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Abstract—Adsorption and bioelectrocatalytic activity of native horseradish peroxidase (HRP) and its recombinant forms on
polycrystalline gold electrodes were studied. Recombinant forms of HRP were produced by a genetic engineering approach
using an E. coli expression system. According to direct mass measurements with a quartz crystal microbalance, all the forms
of HRP formed monolayer coverage of the enzyme on the gold surface. However, only gold electrodes modified with the
recombinant HRP forms (non-glycosylated) exhibited high and stable current response to H,0, due to its bioelectrocatalyt-
ic reduction based on direct electron transfer (ET) between gold and the active site of the enzyme. Introduction of a six-His
tag either at the C-terminus or at the N-terminus of the enzyme molecule additionally increased the strength of the enzyme
binding with the gold surface and the efficiency of direct ET. Immobilization of recombinant forms of HRP containing his-
tidine functional groups on the surface of the gold electrode was used both for the development of a P-chip, a biosensor for
hydrogen peroxide determination based on direct ET, and for the development of a bienzyme biosensor electrode for the
determination of L-lysine based on co-immobilized recombinant forms of HRP and L-lysine-o-oxidase.
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Horseradish peroxidase (HRP) (oxidoreductase, EC
1.11.1.7) is a heme- and Ca®"-containing glycoprotein, a
member of the plant peroxidase superfamily, capable of
reducing peroxide compounds by catalyzing one electron
oxidation of a wide variety of organic and inorganic sub-
strates [1, 2]. The high catalytic activity of HRP in H,0,
reduction makes it possible to use HRP as a highly effec-
tive bioelectrocatalyst participating in electron transfer
(ET) between the electrode, the active site of the enzyme,
and the substrate. Efficient ET from the electrode surface

Abbreviations: LO) lysine oxidase; Ny;rHRP) recombinant
horseradish peroxidase of wild type containing a 6-histidine tag
at the N-terminus of the enzyme; PZC) piezoelectric quartz
crystal; HRP) horseradish peroxidase; ET) electron transfer;
rHRP) recombinant horseradish peroxidase of wild type;
CuisrHRP) recombinant horseradish peroxidase of wild type
containing a 6-histidine tag at the C-terminus of the enzyme;
PBS) phosphate buffer solution; EQCM) electrochemical
quartz crystal microbalance.

* To whom correspondence should be addressed.

to the active site of the enzyme makes possible the devel-
opment of a P-chip, a biosensor system of microscopic
size for the detection of hydrogen peroxide both ex vivo
and in vivo (inside tissues and cells), based on direct ET.

The simplest biosensor for the detection of hydrogen
peroxide consists of a monolayer of HRP molecules
adsorbed on the electrode surface (Fig. 1a). In the pres-
ence of the substrate at a certain applied electrode poten-
tial, the measured reduction current is proportional to the
H,0, concentration and the following reactions are
expected to proceed [3]:

k
HRP(Fe**) + H,0,—— El + H,0, (1)
ki
El +2e +2H"—— 5 HRP(Fe*") + H,0, (2)

Here, HRP(Fe*") denotes the initial form of the enzyme
immobilized on the electrode surface (oxidation state
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Fig. 1. Schematic description of a P-chip (a) and a bienzyme biosensor electrode based on a P-chip and an appropriate oxidase (b).

+3), and E1 represents oxidized HRP (conventional oxi-
dation state +5) consisting of oxyferryl iron (Fe*'=0)
and a porphyrin & cation radical.

Reaction (1) involves a two-electron oxidation of the
ferriheme prosthetic group of the peroxidase by hydrogen
peroxide. The direct electrochemical reduction of the
oxidized form of HRP (compound E1) has been shown to
be kinetically slow on a majority of electrode materials [3-
13] and is considered as direct ET. This mediatorless bio-
electrocatalytic reaction of H,O, reduction has been
observed for HRP adsorbed on carbon and graphite [3-9],
gold [4, 10-12], and platinum [13].

