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Abstract

Direct electron transfer between redox enzymes and electrodes is the basis for the third generation biosensors. We established direct electron
transfer between quinohemoprotein alcohol dehydrogenase (PQQ-ADH) and modified carbon black (CBs) electrodes. Furthermore, for the
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rst time, this phenomenon was observed for pyrroloquinoline quinone (PQQ)-dependent glucose dehydrogenase (PQQ-GDH).
nzyme biosensors suitable for the determination of ethanol, glucose and sensors for hydrogen peroxide were designed using C
nd screen-printing technique. Aiming to create an optimal transducing material for biosensors, a set of CB batches was synthe

he matrix of Plackett–Burman experimental design. Depending on the obtained surface functional groups as well as the nano-s
tructures in CBs batches, the maximal direct electron transfer current of glucose and ethanol biosensors can vary from 20 to
rom 30 to 6300 nA for glucose and ethanol, respectively. Using modified CB electrodes, an electrocatalytic oxidation of H2O2 takes place a
ore negative potentials (0.1–0.4 V versus Ag/AgCl). Moreover, H2O2 oxidation efficiency depends on the amount and morphology o

raction in the modified CBs.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In the last three decades, a new sensing concept based
n biological recognition was established known as biosen-
ors, where biologically derived molecules, organelles, whole
ells or tissues are used in close contact with a transducing
lement[1]. Amperometric biosensors (commonly based on
nzymes) have been one of the most successful and up to
ow has a promising future[2–4]. In this concept, the most
romising approach for the development of electrochemi-
al biosensors is to establish a direct electrical communica-
ion between the biomolecules and the electrode surface[5].
irect electron transfer between redox enzymes and elec-

rodes found the basis for the third generation biosensors[6].
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Carbon-based electrochemical devices become most
lar technological feature in the design of the biosensors[7].
During the last decade, more than 200 papers and pa
have been published on the use of screen-printing techn
for transducers based on carbon-paste electrodes. It t
out that the screen-printing technology is a versatile too
the inexpensive, easy and high reproducible productio
disposable biosensors[8]. Carbon materials that have be
widely used in the preparation of solid electrodes inc
glassy carbon, carbon fibers, carbon black (CB) and se
forms of graphite, from the highly oriented pyrolytic graph
to the graphite powder used in the preparation of the w
known composite carbon-paste[9]. Operation of biosenso
is determined by interaction of active center of enzyme
surface of the carbon particle. Thereby, parameters o
biosensor crucially depend on parameters of carbon, us
the preparation of the paste. These should be: the amou
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assortment of surface functional groups, the surface rough-
ness and heterogeneity, the spatial arrangement of graphene
layers, presence of various nano-scale carbon structures (nan-
otubes and other formations), etc.[10].

In this work, we modified and tested a set of CB sam-
ples as transducing element in hydrogen peroxide sensors
and ethanol or glucose biosensors design as well. As bio-
logical sensor components we used two types of enzymes.
Pyrroloquinoline quinone (PQQ)-dependent glucose dehy-
drogenase (PQQ-GDH) was used as an well-known enzyme,
which do not communicate directly with carbon surface, but
acts through a number of mediating organic compounds, that
possess good electrochemical reversible properties on the
carbon surface[11,12]. Another enzyme—an alcohol dehy-
drogenase (ADH) was used as enzyme containing PQQ and
hemesc, and possessing capability of direct electron transfer
on metal[13] and carbon[14] surfaces.

2. Materials and methods

2.1. Synthesis and modification of carbon black

CB was synthesized from carbon monoxide during the
Boudouard’s reaction on the Fe catalyst[15]:
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(b) tailoring of functional groups carried out in the pres-
ence of HNO3 (X6), Br2 + Fe (X7), H2O2 (X10) and
N2H4·2HCl (X11) [18];

(c) modification of particle shape carried out by melting with
Zn (X8) and S (X9)[19].

