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Introduction

Electrochemical biosensors consisting of biological recogni-
tion elements, such as enzymes,[1–3] antibodies,[4] or whole
cells[5] are very valuable analytical tools for studying com-
plex biomolecular interactions,[6–9] to quantitatively investi-
gate catalytic processes,[10–12] and to detect analytes[13,14] in,

for instance, toxicological screenings and cancer re-
search.[15–17] Redox-enzyme-modified electrodes are particu-
larly useful for a broad range of applications because they
allow a direct electrochemical read-out of the biomolecular
recognition event.[18] The immobilization of redox enzymes
on the surface of electrodes comprises a crucial step in the
production of effective sensors, and it is usually achieved by
physical adsorption,[19] chemical cross-linking,[20] sol–gel,[21]

and polymer[22] encapsulation, biospecific recognition,[23,24]

or covalent attachment strategies.[25,26] Immobilization meth-
ods should be based on mild chemical procedures to allow
for the immobilization of intrinsically instable enzymes, in-
volve a regiospecific linkage to control the enzyme.s orien-
tation with respect to the electrode surface, and lead to high
local concentrations of the enzyme at the sensing surface.
Nowadays, electrodes are often modified with self-assem-
bled monolayers (SAMs) bearing appropriate functional
groups to which the enzyme of interest can be specifically
attached.[27–29] This approach even allows the control of the
orientation of the immobilized redox enzymes by employing
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in situ reconstitution of apoenzymes with electrode-bound
cofactors. For example, Willner et al. used gold electrodes
modified with flavin adenine dinucleotide (FAD) cofactor
groups for the reconstitution of apo-glucose oxidase,[30–32]

and the same method was also applied to horseradish per-
oxidase (HRP) immobilization by reconstitution of apo-
HRP on electrodes bearing SAMs with terminal heme-
cofactor moieties.[25] Such in situ reconstitution is suitable
for controlling the enzyme.s orientation in such a way that
the prosthetic group and the active-site point towards the
electrode, thereby enabling a more direct electron transfer.
In this respect, Armstrong and Corbett[33] and Bowden and
co-workers[34] have demonstrated that the direct electron-
transfer rates were significantly enhanced when the pros-
thetic heme groups of cytochrome c were oriented towards
the electrode rather than being randomly immobilized at
the surface.
When libraries of enzymes need to be studied, for in-

stance, in a microarray format, a reliable and efficient im-
mobilization technique is needed which also enables control
of the enzyme orientation. Additionally, such applications
require a high reproducibility of the immobilization method
that leads to a long shelf life of the immobilized biomole-
cules and the possibility of the sensor-array regeneration.
To address these issues, we have recently introduced a

strategy which utilizes DNA-oligonucleotide-modified heme
groups for the reconstitution of apo redox enzymes, such as
apo-myoglobin[35] (aMb) and apo-HRP[36] (aHRP). The re-
sulting conjugates contain a programmable DNA tag which
allows their facile and specific immobilization at solid surfa-
ces through the DNA-directed immobilization (DDI) tech-
nique. As the specificity of Watson–Crick base pairing can
be used to produce laterally microstructured arrays of
highly functional proteins by means of DNA-driven self-as-
sembly,[37–39] the DDI method should offer a feasible ap-
proach to the generation of spatially ordered arrays of
DNA-tagged redox enzymes. However, the challenge of im-
plementing the DDI concept in an array format to enable
enzyme characterization by means of electrochemical trans-
duction schemes has not yet been addressed.[40]

Towards this goal, we report here initial steps in the fabri-
cation of microstructured self-assembling arrays of redox en-
zymes. To this end, two different types of HRP–DNA conju-
gates were prepared either by using covalent coupling with
a bifunctional cross-linker or by the reconstitution of apo-
HRP with a DNA-modified cofactor. Hybridization with
complementary capture oligonucleotides was employed to
anchor the HRP–DNA conjugates on gold electrodes, and
the amperometric currents were measured by using the dif-
fusional mediator ortho-phenylendiamine. Both HRP–DNA
conjugates remained catalytically active after DDI at the
electrode; the resulting sensors showed high stability and
could be successfully regenerated by denaturation of the oli-
gonucleotide linkage. To demonstrate that our DDI strategy
is suitable for the production of enzyme arrays within elec-
troactive sensing devices, the two HRP conjugates, equipped
with different DNA sequences, were immobilized on a chip

containing four microelectrodes, each of which was function-
alized with an individual capture oligomer.