Peroxidase immobilized at the electrode surface and
capable of highly efficient direct ET can be used to con-
struct a mediatorless biosensor for the detection of perox-
ides and compounds (glucose, lysine, etc.) whose oxida-
tion in the presence of the appropriate oxidases (glucose
oxidase, lysine oxidase, etc.) yields hydrogen peroxide
(Fig. 1b). However, the efficiency of direct electrochemi-
cal reduction of compound E1 on the majority of investi-
gated electrode materials [3-13] was negligible, the rate
constant of heterogeneous direct ET, k,, being generally
below 1 electron per second [14]. The reasons for this are
probably the long ET distance between the electrode sur-
face and the active site of HRP, low surface concentration
of the active enzyme, and/or unfavorable for direct ET
orientation of the molecule at the electrode surface.

Thus, the key problem in the creation and further
development of such enzyme electrodes based on direct
ET is the optimization of the protein immobilization at
the electrode surface and achievement of strong adsorp-
tion of the protein molecules onto the electrode surface.
Unfortunately, all investigated methods for covalent
immobilization through a special link increased the dis-
tance of the active site from the electrode surface, hinder-
ing direct ET. However, genetic engineering can be used
to directly modify the surface of the HRP molecule by
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introduction of additional functional groups that can pro-
vide specific oriented immobilization of the enzyme on
the conductive support, the choice of the electrode mate-
rial playing an important role.

Gold electrodes for use as conductive supports for
immobilization are of the clear interest in spite of the fact
that the efficiency of direct ET in the gold
electrode—native HRP system is extremely low [4, 10].
Gold is a chemically inert and highly hydrophobic mate-
rial. Hence, it is favorable for direct ET after adsorption
of recombinant (i.e., non-glycosylated) forms of HRP
through hydrophobic interactions between the hydropho-
bic surface clusters of the recombinant HRP molecules
and the hydrophobic gold surface. Moreover, because
known strategies for immobilization of biomolecules onto
gold surfaces are based on strong chemisorption of some
functional groups [5], e.g., those of histidine and cysteine
[15, 16], orientation and adsorption of the enzyme on the
gold electrode surface in a way favoring direct ET might
be achieved by genetic engineering design of protein mol-
ecule surface with similar groups.

The goal of the present work was to study and com-
pare the adsorption and bioelectrocatalytic behavior of
native HRP and its different recombinant forms on gold
polycrystalline electrodes. The kinetic data were to be
used for subsequent development of P-chips based on
recombinant forms of HRP and for development of a P-
chip bienzyme biosensor electrode for the detection of L-
lysine (Fig. 1b).

MATERIALS AND METHODS

Reagents. Native HRP (isoenzyme C) and L-lysine-
o-oxidase (LO, oxygen oxidoreductase, EC 1.4.3.14,
from Trichoderma viride, activity 20 U/mg) from Sigma-
Aldrich (USA) and substrates and buffer solution compo-
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nents from Merck (Germany) were used. All reagents
were of analytical grade or of ultra-high purity and used as
received. All solutions were prepared with de-ionized
Milli-Q water (Millipore, France).

Production of recombinant forms of HRP.
Recombinant forms of HRP (isoenzyme C), specifically,
recombinant wild type HRP (rHRP), rHRP containing a
6-histidine tag at the C-terminus of the enzyme
(Cu rHRP), and rHRP containing 6-histidine tag at the
N-terminus of the enzyme (Ny;rHRP) were produced by
genetic engineering in E. coli strain BL21(DE3)pLysS
transformed with the appropriate pET-based expression
vectors (Novagen). The procedure of rHRP expression,
refolding, and purification is given in detail elsewhere
[17, 18].