With an objective to screen as large as possible number of
factors to identify these that may be important, a design that
allows one to test the largest number of factor main effects
with the least number of observations was employed. The
12-run Plackett–Burman design for 11 factors was chosen
for this purpose[20]. The matrix used and the technological
operations applied (with short descriptions) are presented in
Table 1. Each particular batch was obtained by performing
these operations, which were maked as “+1” inTable 1, and
by omitting these marked as “−1”. In the process of modifi-
cation, the samples were purified after executing each tech-
nological operation by means of hot extraction in a Soxhlet’s
apparatus. Obtained batches of graphitized CB were exam-
ined by means of microscopy, acid–base titrations and neph-
elometry.

2.2. Analysis of modified carbon blacks

The amount of functional groups on the surface of CB
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nd subsequent purification with HCl[16].
The protocol of CB modification consisted of 11 tech

ogical operations (Table 1). Objectives of using these o
tions can be divided into three blocks:

a) delamination of graphite structure carried out using n
thalene (X1), H3PO4 (X2), H2SO4 (X3), KOH (X4) and
H3BO3 (X5) [17];

able 1
echnological operations and experimental set used for the CB modifi

peration Short description R

C

1 30% CB + 70% naphthalene; treatment time,−6 h;
temperature−100◦C

+

2 10% CB + 90% H3PO4; treatment time,−6 h;
temperature 100◦C

−

3 10% CB + 90% H2SO4; temperature time,−6 h;
temperature 80◦C

+

4 50% CB + 5% KOH; treatment time 1 h; temperature
480◦C

−

5 50% CB + 50% H3BO3; grinding time−0.5 h −
6 7 ml HNO3 + 3 ml H2SO4 + 4 g CB; treatment time 1 h;

temperature 80◦C
−

7 0.8 ml Br2 + 0.5 g Fe + 4 g CB; treatment time 1 h;
temperature 60◦C

+

8 4 g CB + 4 g Zn;treatment time 1 h; temperature 370◦C +
9 4 g CB + 4 g S;treatment time 1 h; temperature 380◦C +
10 4 g CB + 20 ml 30% H2O2; treatment time 24 h −
11 4 g CB + 20 ml 10% N2H4 2HCl; treatment time 1 h;

temperature 100◦C
+

amples was determined titrimetrically by using 0.1 M s
ions of NaOH, Na2CO3, NaHCO3 or HCl [21,22]. The CB
amples with appropriate solutions were placed in the ca
ials and mixed for 24 h in a tube rotator SC1. The aliq
ere titrated under the nitrogen atmosphere using a mic

ette. The quantity of fine fraction in modified CB sa
les was established by nephelometric analysis[23], using
oth cationic (sodium lauryl sulphate) and anionic (tetr
yltrimethylammonium bromide) surface-active substa
SAS) and a LMF-69 instrument. The CB samples w

atches)

2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C

1 −1 +1 +1 +1 −1 −1 −1 +1 −1 −1

+1 −1 +1 +1 +1 −1 −1 −1 +1 −1

1 +1 +1 −1 +1 +1 +1 −1 −1 −1 +1

1 −1 +1 +1 −1 +1 +1 +1 −1 −1 −1

1 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1
1 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1

1 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1

1 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1
1 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1
1 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1
1 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1
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tested using an atomic force microscope Digital Instruments
NanoScope III.

2.3. Construction of screen-printed biosensors

The screen-printed carbon electrodes were designed us-
ing CB samples mixed with the pasting liquid as described
previously[24]. The pasting liquid consists of 10% polyvinyl
dichloride in acetone. The PQQ-ADH (EC1.1.99.8) purified
fromGluconobactersp. 33[25] (the activity was 171 U/ml)
or PQQ-GDH (EC1.1.99.17) purified fromErwinia sp. 34-
1 [26] (specific activity 12 U/mg) were immobilized on the
electrode (working area 0.04 cm2) by glutaric dialdehyde
cross-linking (for 30 min over 25% glutaric dialdehyde water
solution). The layer of an immobilized enzyme was covered
with semi-permeable terrylene film.