Results and Discussion

Preparation and bulk characterization of DNA–HRP conju-
gates : Horseradish peroxidase labeled with oligonucleotides
has previously been used for the electrocatalytic detection
of nucleic acid hybridization on carbon electrodes.[41, 42]

There, HRP–DNA probes were prepared by treating hydra-
zine-modified oligonucleotides with aldehydes introduced
by oxidation of the HRP.s oligosaccharides.[43] This coupling
strategy suffers from lack of specificity, and the extensive
treatment of HRP even led to complete loss of the HRP ac-
tivity.[41] Here, we synthesized two different types of HRP–
DNA conjugates, both based on a less aggressive chemical
treatment of the protein. The first one (1 in Scheme 1) was
synthesized by chemical cross-linking by using a thiolated
oligonucleotide and the heterobifunctional cross-linker
sulfo-succinimidyl-4-(N-maleimido-methyl)-cyclohexan-1-
carboxylate (sSMCC), as previously described for other pro-

Scheme 1. Reaction pathway of the synthesis of HRP–DNA conjugates
by a) covalent cross-linking and b) reconstitution of apo-HRP with a
DNA-modified heme group hemD1.
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teins.[44,45] The second conjugate (2 in Scheme 1) was pre-
pared by reconstitution of apo-HRP with a DNA-modified
heme group.[35,36] Both HRP–DNA conjugates contained
DNA oligonucleotides of identical length and sequence (5’-
AAGACCATCCTG-3’, referred to as D1). According to
the reaction mechanisms, the chemically linked DNA–HRP
1 contained DNA oligomers coupled at random positions on
the surface of the enzyme, while in the case of the DNA–
heme-reconstituted HRP conjugate 2, both the number of
DNA oligomers per enzyme (only one) as well as the link-
age position (namely, the HRP active site) were well de-
fined.
The conjugates were purified by fast protein liquid chro-

matography (FPLC) and quantified by spectrophotometry.
Similarly to recently reported results,[36] the chromatograph-
ic purification of the reconstituted conjugate 2 allowed the
facile preparation of the mono-DNA adduct (data not
shown). However, two major peaks were observed in the
chromatogram of the cross-linked conjugate 1 (Figure 1).
This suggested that at least two different conjugates were
produced; these conjugates differed in their coupling stoichi-
ometry with respect to the number of DNA oligomers per
HRP molecule.
The determination of the crystal structure of HRP has

shown four accessible lysine residues at its surface,[46] there-

by enabling, in principle, the coupling of up to four oligonu-
cleotides per enzyme molecule. Thus, further characteriza-
tion of HRP–DNA conjugate 1 was aimed at the determina-
tion of the number of DNA oligomers conjugated to the
products observed in the FPLC analysis. To this end, a cali-
bration curve was produced by plotting the absorbance ratio
values (A260/A402), determined from stoichiometric mixtures
of the two components, versus the DNA/native HRP ratio
(not shown). From the measurements of the A260/A402 ratio
of the two major peaks isolated by FPLC (Figure 1), it was
determined that peak 1 corresponds to the 1:1 DNA–HRP
conjugate 1, while peak 2 represents adducts with a higher
ratio of DNA to HRP. The latter conjugates were not fur-
ther evaluated in this study.
The enzymatic activity of the DNA–heme-reconstituted

HRP has recently been determined by assuming Michaelis–
Menten kinetics and using the soluble fluorogenic substrate
Amplex Red.[36] This previous study showed that the perox-
idase activity was reduced to about 30% after its reconstitu-
tion with the DNA-tethered cofactor. We here used the
same methodology to make an initial estimate of the activity
of the two DNA–heme conjugates, 1 and 2, prepared by the
two alternative approaches. To this end, the Michaelis–
Menten parameters (the Michaelis–Menten constant, KM,
and the rate of catalysis, kcat) were determined by a simpli-
fied model of a multisubstrate reaction, similar to that de-
scribed earlier.[36] The data obtained are shown in Table 1.