To produce wild type rHRP, the HRP gene was
amplified by PCR using the proofreading polymerase Pfu
(Stratagene) where the forward and reverse primers were
5'-AACATATGCAGTTAACGCCGACTTTCTACG-3'
and 5'- TTCGGCCGTCATGAGTTCGAGTTTACGAC-
TCGGCAGTTC-3', respectively, with pETHRPhis [18]
as the template. Bold italic letters indicate the introduced
restriction sites (Ndel and Xmalll); the stop codon intro-
duced just after Ser308 is underlined. The amplified PCR
fragment was first ligated into pCRScript vector
(Stratagene) and further recloned into pET20 (Novagen)
cut with Ndel and Xmalll. The final construct pETHRP
corresponding to wild type rHRP was confirmed by
sequencing.

To produce recombinant HRP with a 6-histidine tag
at the N-terminus, pETHRP was digested with Ndel and
Pstl. Two fragments, Ndel-Pstl and Pstl-Pstl (one Pst]
site in the HRP gene and one in the bla gene in the vec-
tor), were purified from agarose gel and ligated into
pET15 (Novagen) cut with Ndel and Pst] and trans-
formed into E. coli DH5a cells. Several colonies (only
those with correct orientation of the Pst/-Pstl fragment
able to grow on ampicillin plates) were picked and ana-
lyzed by restriction with Ndel and Pstl and further con-
firmed by sequencing.

Instrumentation. Data on the adsorption of peroxi-
dase on gold were obtained with electrochemical quartz
crystal microbalance (EQCM, Poland). Piezoelectric
quartz crystals (PZC) coated with gold (OMIG, Poland)
were used as the gold electrodes. The PZCs were AT-cut
with a basic resonant frequency of 10 MHz; the gold
coating diameter was 5 mm. The gold-coated PZC elec-
trode was inserted into a three-electrode flow-injection
cell as one of the cell walls, and it served as the working
electrode. A silver ring, pressed into Teflon was used as
the pseudo-reference electrode (the supporting elec-
trolyte always contained 0.15 M NaCl), and a platinum
ring of a larger diameter, also pressed into Teflon, served
as the auxiliary electrode.

Amperometric measurements with polycrystalline
gold disk electrodes (BAS, USA) of diameter 0.15 mm
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were performed in a standard three-electrode flow-injec-
tion cell [8]. The cell contained a silver—silver chloride
(0.1 M KCl) reference electrode, the auxiliary electrode
was a platinum wire, and a gold rod pressed into Teflon
served as the working electrode. The flow of the solutions
was maintained by a MINIPULS 2 peristaltic pump
(Gilson, France).

Electrochemical measurements with gold electrodes
were carried out with a pAUTOLAB three-electrode
potentiostat (Eco Chemie, Netherlands) equipped with
GPES 4.7 software (Eco Chemie). All experiments were
performed at ambient temperature (22 £ 1°C).

Immobilization and measurements with the quartz
crystal microbalance. The PZC electrodes used for HRP
immobilization were pretreated as follows: 60 ul of a
freshly prepared hot mixture of concentrated sulfuric acid
and 30% hydrogen peroxide solution (1 : 1) were dropped
onto the surface of the PZC electrode placed in the cell.
After 2 min of activation, the electrode surface was rinsed
with deionized water leaving a thin layer of H,O in the
cell compartment to prevent any direct contact of the
cleaned gold surface with air. Then 200 ul of 0.01 mg/ml
HRP solution in 0.01 M phosphate buffer containing 0.15 M
NaCl (PBS), pH 7.4, was pipetted into the cell compart-
ment with the working PZC electrode. By immediately
setting the frequency counter to zero, the EQCM meas-
urement of the adsorption of peroxidase on gold was
started. After the measurement of the adsorption process,
i.e., when the EQCM frequency stabilized, a buffer solu-
tion was aspirated through the cell and the frequency
change corresponding to the amount of HRP removed
with the buffer solution flow was registered.