Biosensor was installed into the flow-through three-
electrode amperometric cell[24] where a working electrode
forms the bottom of the flow cell. As a reference electrode,
we used a silver wire (1 mm in diameter and 2 cm long) in
saturated KCl. The titanium tube (2 mm in diameter and 2 cm
long) on inlet was used as a counter electrode. The flow cell
was supplied with a peristaltic pump. Steady state currents
of biosensors were recorded on the polarographic analyzer
OH-105 (Radelkis, Hungary).

Acetate buffer (0.05 M) (pH 6.0) containing 1 mM of Ca2+
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are found only in the case of single CB sample (C4). Ba-
sic functional groups are determined as a total sum of all
positive charges (pyrones, chromenes, nitrogen-containing
groups, etc.[27]). The content of fine fraction determined
using the anionic SAS is as a rule higher than that using the
cationic SAS. Interaction between the SAS and the surface of
CBs should be based on either electrostatic or van der Waals
forces. In the case of prevailing of van der Waals forces,
no significant difference between results using cationic or
anionic SAS should be observed. The fact of significant dif-
ference between those two series of results implies to make
a conclusion that in the process of formation of fine frac-
tion electrostatic interaction prevails over the van der Waals
forces.

Content of fine fraction in modified samples varies in a
wide range subject to the preparation conditions. AFM mi-
crographs (Fig. 1) show that the morphology of fine fractions
from different modified CB batches is different as well. In
some cases (batch C8), the structures similar to multiwall
carbon nanotubes (several tenths nm in diameter) are ob-
served. This observation correlates with the results published
by other authors[28], and concerning the synthesis of mul-
tiwall carbon nanotubes by scrolling the sheets of graphene.
The AFM micrographs of other modified CB batches expose
much more coarse fractions, which are different as compared
together as well. Rounded fractions are observed in the batch
C hs of
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C 0.12
C 0.17
C 0.16
C 0.11
C 0.12
C 0.02
C 0.12
C 0.02
C 0.05
C 0.14
C 0.13
C 0.18
as used as a default buffer. All inorganic reagents we
nalytical reagent grade and organic reagents were su

or electron microscopy. Bidistilled and ultra-filtered wa
as obtained using a “Purator Bi” (Glas Keramic, Ber
ermany).

. Results and discussion

.1. Characterization of modified CB

Data of CBs analyses are presented inTable 2. Predom
nant acidic functional groups determined among the m
fied CB batches are of phenolic nature, while the lacto

able 2
mount of functional groups and content of fine fraction in modified c

ample no Amount of functional groups and standard deviation (m

Total acidic Carboxylic Lactone Phen

1 1.86± 0.12 0.00± 0.03 0.00± 0.04 1.86±
2 1.34± 0.17 0.44± 0.05 0.00± 0.04 0.91±
3 0.34± 0.16 0.00± 0.01 0.00± 0.02 0.34±
4 0.32± 0.11 0.00± 0.01 0.19± 0.06 0.13±
5 0.66± 0.12 0.00± 0.05 0.00± 0.04 0.66±
6 0.28± 0.02 0.00± 0.01 0.00± 0.02 0.28±
7 1.19± 0.12 0.21± 0.05 0.00± 0.01 0.97±
8 0.86± 0.02 0.00± 0.02 0.00± 0.04 0.86±
9 0.92± 0.05 0.08± 0.03 0.00± 0.02 0.84±
10 0.72± 0.14 0.00± 0.01 0.00± 0.01 0.72±
11 0.61± 0.13 0.00± 0.01 0.00± 0.02 0.61±
12 0.52± 0.18 0.00± 0.03 0.00± 0.01 0.52±
5. Sharpe-edger structures are evident in the micrograp
he batches C3 and C4. This case may indicate the produ
f nanocones during the process of CB modification[29].

