times. Each sample was filtered through a 0.45 um cel-
lulose acetate membrane (PK) to climinate biomass. Table
2 shows the results based on the calibration curve, Sam-
pling times are also shown.

Comparison of the results with commercially available
analyzers. — The same samples analyzed by the reported
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biosensor were analyzed with a commercial glucose ana-
lyzer (Yellow Springs Instruments model 2000) and with
HPLC. Table 2 shows the results from all three measure-
ments. A statistical analysis using Student's t-test for a
confidence range of 95% confirms that the proposed
method does not diverge significantly from the two
comparative methods, and that no interferences were
noted during the measurements.

Conclusions

The construction procedure is simple and is carried
out using dry chemistry methodologies compatible with
thick film technology.

Before curing, these biocomposites are highly
mouldable. This permits the easy construction of am-
perometric sensors of various shapes (cylindrical, planar,
tubular, flow-through, etc.) and sizes.

After curing, these materials are very stable from a
mechanical point of view. The surface is stable, rigid,
polishable and can be drilled, or otherwisc altered me-
chanically.

The components of the active surface can be control-
led by defining their content in the bulk. The presence
of enzymes, cofactors, mediators, additives, etc. on the
sensing surface can be tailored by adjusting their content
in the bulk of the biocomposite.

Biosensors prepared with the techniques defined
here have great biological stability. The biocomposite
acts as an impervious reservoir for the biologically active
components. A loss of sensitivity on the surface is recov-
cred by a simple polishing procedure. Each new surface
yields reproducible results if all the individual compo-
nents of the biocomposite are dispersed homogeneously
in the bulk.

The morphology, the size and the distribution of the
conducting particles define the behaviour of the biosen-
sor as a microelectrode array. These microelectrode ar-
rays or ensembles show an cfficient mass transport and
a better electrochemical response (higher signal-to-noise
ratio, lower detection limits and shorter response times).

The detection range of the biosensors reported fulfill
most industrial and clinical requirements for the respec-
tive analytes. Short response times make them suitable

for future applications where many samples have to be
processed in a given time. These applications include
flow-injection analysis (FIA).

The resulting biosensor is inexpensive and can
therefore be considered for single-use applications.
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Novi materijal za elektrokemijsko senzoriranje
Biosenzori za glukozu izgradeni od bioaktivnih tvari u ¢vrstim
matricama od ugljika i polimera

SaZetak

Razvoj mijesovitih orstih malterifala s vodljivom fazom ra‘:prsenom u polimernim matricama omogudio je
veliki napredak w analitickoj elektrokemiji, osobito na podrucju kemijskili i biokemijskih senzora. U radu je dan kratak
pregled primjene Corstih materijala za pripravu amperometrijskih biosenzora. Ti se materijali dobiju wmjesava-
njem ugljika u polimere uz dodatak bioaktivnih tvari (enzimi i kofaktori) i kemijski akiivnih tvari (posrednici
elektrona i katalizatori). U prikazu su obuhvaceni svi navodi nadeni u literaturi do 1996. godine.