Immobilization and measurements in the flow-injec-
tion system. Prior to immobilization, the surface of the
gold disk electrode (BAS) was polished to a mirror luster
with alumina suspension (particle size 0.1 pl) in water,
rinsed with deionized water, treated with a freshly pre-
pared hot mixture of concentrated sulfuric acid and 30%
hydrogen peroxide solution (1 : 1) for 2 min, and then
rinsed again with water. Immediately after that, for
adsorption of HRP, the electrodes were immersed in a
0.01 mg/ml HRP solution in 0.01 M PBS, pH 6.0, for 2 h.
For co-adsorption of Cyy;;,tHRP and LO, the electrodes
were kept for 2 h in PBS, pH 7.4, containing 0.01 mg/ml
Cu THRP and 0.06 mg/ml LO. Then the electrodes were
rinsed in PBS and inserted into the electrochemical cell
for subsequent amperometric measurements.

During the amperometric measurements, buffer
solution was pumped through the cell at flow rate 900 ul/
min, and a steady-state baseline current was registered at
—50 mV. For the measurement of the amperometric
response of the HRP-modified electrodes to H,0,, flow-
carrier buffer solution containing different concentra-
tions of hydrogen peroxide was used. Similar solution also
containing L-lysine was used for measurement of the
amperometric response of the bienzyme electrode modi-
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fied with co-adsorbed Cy;rHRP and LO. The signal dif-
ference between the background current and the steady-
state current in the presence of the substrate was taken as
the response signal corresponding to bioelectrocatalytic
reduction of H,0, on the modified gold electrodes.

The reproducibility of the data was verified by meas-
urements with at least three equivalently prepared elec-
trodes.

RESULTS AND DISCUSSION

Immobilization of HRP on gold PZC electrodes. To
compare the bioelectrocatalytic activity of the different
forms of HRP immobilized on gold electrodes, it was
necessary to compare the efficiency of binding of these
HRP forms with the gold surface. Thus, the course of
immobilization of the peroxidases was studied with the
quartz crystal microbalance, giving direct data on the
amount of the enzyme bound to the electrode surface
[19]. Correct assessment of this amount makes it possible
to estimate the effect of surface mutations of the protein
molecule on the direct ET characteristics by separation of
the effect of the amount of the enzyme on the electrode
surface and the effect of orientation of the different forms
of HRP immobilized at the electrode surface.

Native HRP and the recombinant forms: rHRP,
CyirHRP, and Ny, s HRP were immobilized directly on
the surface of gold PZC electrodes. All the recombinant
forms of HRP were non-glycosylated, the last two forms
additionally containing a histidine tag at either the C- or
the N-terminus of the polypeptide chain.

Figure 2 shows the data on the resonant frequency
shift with time due to the adsorption of N,y HRP on the
gold PZC electrodes. The general shape of the curves and
frequency shifts for the studied forms, both recombinant
and native, were quantitatively and qualitatively very close
to that presented in Fig. 2 (see insert in Fig. 2). The
decrease of the resonance frequency of the gold-quartz
electrodes presented in Fig. 2 is due to the enzyme bind-
ing to the gold surface. The relationship between the
change of the surface mass Am (grams) and the variation
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Fig. 2. Variation of the resonant frequency shift for the gold
PZC electrodes during the immobilization of Ny;rHRP from
0.01 mg/ml enzyme solution in PBS, pH 7.4. Insert: data for
native HRP.

of the resonant frequency Af (Hz) for AT-cut PZC elec-
trodes is given by the Sauerbrey equation [20]:

N/ i = = 28m/[A(Ky po) ], (3)

where A is the surface area covered by adsorbed material
(cm?), p, is the quartz shear modulus (p, = 2.947-10" dyne/
cm?), p, is the quartz density (p, = 2.648 g/cm’), and f; is
the fundamental resonant frequency of the unloaded
crystal oscillator.