.2. Oxidation of H2O2 on CBs

The determination of hydrogen peroxide (H2O2) plays an
mportant role in many fields including industry, enviro

ental protection and clinical control[30]. Horseradish pe
xidase is the most commonly used enzyme for constru
f H2O2 biosensors[31–34]. Hemoglobin was employed
atalyze the reduction of H2O2 as well[35,36]. An electro
hemically deposited film of Prussian Blue has been fou
e good catalyst for H2O2 electroreduction exhibiting eve

lacks

f CB) Content of fine fraction and standard deviation

Basic With anionic SAS With cationic SAS

0.66± 0.02 0.0± 1.9 0.0 ± 1.2
0.61± 0.01 51.6± 5.9 0.0 ± 0.6
0.61± 0.06 41.6± 7.6 0.0 ± 1.2
0.66± 0.07 48.3± 5.1 0.0 ± 0.9
0.59± 0.01 55.0± 6.2 30.0± 4.7
1.08± 0.09 17.0± 2.2 9.3 ± 2.4
0.76± 0.08 0.0± 1.5 0.0 ± 2.3
0.74± 0.03 69.3± 3.1 13.3± 3.1
0.72± 0.05 0.0± 2.0 0.0 ± 2.4
1.27± 0.01 0.0± 3.5 0.0 ± 0.8
1.47± 0.05 45.0± 4.5 15.0± 3.7
1.68± 0.02 31.6± 1.6 21.6± 4.6
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Fig. 1. AFM micrographs of modified CBs. Batch numbers: (a) C2; (b) C3; (c) C4; (d) C5; (e) C8.

better properties than horseradish peroxidase[37]. However,
amperometric detection based on electrochemical oxidation
of H2O2 is observed at potential range higher than 0.6 V (ver-
sus Ag/AgCl and all potential values in the text are versus this
reference electrode)[38]. Unfortunately, an unspecific oxi-
dation of various interfering compounds is observed at these
potentials, too.

The modifications of CBs described in this work facilitate
electrocatalytic oxidation of H2O2 at more negative poten-
tials, as it is shown in voltammetric data presented below.
Hydrodynamic voltammograms were recorded using elec-
trodes designed on the base of different CB batches in the
presence of 70 mM H2O2.

Using C2 and C4, the oxidation process starts at 0.05 V
and the oxidation current is 20 and 9 nA, respectively (data
not shown), whereas the oxidation on C8 and C11 electrodes

proceeds at 0.15 V. The H2O2 oxidation current is 50 and
7 nA, respectively. All active CB electrodes showed good
response at potential 0.4 V (Table 3). Unfortunately, modifi-
cation of C1, C7 and C9 does not lead to successful oxidation
of H2O2.

Therefore, the oxidation of H2O2 can be observed at the
potential range 0.1–0.4 V by using corresponding modifica-
tion of CB electrodes. To our knowledge, those are the low-
est potentials for oxidation of hydrogen peroxide at carbon
electrodes. The lower applied potential helps to decrease in-
fluence of interfering compounds. The developed surfaces
open new opportunities to create specific hydrogen peroxide
oxidizing systems without use of expensive metals such as
gold or platinum. The oxidation currents of H2O2 sensors
based on modified CB electrodes at 0.4 V are presented in
Table 3. It was established that the H2O2 oxidation current
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Table 3
Kinetic parameters of sensors based on modified CBs

No. of CB batch Maximal current of sensor (nA) K
app
M (mM) Kin (min−1)

H2O2
a Ethanol Glucose PQQ-GDH PQQ-ADH PQQ-ADH

C1 – – – – – –
C2 530 2277 48 0.45 1.84 2.26× 10−3

C3 84 6269 93 0.67 3.7 3.03× 10−3

C4 375 5307 179 1.02 2.83 7.98× 10−3

C5 370 1686 99 0.56 1.43 1.23× 10−3

C6 62 1392 – – 0.44 6.54× 10−3

C7 – 36 91 0.61 0.22 9.94× 10−4

C8 1200 2195 309 0.79 1.24 2.7× 10−3

C9 – 35 – – 0.13 2.3× 10−2

C10 20 1342 68 0.39 1.87 1.98× 10−3

C11 187 2487 159 3.05 0.99 1.79× 10−3

C12 40 138 27 0.08 0.17 −2.41× 10−3

Each value is a mean value obtained using three independent biosensors.
a Response to 70 mM of H2O2; Kin: inactivation constant.