The values of KM and kcat determined experimentally al-
lowed us to calculate the catalytic efficiency (kcat/KM) of the
two conjugates under investigation and to compare them
with those of native HRP. These data show that native HRP
is about fourfold more efficient than the two DNA conju-
gates 1 and 2, mainly as a consequence of the decreased
turnover rates, kcat, observed for the synthetic conjugates.
In the case of the reconstituted conjugate 2, the removal

and insertion of the heme may lead to a disturbance of the
HRP hydrogen-bonding network and, thus, to a decreased
enzymatic activity.[47] In addition, the presence of bulky and
charged DNA in close proximity to the heme may also par-
tially hinder the access of the substrate to the reaction
pocket.[36] Interestingly, the random attachment of DNA
oligomers to the HRP (conjugate 1) had similar effects on
the reactivity of this enzyme conjugate. Apart from the
steric hindrance introduced by the DNA strands, which im-
pairs the enzyme activity, the covalent modification of the
lysine residues might alter the microenvironment at the pro-

Figure 1. a) FPLC purification and b) UV/Vis spectra of HRP–DNA con-
jugate 1. In (a), the absorbances at 402 and 260 nm are indicated by solid
and dashed lines, respectively.

Table 1. Kinetic parameters of HRP–DNA conjugates and native horse-
radish peroxidase, as determined with Amplex Red and H2O2 under ho-
mogeneous conditions.

Enzyme kcat [s
�1] KM [mm] kcat/KM [mm�1 s�1]

native HRP[a] 860�38 106�13 8�1
HRP–DNA 1 232�10 131�15 1.8�0.2
HRP–DNA 2[a] 271�5 125�14 2.2�0.3

[a] Values taken from reference [36].
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tein surface and, thus, influence the conformation and func-
tionality of the reaction pocket.
Irrespective of the decrease of catalytic efficiency, these

DNA adducts should enable site-specific immobilization on
solid surfaces through DNA hybridization. Consequently,
DDI-based enzyme assays were carried out with hydrogen
peroxide and Amplex Red as a fluorogenic substrate. To
this end, conjugates 1 and 2 were immobilized in streptavi-
din-coated microplate wells, previously functionalized with
the complementary biotinylated capture oligomer bcD1 (5’-
biotin-CAGGATGGTCTT-3’), and the peroxidase activity
was then measured by addition of the substrate mixture.

Figure 2 shows the activity of the immobilized conjugates 1
and 2. In wells containing the complementary capture oligo-
mer, specific enzyme activity was clearly detectable and in-
dicated that both conjugates were almost equally active
after specific immobilization. Control experiments, carried
out in wells containing the noncomplementary capture oli-
gomer bcD2 (5’-biotin-GGTGAAGAGATC-3’) showed no
significant enzymatic activity. This indicated that HRP con-
jugates 1 and 2 were both immobilized exclusively through
the formation of specific Watson–Crick base pairing.

Electrocatalytic activity of the HRP–DNA conjugates : The
previous experiments clearly showed that both enzyme–
DNA conjugates are catalytically active and prone to specif-
ic immobilization on solid surfaces. More challenging seems
to be the implementation of the DDI concept to electro-
chemical-transduction schemes and particularly, as in the
case of redox enzymes, to amperometric measurements be-
cause the redox centers have to communicate efficiently
with the electrode. To this end, a mixed monolayer surface
comprising the capture DNA tcD1 (5’-thiol-CAG
GATGGTCTT-3’) and mercaptoethanol was prepared on
gold electrodes by using a procedure slightly modified from

that of Peterlinz et al.[48] To achieve a high density of sur-
face-bound DNA, a reduction of the disulfide groups of the
capture oligomer tcD1 with 1,4-dithiothreitol (DTT) was
performed prior to its chemisorption onto the gold electro-
des. Subsequently, the electrodes were incubated in a solu-
tion containing mercaptoethanol to minimize nonspecific in-
teractions between the DNA nucleobases and the gold sur-
face.[49]