The results of the adsorption measurements obtained
with the EQCM are tabulated in Table 1. From the data
presented, it can be seen that the amount of the immobi-
lized enzyme, calculated from the frequency shift of the
gold PZC electrode due to immobilization of HRP, is vir-
tually the same for the different recombinant forms to
within the experimental error. The amount of native gly-
cosylated HRP (in moles) adsorbed at the electrode sur-

Table 1. Adsorption of native and recombinant forms of HRP on the surface of gold PZC electrodes

Form of HRP Molecular weight, Frequency HRP surface HRP surface
kD shift, Hz concentration, ng/cm? concentration, pmol/cm?
Native HRP 44 —230 £ 20 1020 £ 90 23 £
rHRP 34 —235+20 1030 £ 90 303
CuisrHRP 34 —240 + 40 1060 £ 180 315
Ny ,rTHRP 34 —250 £ 30 1100 + 130 32+4
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face is about 30% lower than that for the recombinant
forms due to the higher molecular weight of the protein.
From the data on the amount of the adsorbed enzyme,
the geometrical sizes of the HRP molecules were calcu-
lated with the assumption that the adsorbed enzyme mol-
ecules are globular. As a result, the following values of the
molecular diameters were obtained for the HRP mole-
cules adsorbed at the electrode surface: 3 nm for the
native form and 2.6-2.7 nm for the recombinant forms.
This numbers are in good agreement with the crystallo-
graphic dimensions of HRP [21]. On subsequent concur-
rent mass and amperometric measurements with EQCM
in a flow of 10*M H,0, (polarization at —50 mV), native
HRP completely desorbed from the electrode surface, in
contrast to the recombinant form. This fact suggests that
the binding of native HRP with the gold electrode surface
is weaker than that of the recombinant forms.

Thus, the microbalance measurements demonstrat-
ed that: a) the adsorption process results in monolayer
coverage of the gold electrode surface with the HRP mol-
ecules; b) the adsorbed amounts of the enzyme are equal
for the different recombinant forms of HRP; c¢) the
strength of the enzyme binding with the gold electrode
surface is much higher for the recombinant forms of
HRP.

-1, A

0.03 1

0.02 A

0.01 A

0.00 T
0.0 0.3 0.6
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Fig. 3. Dependence of the steady-state current of electroreduc-
tion on the H,0, concentration determined with gold disk
electrodes modified with: 7) native HRP; 2) rHRP; 3)
Cyi rTHRP; and 4) Ny ,rHRP. The electrodes were placed in a
flow-injection cell. The flow rate of the substrate in PBS, pH
7.4, was 900 pl/min. The applied potential was —50 mV vs.
Ag/AgClin 0.1 M KCI.
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Amperometric detection of H,0, (direct ET). The
bioelectrocatalytic activity of the different forms of HRP
immobilized on gold was determined amperometrically
by measuring the concentration dependence of H,O, bio-
electrocatalytic reduction current at —50 mV. Calibration
curves, i.e., the dependence of the measured current
response on the concentration of H,O, for the electrodes
modified with the native and recombinant forms of HRP
are presented in Fig. 3. Since under the conditions of the
electrochemical reaction the electrode serves as the elec-
tron donor (a proton is transferred from the solvent mol-
ecules or from any other proton donor present in the sys-
tem), then the data shown in Fig. 3 virtually correspond
to the bioelectrocatalytic activity of the studied forms of
HRP on the gold electrodes. As seen, Cy, fHRP and
NuirHRP gave the highest current response due to direct
ET, the signal being lower for rHRP. However, these val-
ues are 8-11 times higher than that for native HRP (Table
2).

The electrodes modified with the recombinant HRPs
exhibit high sensitivity for H,0O, as determined from the
initial slopes of the calibration curves (Fig. 3). The calcu-
lated values of the sensitivity for H,O, for the electrodes
modified with recombinant HRPs are presented in Table
2. It can be seen that the sensitivity values are close to
1.4 A-M~'.cm™2. The sensitivity for the gold electrodes
modified with the recombinant forms of HRP is 8-9 times
higher than that for native HRP and is the best among
existing HRP-modified electrodes based on direct ET
[22, 23]. The rates of direct ET between the recombinant
forms of HRP and gold are so high that the current
response for H,0, is determined only by the mass transfer
of H,0, to the electrode surface. The introduction of a
mediator (catechol) into the system does not increase the
sensitivity, in contrast to that for gold electrodes modified
with native HRP (Table 2).