depends not only on the amount and assortment of surface
functional groups in modified CBs but also on the amount of
fine fraction in the same batches (Fig. 2).

Considering that an observed anodic current have to be
proportional to the area of particle’s surface and the same
amount of carbon was applied for each electrode, the experi-
mental data inFig. 2were fitted using the following equation:

y = 4π

(
3

4π

)2/3

× 2ax/3 (2)

wherey is an observed anodic current (equivalent to the sur-
face area of carbon particles), 2ax/3 is number of particles,x is
a fraction of fine particles,a is a coefficient linking a fraction
of fine particles and number of particles.

The sensor designed using C8 was found the most sensi-
tive to H2O2 among the others. The amount of fine fraction in
C8 reaches∼70% of (Table 2). As it was mentioned above,
on the base of AFM image of C8 (Fig. 1d), it is possible to
presume the existence of nanotubes in this sample. This pre-
sumption correlates with data obtained on carbon nanotubes

F ity of
s d.

paste electrodes. The existence of nanotubes on electrode sur-
face permits an important decrease in the overvoltage for the
oxidation of hydrogen peroxide (300 mV)[39].

3.3. Bioelectrocatalytic behavior of PQQ-ADH-coated
carbon electrodes

PQQ-dependent enzymes have two major possibilities to
transfer electrons to conducting solid surfaces: either via re-
dox mediators or via intrinsic redox chains[1,13,40]. PQQ-
ADH used in this work contains three subunits: the first one
contains PQQ and one hemec moiety; the second subunit
consists of three hemec groups and the third small protein
subunit does not contain any redox cofactor, but it is essential
for the enzyme integrity. It probably joins two other subunits
into one system. Electrons from a substrate are transferred via
PQQ to hemesc as intrinsic redox moieties and then to an
electrode or a mediator. An efficiency of this process can be
evaluated assaying the current generated at electrode during
electrocatalytic oxidation of ethanol by PQQ-ADH. A num-
ber of ethanol biosensors were prepared on a base of modified
CB samples to evaluate the effect of various modifications on
the efficiency of bioelectrocatalysis of ethanol. Both the max-
imal oxidation current and stability of sensors were tested
and the apparent Michaelis constant (Kapp

M ) were calculated
( rved
a starts
a nd-
i plied
p e all
C

on
m o
H f fine
f exist,
h atal-
y her
m ob-
ig. 2. Correlation between the amount of fine fraction and the sensitiv
ensors to H2O2. Response to 70 mM of H2O2. C1–C12 CBs were analyze
Table 3). Voltammetric waves of ethanol oxidation obse
t PQQ-ADH-CBs electrodes showed that this process
pproximately at potential range within 0.02–0.2 V depe

ng on the modified CBs used (data not shown). The ap
otential of 0.4 V was chosen to evaluate and compar
Bs samples.
Obtained kinetic parameters of ADH immobilized

odified CB electrodes are presented inTable 3. In contrast t
2O2 sensors, a clear correlation between the quantity o

raction and the ethanol sensors’ parameters does not
owever, in the absence of this fraction, the bioelectroc
sis either does not occur or is very inefficient. The hig
aximal current of electrocatalytic ethanol oxidation was
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tained on electrodes made from the modified CB batches C3
and C4. It turns to the mind that the amount of the fine fraction
should be in the range between 41 and 70% for most effective
operation of the PQQ-ADH-coated carbon electrodes. That
could be expected, since the increasing of the fine fraction
also increases the area of the carbon electrode and thereby
the efficiency of the biosensor (Fig. 2). Low oxidation cur-
rent of the biosensor based on carbon C7, and possessing
very low fine fraction confirms this conclusion. However, we
cannot explain quite high oxidation current of the biosensor
based on C10, also possessing low level of the fine fraction.
Probably, the shape of carbon particles and chemical groups
on the surface are also responsible for the effective action of
enzyme in the heterogeneous media. Furthermore, both C3
and C4 samples possess the higher values ofK