The DNA surface coverage of the electrodes was estimat-
ed by chronocoulometry and by measuring the redox charg-
es of hexamminoruthenium ACHTUNGTRENNUNG(iii) chloride (RuHEX).[49] This
electrochemical quantification is based on the electrostatic
interaction between the charged soluble redox mediator and
DNA in solutions of low ionic strength, an interaction that
can be measured over time. By using this method, the im-
mobilization procedure was optimized (see the Experimen-
tal Section) to achieve an average surface coverage of (5.2�
0.4)P1012 DNA molecules per cm2, which corresponds to
0.27�0.02 pmol of DNA on the 2 mm diameter gold elec-
trodes. This figure is in excellent agreement with the recent
immobilization studies by Lao and co-workers.[50]

The HRP–DNA conjugates were then immobilized on the
gold electrodes through DDI (Figure 3). In addition, the co-
valent DNA–heme conjugate hemD1 was also immobilized
on the electrode, and apo-HRP was subsequently allowed to
reconstitute in situ (Figure 3c).

The amperometric currents at �100 mV versus Ag/AgClsat
were then recorded with the various HRP-containing elec-
trodes in the presence of hydrogen peroxide at a saturating
concentration (150 mm H2O2). We observed that direct elec-
trochemical communication of the DNA-directed immobi-
lized HRP conjugates was almost negligible (1.3–2.0 nA)
and remained similar to that observed in control experi-
ments when native HRP was assayed with DNA-modified
electrodes. This poor communication has previously been

Figure 2. Amplex Red peroxidase activity of HRP–DNA conjugates 1
and 2, immobilized by specific DNA hybridization to the complementary
capture oligomer bcD1. Controls a and b refer to reactions carried out by
incubation of the HRP–DNA conjugates 1 and 2, respectively, in wells
containing the noncomplementary capture oligomer bcD2. Control c in-
volved the incubation of native HRP in wells containing capture oligo-
mer bcD1.

Figure 3. Schematic representation of the immobilization of HRP on Au
electrodes through DDI with a) conjugate 1, b) conjugate 2, and
c) hemD1 and apo-HRP.
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noticed and persisted even in the case of nondiffusional
redox mediators.[51, 52] Therefore, it was necessary to use a
soluble redox mediator to shuttle the electrons between the
electrode and the enzyme heme redox center. As it is well
established as an efficient electron donor for HRP,[51,52]

ortho-phenylendiamine (PDA) was used for this purpose
(Scheme 2).[53] The resulting response curves for both conju-
gates are depicted in Figure 4.

As previously indicated (see Figure 3c), the in situ recon-
stitution of apo-HRP at the electrode surface was also inves-
tigated. Despite long incubation times (up to 18 h), only
very low currents were observed with these electrodes. For
instance, maximum currents of 15 nA were obtained from
electrodes modified with the same amount of capture

oligomers as were used in the case of HRP–DNA conjugate
2. These currents represent less than one tenth of those ob-
tained with the corresponding HRP–DNA conjugate and re-
flect the low reconstitution of apo-HRP, most likely due to
the limited accessibility of the heme group after attachment
to double-stranded DNA.
The steady-state cathodic currents obtained from the

DNA-immobilized HRP conjugates 1 and 2 enabled the cal-
culation of the apparent Michaelis–Menten parameters by
using the electrochemical Eadie–Hofstee-type Equa-
tion (1),[54] in which IMAX and ISS are the currents, measured
for the enzymatic reaction under substrate saturation and
substrate limitation (C), respectively, and KM’ is the appar-
ent Michaelis–Menten constant.

ISS
C

¼ IMAX

KM
0 �

Iss
KM

0 ð1Þ

Linear regression was applied to the plot of ISS/C against
ISS and the KM’ value was determined from the slope of the
resulting straight line. The apparent rate of catalysis (kcat’) is
proportional to the IMAX value and can be determined when
the maximum current, IMAX, and the electrode area, A, are
known.[55] The difficulties in accurately estimating the
amount of active enzyme on the electrode surface make it
difficult to determine the apparent catalytic constants.[55] For
comparative purposes of the conjugates and with consider-
ation of the highly reproducible single-stranded-DNA load-
ing (0.27�0.02 pmol DNA) of the modified electrodes, we
estimated a similar enzyme loading, because the loading de-
pends on the formation of the specific base pairing. Table 2