Since the measured surface concentrations of the
recombinant forms under study are similar (Table 1) and
only 30% higher than that for the native form. Thus, the
higher bioelectrocatalytic activity of the recombinant
forms (and as a result the sensitivity of the electrodes for
H,0,) in the reaction of H,0, reduction is due to more
favorable arrangement of the enzyme molecules on the
gold surface for establishing direct ET, and, hence, high-
er direct ET rate in the enzyme—electrode system. Thus,
the data (Fig. 3 and Table 1) indicate that in the case of
non-glycosylated forms of the enzyme the efficiency of
direct ET in the recombinant HRP form—gold electrode
system is much higher than that in the case of the glyco-
sylated native HRP.

The electrodes modified with the recombinant forms
of HRP exhibited good stability operated daily for 2 h and
stored in buffer at 4°C between measurements. For
CuyirHRP- and Ny, rHRP-modified electrodes, stable
current signal was observed during the first 24 h of stor-
age, the half-life on the gold electrodes for both histidine
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Table 2. Activity of peroxidases and characteristics of
peroxidase-modified electrodes

Activity Sensitivity, Current density
Form of towards A-cm M, with 4-10°M
HRP ABTS, direct ET and | H,0,, pA-cm™,
U/mg in the presence direct ET
of a mediator
(5-10* M
catechol)
Native 1500 0.17/1.25 7.92
HRP
rHRP 1400 1.36 / 1.36 42.53
C,;sHRP 1580 1.41/1.41 54.70
NuirHRP 950 1.47 / 1.47 52.63

HRPs being about 90 h (Fig. 4). For rHRP this parame-
ter was lower (50 h) due to the weaker binding of rHRP
with the gold surface. For H,0, concentrations lower
than 1 uM, 100% stability of the signal was retained for
the entire test period of the biosensor operation (from 70
to 100 h). Electrodes modified with native HRP demon-
strated constantly decreasing sensitivity in direct and
mediated ET due to enzyme desorption from the elec-
trode surface.

Effect of genetic-engineering modification of the
rHRP molecule surface on the efficiency of direct ET. The
data obtained amperometrically and with the quartz crys-
tal microbalance allow us to estimate the effect of surface
modifications of the rHRP molecule on the efficiency of
direct ET in the HRP—gold electrode system. Since the
rHRP-modified electrodes exhibit bioelectrochemical
activity 25% lower than that for the histidine forms, the
surface concentration of the HRPs being practically the
same (Tables 1 and 2), the adsorption of Cy;,rHRP and
NuirHRP apparent occurs not only due to hydrophobic
interactions between gold and the HRP molecules, but
also through specific interaction of the histidine func-
tional groups with the electrode surface. Histidine
adsorbs irreversibly onto gold [15, 16], and this was spe-
cially used for the modification of the rHRP molecule
surface to improve the adsorption process. The adsorp-
tion of the histidine forms of HRP presumably through
the nitrogen atom of the imidazole ring [15] results, on
one hand, in increasing the strength of binding of these
forms of HRP with the gold surface, and on the other
hand probably in more favorable orientation of the HRP
molecules on the gold electrode surface for direct ET.

The supposition of the adsorption of Cy;,rHRP and
Nuir HRP through the histidine groups introduced in dif-
ferent positions of the rHRP polypeptide chain allows
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evaluation of the effect of the rHRP molecule orientation
on the gold electrode surface on the efficiency of direct
ET as well. Both Cy,tHRP and N, rHRP, when immo-
bilized on gold, gave the highest current response due to
direct ET. But comparing the enzymatic activity of the
samples with their amperometric responses (Table 2), it
can be seen that, despite a 40% decrease in an enzymatic
activity, Ny;rHRP exhibits the same bioelectrochemical
activity as Cy;, THRP, and this fact can be considered as
evidence of orientation of the Ny;;,rHRP molecules on the
surface of the gold electrode more favorable for direct ET.
Thus, the genetic engineering design of the rHRP mole-
cule surface with histidine sequences resulted in oriented
immobilization of the recombinant forms of HRP on the
surface of the gold electrode.