app
M . The high

K
app
M values are presumably related with restricted transport

of substrate to active center of enzyme due to conformational
changes of protein and/or changes in environment surround-
ing the enzyme. It was found that a background current of
the electrode depends inversely proportional on buffer ca-
pacity in the case of the C3, C4 and C10 carbon blacks (or-
dered according the intensity of the effect, data not shown).
In the case of the C3 and C4 carbon blacks, this property
correlates with theKapp

M value andJmax. The electrodes of
higher quality were obtained when the CBs contained basic
functional groups in a range within 0.60–0.66 mM/g. Partic-
u on-
s a-
t made
f to
1 re-
s s sev-
e dged
s (b)
a nce of
s a set
o ce-
d nal
g essen-
t rbon
e
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[44,45]. As it was reported previously, the reagentless glucose
biosensors can be created by immobilization of PQQ-GDH
on the carbon electrode modified with bioorganometallic fer-
rocene derivatives[46], electrochemically deposited hetero-
cyclic compounds[12] or irreversibly adsorbed and elec-
tropolymerised napthoquinone or benzodiazepine derivatives
[47]. PQQ-GDHs modified with polyarbutin or entrapped
into hydrogel polymers containing electrochemically active
groups have been also described[44,48]. It should be stressed
that all these systems presume an operation of soluble or
semi-soluble electrochemical mediator (shuttle) facilitating
an electron transfer from the active center of enzyme to
the electrode surface. In this work, we have tried to cre-
ate the similar mediating infrastructure by modification of
CBs.

A number of glucose biosensors were prepared on a base
of modified CB samples to evaluate the effect of various mod-
ifications on the efficiency of bioelectrocatalysis of glucose.
The glucose oxidation current as an indicator of process ef-
ficiency at the tested electrodes varied from 0 to 300 nA,
depending on the used carbon (Table 3). A significant in-
crease in electrocatalytical oxidation current of glucose was
observed by using biosensors made from CBs batches C8,
C4 and C11. The parameters that affect the operation qual-
ity of PQQ-GDH-coated carbon electrodes are: (i) amount of
acidic surface functional groups (0.32–0.72 mM/g); (ii) the
presence of sharp-edged formations in the morphology of fine
fraction (Fig. 1) of modified CBs. Probably, under these con-
ditions PQQ-GDH adsorbs on the carbon-paste electrode in
the similar manner, as it is orientated in the hydrophobic cell
membrane. Moreover, it is known that the membrane-bound
PQQ-GDH fromEsherichia colihas two ubiquinone-binding
sites in addition to a PQQ center[49]. It is highly believable
that modification of the carbon structure leads to the creation
of aromatic structures interacting with ubiquinone center(s)
and capable to play a mediator role in the system PQQ-GDH-
electrode surface. Preliminary studies of stability of glucose
biosensors based on different modification of CB showed
that modification steps are critical for this parameter. The in-
activation kinetics of three glucose biosensors (C8, C4 and
C11) possessing the highest oxidation currents is presented
in Fig. 3.