shows the numeric values of the determined apparent con-
stants. Additional attempts were undertaken to measure the
amount of HRP immobilized on the surface of the gold elec-
trodes. To this end, freshly loaded enzyme electrodes were
stripped, by incubation in water at 65 8C for 60 min. Subse-
quent measurements of the amperometric response proved
that most of the enzyme was removed. The supernatant was
then analyzed for HRP enzyme activity by using the
Amplex Red assay. The typical values obtained indicated
that about 0.14 pmol of the covalent conjugate 1 and about
0.20 pmol of the reconstituted conjugate 2, corresponding to
about 50 and 70% of the hybridized capture oligonucleo-
tides, respectively, were present in the washing solution.
These results, however, need to be regarded with caution,
because the heating step might affect the activity of the two
enzyme conjugates to a different extent.
The values listed in Table 2 reveal that the turnover rate

for the reconstituted conjugate 2 was found to be more than

Scheme 2. Oxidation of ortho-phenylendiamine in the presence of HRP
and H2O2.

Figure 4. Steady-state cathodic currents of HRP-DNA conjugates a) 1
and b) 2 immobilized on gold electrodes through DDI. The insets show
the corresponding Eadie–Hofstee plots for the determination of the ap-
parent kinetic constants.

Table 2. Values of the apparent kinetic constants for DNA-directed im-
mobilization of HRP–DNA conjugates on Au electrodes.

Conjugate kcat’ [pmolcm�2 s�1] KM’ [mm] kcat’/KM’ [10
�4 cms�1]

1 104�1 44.6�0.4 23�1
2 41�1 56.5�0.4 7.2�0.5
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50% lower than that of the chemical conjugate 1. On the
other hand, the KM’ values differed to a lesser extent, and
HRP–DNA 1 showed about 20% higher substrate affinity
for PDA than the reconstituted HRP 2. Contrary to the
values found in solution, in which no relevant differences
were observed (see Table 1), the reconstituted conjugate 2
showed approximately one third of the catalytic efficiency
(kcat’/KM’) for the free diffusional redox mediator, as com-
pared to that of the chemical conjugate 1. Since this media-
tor seems to interact with an amino acid residue in the vicin-
ity of the active site,[25] it is tempting to assume that the
access of the PDA to conjugate 2 is hindered due to an un-
favorable orientation of the active site. In other words, after
the DNA-directed immobilization, the redox center of the
enzyme is pointing towards the electrode surface which
makes it less accessible. In the case of the chemical conju-
gate 1, this effect is less significant because the enzymes are
oriented randomly at the electrode surface.
The reproducibility of the catalytic currents and the stabil-

ity of the modified electrodes were also tested. The two con-
jugates 1 and 2 were removed from the electrode surface by
simple incubation in deionized water at 65 8C for 30 min.
Subsequent electrochemical measurements indicated that
more than 95% of reconstituted conjugate 2, but only about
80% of chemical conjugate 1 was removed (Figure 5). Rep-

etition of the regeneration step led to complete removal of
2, while the remaining activity indicated the persistence of
approximately 10% of the chemical conjugate 1. The reason
for this partly irreversible binding is as yet unclear. Howev-
er, we assume that the random attachment of oligonucleo-
tide strands and the chemical modification of the enzyme.s
outer surface contribute to the apparent reduction of the de-
hybridization capabilities of conjugate 1.

The stripped electrodes were then used for renewed load-
ing with the DNA–HRP conjugates. This led to the recovery
of active electrodes with about 90 and 80% of the original
enzyme activities in the case of conjugates 2 and 1, respec-
tively. The DDI-modified electrodes were stable for a week
when kept at 4 8C in phosphate buffer. However, a signifi-
cant difference in stability was observed for the two conju-
gates, with the electrodes functionalized with the reconsti-
tuted conjugate 2 being more stable than those containing
conjugate 1 (Figure 5). Repeated experiments with different
batches of the conjugates also indicated a very high repro-
ducibility of the electrode preparation with a relative stan-
dard deviation of 4.6%, measured for 3 independent prepa-
rations.
To demonstrate that our DDI strategy is suitable for the