P-Chip development. The lower detection limit of the
biosensors based on the studied forms of HRP was deter-
mined to be 10°* M H,0,. The detection limit was deter-
mined as the minimal value of the H,O, concentration
that gave a signal in the region of the linear dependence of
calibration plots (Fig. 3). In the case of HRP-biosensors
based on chemiluminescence methods of H,0, determi-
nation, the detection limit is not better than 1 uM H,0,
[24, 25]. Among biosensor electrodes, the most sensitive
are graphite electrodes modified with HRP and a redox
mediator, the detection limit of these electrodes for H,0,
being 7-107° M [26].

High sensitivity (1.4 A-M~'.cm™), low detection
limit for H,0,, and stability of the electrodes modified
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Fig. 4. Stability of the amperometric response (data normal-
ized to the initial current response) with time for gold elec-
trodes modified with C,;,rHRP. The concentration of H,0,: 1)
0.1; 2) 1; 3) 10; 4) 20; 5) 40; and 6) 100 pM. Curve 7shows the
data for native HRP in the concentration range of H,0, from
107 to 4-1073 M. Other conditions as in Fig. 3.
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Fig. 5. Dependence of the steady-state current density on (/)
H,0,and (2) L-lysine concentrations determined with the gold
disk electrodes modified with Cy;;rHRP co-adsorbed with LO.
The electrodes were placed into a flow-injection cell. The flow
rate of the substrate in PBS, pH 7.4, was 900 pl/min. The
applied potential was —50 mV vs. Ag/AgCl in 0.1 M KCl.
Curve I was obtained in a stopped-flow regime achieved by
decreasing the flow rate to zero.

with the recombinant forms of HRP allow the develop-
ment of a P-chip, a miniaturized biosensing device capa-
ble of determining low concentrations of hydrogen perox-
ide in vivo. Fast and reliable control of the content both of
H,0, and of compounds yielding H,0O, in the course of
their transformations in small-volume samples, specifi-
cally in living cells and tissues, is restricted at present by

I/l
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Fig. 6. Stability of the amperometric response (data normal-
ized to the initial current response) with time for the gold elec-
trodes modified with co-adsorbed C,;fHRP and LO with
respect to (/) H,0, and (2) L-lysine in the concentration range
of substrates from 10 to 100 uM.
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the availability of corresponding miniature mediatorless
biosensing devices. Existing equipment can measure cur-
rents of the order of 1 pA or even 0.1 pA. Thus, for an
intracellular concentration of H,0, of 10~* M (the detec-
tion limit for the biosensors based on the studied forms of
HRP) and the sensitivity of 1.4 A-M~'-cm™2, the surface
area of the working electrode can be reduced to 7-10¢ cm?.
This size corresponds to a disk electrode with diameter of
30 um (or to a probe 5 um in diameter and 44.2 um long)
and represents itself a P-chip—a microbiosensor that can
be manufactured with currently existing thin film tech-
nologies [27] and can be used for effective and reliable
measurements of hydrogen peroxide content in vivo.
Development of bienzyme biosensor electrodes. Co-
immobilization on the gold electrode surface of HRP,
that possesses high catalytic activity in the reaction of
H,0, reduction, and a number of oxidases capable of oxi-
dizing their corresponding substrates yielding hydrogen
peroxide, makes it possible to develop mediatorless bien-
zyme biosensors for the detection of these substrates. For
example, co-adsorption of HRP and LO can be used for
amperometric determination L-lysine, an amino acid
essential for balanced nutrition of human beings and ani-
mals and which is a basic component in histone synthesis.
Then the concentration of L-lysine will be proportional
to the concentration of hydrogen peroxide that is released
during the enzymatic oxidation of L-lysine according to