As it can be seen that the C4 biosensor lost his activity up
to 30% during the first 50 h, however, 100% of initial activity
remained in the case of the C8 and C11 biosensors after 200 h.
The main differences between those three carbon blacks are
the following: (i) the C4 CB contains a considerable level
of lactonic groups which were detected only in the case of
this batch; (ii) the C11 and C8 CBs contain a higher amount
of ionogenic groups. This means that variety of functional
groups are involved in the immobilization, enzyme stabiliza-
tion and mediation of the biocatalytic process. Studies on
the stability of PQQ-GDH adsorbed on modified CBs elec-
trodes are in progress. The evaluation of the influence of each
preparation step on biosensors operation quality could allow
improving technologies in biosensorics.
larly, a higher stabilization (according to inactivation c
tantsKin in Table 3), but unfortunately not higher oxid
ion currents were achieved when the electrodes were
rom CBs containing acidic functional groups from 0.6
.3 mM/g. The morphology of C3 and C4 CBs, which
ulted in the highest currents of ethanol biosensors, ha
ral distinguishing features as well. They contain sharp-e
tructures clearly visible in the AFM micrographs (Fig. 1
nd (c)). These edges may be formed as a conseque
urface curvature of graphene layers, by introducing
f definite structural defects during the modification pro
ure of CBs[41]. Probably, both a set of surface functio
roups and a set of nano-scale carbon structures are

ial for the successful operation of PQQ-ADH-coated ca
lectrodes.

.4. Bioelectrocatalytic behavior of PQQ-GDH-coated
arbon electrodes

PQQ-depended glucose dehydrogenase applied in
ork belongs to the group of membrane-bound glucose

dizing enzymes[42,43,26]. It is known that these enzym
perate in the periplasm and are responsible for the
ative ways of the cell energy supply system. In contra
QQ-ADH, PQQ-GDH does not contain hemes and exh

otally different electrochemical behavior on unmodified
on or metal electrodes. This is presumably due to the fac

he active center of PQQ-GDH is buried much more de
n enzyme globule and cannot directly transfer electron
he surface of electrode in the absence of soluble med
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Fig. 3. Stability of glucose sensors made on a base of C8, C4 and C11 carbon
blacks. Responses to 5 mM of glucose.

4. Conclusions

An electrocatalytic oxidation of H2O2 at more negative
potentials (0.1–0.4 V versus Ag/AgCl) takes place at the mod-
ified carbon black electrodes. Moreover, H2O2 oxidation ef-
ficiency depended on the amount and morphology of fine
fraction in the modified CBs.

A direct electron transfer from PQQ-dependent and heme-
containing ADH to electrode was observed by using modified
CBs in screen-printed biosensors.

For the first time, it was shown that PQQ-GDH communi-
cates directly with the carbon electrode surface in the absence
of soluble electron transfer mediators.

Reagentless glucose and ethanol biosensors were designe
on the base of those modified carbon blacks. A definite set
of the surface functional groups as well as the nano-scale
carbon structures are essential for the good operation quality
of enzyme biosensors.
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14 (2002) 505.
39] M.D. Rubianes, G.A. Rivas, Electrochem. Commun. 5 (2003) 6
40] J. Razumiene, M. Niculescu, A. Ramanavicius, V. Laurinavicius

Csoregi, Electroanalysis 14 (2002) 17.
41] F. Cataldo, Carbon 40 (2002) 157.
42] K. Matsushita, O. Adachi, Principles and Applications of Quino

teins, Marcel Dekker, New York, 1993, p. 245.



790 J. Razumiene et al. / Talanta 67 (2005) 783–790

[43] J.A. Duine, J. Biosci. Bioeng. 88 (1999) 231.
[44] M. Alkasrawi, I.C. Popescu, V. Laurinavicius, B. Matiasson, E.

Cs̈oregi, Anal. Commun. 36 (1999) 395.
[45] J. Razumiene, V. Gureviciene, A. Vilkanauskyte, L. Marcinkeviciene,

I. Bachmatova, R. Meskys, V. Laurinavicius, Sens. Actuators B 95
(2003) 378.

[46] J. Razumiene, A. Vilkanauskyte, V. Gureviciene, V. Laurinavicius,
N.V. Roznyatovskaya, J.V. Ageeva, M.A. Reshetova, A.D. Ryabov,
J. Organomet. Chem. 668 (2003) 83.
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