production of self-assembling enzyme arrays within electro-
active sensing devices, two HRP conjugates, equipped with
different DNA sequences, were immobilized on a chip con-
taining four microelectrodes (Figure 6). In this experiment
we used two chemically linked HRP–DNA conjugates, be-
cause they showed higher catalytic efficiency (Tables 1 and
2), each of which was tagged with an individual DNA se-
quence (1 and 3, containing oligonucleotides D1 and D2, re-
spectively). The four microelectrodes on the chip were func-
tionalized with complementary (tcD1 and tcD2) or noncom-
plementary (ncD) oligomers and one electrode was left un-
modified (Figure 6).
The microelectrode arrays were immersed in solutions

containing either one or two of the different HRP–DNA
conjugates 1 and 3. Subsequent to DDI, the arrays were
washed and the amperometric response was measured in the
presence of H2O2 and PDA at each of the individual micro-
electrode sites. The results (shown in Figure 6) indicated
that both conjugates specifically hybridized with their com-
plement, even when the mixture was applied during immo-
bilization. Moreover, it was evident that electrodes contain-
ing 3 yielded higher amperometric responses. This result is
in agreement with the slightly higher catalytic activity of 3
in comparison with that of 1 which was determined inde-
pendently by kinetic studies in solution to be 2.3 and
1.8 mm�1 s�1 for conjugates 3 and 1, respectively.

Conclusions

This work describes the DNA-directed immobilization
(DDI) of horseradish peroxidase (HRP) on electrochemical-
ly active surfaces. Different types of HRP–DNA conjugates
were prepared by either covalent linking through a heterobi-
functional cross-linker or reconstitution of apo-HRP with a
DNA-modified heme group. Kinetic analyses of the perox-
idase activity of these conjugates revealed that they exhibit-
ed similar catalytic efficiencies, which, however, were de-
creased in comparison to that of the native HRP. Since both
HRP–DNA conjugates retained substantial enzymatic activi-
ty, electrodes modified by specific DNA hybridization of the
conjugates with electrode-bound capture oligomers yielded

Figure 5. Normalized catalytic currents measured with HRP–DNA conju-
gates 1 and 2 at different times after the preparation of the electrode
(days 1, 3, and 7) and after removal (30 min or 60 min; melt30 and
melt60, respectively) of the conjugates and rehybridization (rehybrid).
Control measurements were performed with immobilized hemD1 only
(a), HRP conjugates incubated with electrodes containing noncomple-
mentary capture oligonucleotide tcD2 (b), and immobilized thiolated oli-
gonucleotide tD1 only (c).
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highly active devices. Amperometric measurements in the
presence of ortho-phenylendiamine as a diffusional electron
donor were used to determine the apparent Michaelis–
Menten constants. Comparison of the catalytic efficiencies
(kcat’/KM’) showed that the immobilized reconstituted HRP–
DNA conjugate is less active than the covalent HRP–DNA
conjugate, most likely due to differences in the relative ori-
entation of enzyme active sites at the electrode surface.
We further demonstrated that the DNA-modified electro-

des can be efficiently regenerated by dehybridization of the
double-stranded DNA connector, and the reconstituted
DNA–heme conjugate showed a better performance with
respect to this regeneration step, as well as with respect to
long-term stability of the functionalized electrodes. More-
over, to demonstrate that our DDI strategy is suitable for
the production of arrays of enzymes within electroactive
sensing devices, two HRP conjugates were immobilized on a
microelectrode chip by means of specific DNA hybridiza-
tion. Although only two proteins were immobilized in this
proof-of-principle demonstration, previous work suggests
that DDI is well suited to produce much larger arrays of
proteins.[56] Thus, this method offers a powerful tool for gen-
erating laterally microstructured arrays of redox enzymes,
useful for the screening of libraries of enzymes and small-
molecule drugs which inhibit or affect such enzymes. More-
over, applications of such arrays in the analysis of biomark-
ers and the sensing of environmental pollutants and chemi-
cal or biological warfare agents might be foreseen.