Eq. (4):

LO
L-lysine + O,——— > 2-oxo0-o.-aminocaproate + NH; +
H,0, + H,0. 4)

Existing electrochemical methods for the detection
of products of enzymatic degradation of L-lysine or oxy-
gen consumption in the course of the reaction (4) have
certain drawbacks. Amperometric detection of oxygen
consumption requires strict control of air saturation and
temperature [28]. Direct electrochemical oxidation of
hydrogen peroxide is accompanied by oxidation of other
components present in the sample [29]. Potentiometric
detection of ammonia is affected by the presence of
endogenous ammonia in a sample and is disturbed by
other cationic species such as potassium ions [30]. A bien-
zyme biosensor based on a P-chip and LO will work at
moderate potentials (from 0 to —50 mV) and will by high-
ly specific in the determination of hydrogen peroxide and
L-lysine if direct ET between the electrode surface and the
active site of HRP can be established.

We directly co-immobilized LO and Cy;;rHRP on the
surface of polycrystalline gold electrodes. Efficient direct
ET between the gold electrode surface and the immobi-
lized recombinant HRP made possible amperometric
detection of hydrogen peroxide released during the enzy-
matic degradation of L-lysine (Figs. 1b and 5). During the
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amperometric detection of L-lysine in a flow of PBS, pH
7.4, a minimal signal corresponding to 1 pM L-lysine was
also obtained for higher L-lysine concentrations due to
the removal of formed H,0, with the flow of the buffer
solution. Decreasing the flow rate of the L-lysine-con-
taining PBS to zero enhanced the current response due to
the accumulation of H,0, released during the enzymatic
oxidation of L-lysine near the electrode and its further dif-
fusion to the active sites of HRP (Fig. 1b). The time cor-
responding to the maximal current response varied from 2
to 18 min depending on the L-lysine concentration. The
detection limit for L-lysine was 1 uM, the sensitivity of the
detection being 0.03 A-cm %M~ at —50 mV. Electrodes
modified with co-adsorbed LO and C,;rHRP demon-
strated constantly decreasing sensitivity in direct and
mediated ET, probably due to desorption of the enzyme
from the electrode surface (Fig. 6). The stability of the
developed system was thus significantly lower than that of
CyirHRP alone immobilized on the gold electrode sur-
face (compare Figs. 4 and 6).

Thus, the rate and efficiency of L-lysine detection
is determined by its mass transfer at concentrations
lower than 1 pM and by diffusion of the released H,O,
to the active centers of HRP at higher concentrations of
L-lysine. The developed bienzyme system is promising
for the detection of L-lysine at the concentrations
above 1 uM: simplicity of manufacturing and mini-
mization of the number and amounts of system compo-
nents makes it attractive for further biosensor develop-
ment, at least for a one-time determinations. However,
further work is necessary for the improvement of the
stability and for optimization of the operative condi-
tions of the sensor.

In conclusion, it has been shown that immobiliza-
tion of recombinant forms of HRP on a gold electrode
surface significantly increases the heterogencous ET
rate compared to electrodes modified with native HRP
due to a decrease in the distance between the electrode
surface and the active site of the enzyme. The introduc-
tion of histidine sequences at either the C- or N-termi-
ni of the enzyme molecule additionally increases the
strength of the enzyme binding with the gold surface and
the efficiency of direct ET. The efficient direct ET
between the gold electrodes and the immobilized
recombinant forms of HRP containing histidine groups
enabled us to develop a P-chip, a biosensor for the
detection of hydrogen peroxide based on direct ET, as
well as a bienzyme biosensor electrode for the detection
of L-lysine based on co-immobilized Cy;rHRP and L-
lysine-o.-oxidase.
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