Experimental Section

Chemicals : Horseradish peroxidase (HRP; purity number of 3) was pur-
chased from Sigma. Sulfo-succinimidyl-4-(N-maleimido-methyl)cyclohex-
an-1-carboxylate (sSMCC) was obtained from Pierce, 1,4-dithiothreitol
(DTT), 2-mercaptoethanol, H2O2, 2-butanone, and ortho-phenylenedi-
amine from Fluka, Amplex Red from Molecular Probes, and
hexamminoruthenium ACHTUNGTRENNUNG(iii) chloride from Acros Organics. Buffer salts
(K2HPO4·3H2O and KH2PO4) were analytical grade and were obtained
from Roth. 5’-Thiolated and -biotinylated oligonucleotides were pur-
chased from ThermoElectron (Ulm, Germany). The 5’-amino-modified
oligonucleotide (C6-amino linker) for hemD1 synthesis was obtained
from Tib-Molbiol (Berlin, Germany) in an unprotected form bound on a
solid support.

Preparation of DNA–HRP conjugates : To prepare the chemical conju-
gates 1 and 3, a 100 mm solution (100 mL) of 5’-thiol-modified oligonucleo-
tide tD1 (5’-thiol(C6)-AAGACCATCCTG) or tD2 (5’-thiol(C6)-
GGTGAAGAGATC) in 10mm tris-Cl, 1 mm EDTA (TE) buffer was
mixed with 1m DTT (60 mL) and incubated overnight at 37 8C to reduce
any disulfide bonds formed upon storage of the oligonucleotide. HRP
(0.92 mg) was dissolved in phosphate buffer (200 mL, pH 7.2) and incu-
bated for 1 h at 37 8C with sSMCC (2 mg in 60 mL of N,N-dimethylforma-
mide (DMF)). Both the DNA and the protein reaction mixtures were pu-
rified by two consecutive gel-filtration chromatography steps with NAP5
and NAP10 columns (Pharmacia). The purified DNA and protein solu-
tions, each of which had a volume of 1.5 mL, were combined and incubat-
ed in the dark at room temperature for 3 h. The reaction mixture was
concentrated to approx 300 mL by ultrafiltration (Centricon 30, Millipore)
and the buffer was exchanged with tris(hydroxymethyl)aminomethane
(Tris; 20 mm, pH 8.3) during this step. The conjugate was purified by
anion-exchange chromatography on a MonoQ HR 5/5 column (Pharma-
cia) by using a linear gradient over 25 min (AKTA purifier, Amersham
Bioscience; buffer A: 20 mm Tris at pH 8.3; buffer B: 20 mm Tris and
1.5m NaCl). The concentration was determined spectrophotometrically
and was additionally confirmed by using a Quant-It protein quantifica-

Figure 6. A chip containing four microelectrodes. Each chip was modified with tcD1, tcD2, and noncomplementary oligomer (ncD) as shown at the top.
One electode was left unmodified (noD). After immobilization of HRP–DNA conjugates 1 and/or 3, the change in current upon addition of H2O2 and
PDA was measured.
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tion kit (Molecular Probes). The reconstituted conjugate 2 was prepared
as previously described by reconstitution of apo-HRP, with the covalent
adduct hemD1 prepared from amine modified D1 and heme.[35,36]

Kinetic measurements : Kinetic measurements with Amplex Red were
carried out in black 96-well microplates (Nunc) by using a Synergy HT
microplate reader from BioTek (running the software KC4, Version 3.4,
Rev. 12). In all experiments, enzyme solution (50 mL), or buffer (50 mL)
for use as a blank, was added to the microplate wells. The solutions were
thermostated at 25 8C for 5 min. At the same time, the Amplex Red/
H2O2 solutions were prepared, as described below, and thermostated at
25 8C. The reaction was started by adding the substrate solution (50 mL)
to the wells containing the enzyme or the blank. The reaction progress
was monitored for 20 min and fluorescence values of the reaction product
resorufin were recorded at 590 nm, by using an excitation wavelength of
530 nm, every 30 s. KC4 software (BioTek) was used for analysis of the
primary data. The initial rate of each experiment was derived by linear-
regression analysis of the linear range of the time versus background-cor-
rected fluorescence values. Further calculations and weighted nonlinear
regressions were performed by using the Excel and Origin software pack-
ages. Amplex Red stock solutions were prepared according to manufac-
turer.s instructions by using potassium phosphate buffer with 300 mm

NaCl (pH 7.4). Variable concentrations of Amplex Red were used, while
the concentration of H2O2 was fixed at 1 mm. The final concentration of
the horseradish peroxidases was 0.1 nm.

DNA-directed immobilization (DDI): DDI of the DNA–HRP conjugates
was carried out by using streptavidin-coated microplates which were pre-
viously functionalized with biotinylated capture oligomer bcD1 (5’-
biotin-CAGGATGGTCTT), as previously described.[57] Controls were
carried out in wells functionalized with the noncomplementary oligomer
bcD2 (5’-biotin-GATCTCTTCACC).

Electrode preparation : Gold electrodes (Metrohm, Germany, 2 mm in di-
ameter) were first polished on a microcloth (Buehler) with Gammma mi-
cropolish alumina suspensions (0.3 and 0.05 mm), sonicated in water for
5 min, and cleaned electrochemically in 0.1m H2SO4 to remove any re-
maining impurities. The electrodes were rinsed with ethanol, dried with
nitrogen, and immersed in a solution (1 mL) containing the thiolated cap-
ture oligonucleotides tcD1 or tcD2 (6.7 mm) for 1 h at room temperature.
Prior to immobilization, thiolated oligonucleotides (100 mL, 100 mm) were
incubated with DTT (1m, 60 mL) overnight at room temperature, and the
residues of DTT as well as any disulfide were removed by two consecu-
tive gel-filtration chromatography steps with NAP5 and NAP10 columns
(Pharmacia). The electrodes were washed with phosphate-buffered saline
(PBS) and then incubated in a mercarptoethanol solution (1 mm) for
30 min, rinsed with PBS buffer, and dried under a stream of nitrogen.
Hybridization of the DNA–HRP conjugates or the DNA–heme conju-
gate hemD1 was achieved by incubation of the DNA-modified electrodes
in buffer (1 mL, 10 mm Tris (pH 7.4) supplemented with 1.0m NaCl and
1 mm ethylenediaminetetraacetate (EDTA)) containing the appropriate
DNA–HRP or DNA–heme conjugate (0.5 mm) for 60 min at room tem-
perature. The electrodes containing hemD1 were subsequently immersed
in a solution containing apo-HRP (1 mL, 1 mm) overnight at 4 8C. The
electrodes were rinsed with hybridization buffer and dried under a
stream of nitrogen prior to the electrochemical measurements.

Amperometric measurements : Amperometric measurements were per-
formed at �100 mV with a Autolab PGStat30 potentiostat (Deutsche
Metrohm, Filderstadt, Germany), an Ag/AgCl reference electrode, and a
platinum-wire counterelectrode. Phosphate buffer (pH 7.0) containing
150 mm NaCl was used as the electrolyte. The steady-state current in the
presence of 150 mm H2O2 was determined after each successive addition
of aliquots of ortho-phenylendiamine (PDA; 2 mm initially) and plotted
against the PDA concentration to obtain the apparent Michaelis–Menten
parameters. Chronocoulometric data for quantitation of surface-immobi-
lized DNA were obtained by using an Autolab PGStat20 potentionstat
with an FI20-Modul instrument (Deutsche Metrohm, Filderstadt, Germa-
ny), with a pulse period of 500 ms and a pulse width of 500 mV.

Microelectrode arrays : Chips containing four gold microelectrodes (AC8)
were purchased from BVT Technologies (Czech Republic), together with
the appropriate connector (KA8.1) to be used with the Autolab PGStat

30 potentionstat equipped with an MUX.SCNR8-Module instrument. All
measurements were done in a standard electrochemical cell with an Ag/
AgCl reference electrode and a platinum-wire counterelectrode. Chips
were used as received, washed with ethanol, and dried with nitrogen
prior to immobilization. Standard DNA immobilization was used, similar
to the method described for the macroscopic gold electrodes with the
only difference being that solutions of different oligonucleotides (5 mL,
6 mm) were spotted manually onto the surface of the electrodes and the
entire chip was incubated in a humidity chamber for 30 min. Chips were
then washed and immersed in the solutions containing the HRP–DNA
conjugates (0.5 mm in phosphate (KPI) buffer (pH 7) containing 300 mm

NaCl) for 30 min. The amperometric measurements were carried out
after careful rinsing and drying under a nitrogen stream.
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