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I. Introduction

Studies of nucleic acids (NA) and their complexes with proteins
require the development of highly sensitive procedures for their
identification and quantitation in analysed samples. The use of
spectrophotometric, autoradiographic and electrochemical tech-
niques for the analysis of nucleic acids envisages usually incorpo-
ration of appropriate reporter groups. Incorporation of reporter
groups favours higher selectivity of analysis and allows detection
of low concentrations of NA with a minimum effect on their
structures and functions.

Labelling of NA with radioactive isotopes, 32P in particular
(see Ref. 1), has become a very popular procedure. Phosphorus
isotopes are incorporated by enzymatic methods using labelled
nucleoside 50-triphosphates or nucleoside 30,50-diphosphates. The
efficiency of this reaction is very high for both short-chain and
extended NA. However, manipulations with radioactive isotopes
demand certain precautions. Other limitations of the method
include short half-lives of 32P, 35S and 125I and radiolysis of
labelled NA.

The use of fluorescent labels has received the widest accept-
ance for the detection of nucleic acids.2, 3 50-Triphosphates of
nucleosides, 20-deoxynucleosides and 20,30-dideoxynucleosides
containing various fluorescent labels are commercially available
at present. The use of nucleoside triphosphate conjugates with
biotin in enzymatic synthesis of NA enables detection and

selective isolation of target oligonucleotides due to the formation
of stable biotin ± avidin or biotin ± streptavidin complexes immo-
bilised on a polymeric substrate.4 Detection of nucleic acids by
mass spectrometry [MALDI-MS (see Ref. 5) and ESI-MS (see
Ref. 6)] is also being developed at a racing pace.

Electrochemical detection holds a tremendous potential in the
analysis of nucleic acids. High sensitivity, low cost, the possibility
of performing express analysis and, especially, simplicity of
miniaturisation make electrochemical detection a promising tool
in the design of DNA chips,7 in HPLC and capillary electro-
phoresis of NA.8

Synthesis of modified nucleosides, nucleotides and oligonu-
cleotides containing various metal complexes is an approach to
the design of electrochemical NA sensors.9 Conjugates of modi-
fied oligonucleotides with metal ions can also be used as chemical
nucleases 10, 11 and in the studies of electron transfer inDNA.12 ± 14

There are several methods for the synthesis of such compounds:
(1) conjugation of a metal complex and an oligonucleotide con-
taining a reactive group at the 50- or 30-end;15, 16 (2) addition of
metal ions to an oligonucleotide bonded to a chelating group;17, 18

(3) synthesis of a nucleoside phosphoramidite derivative contain-
ing ametal complex 19, 20 and its subsequent incorporation into the
oligonucleotide chain by automatic solid-phase synthesis. A
recently published review 21 is devoted to the synthesis of oligo-
nucleotide complexes with platinum-group metals.

The present review deals with themethods of the synthesis and
applications of ferrocene-containing nucleosides, nucleoside-50-
triphosphates and oligonucleotides. Nucleosides can be incorpo-
rated into NA via automated oligonucleotide synthesis and
nucleoside-50-triphosphates enzymatically respectively. Owing to
their small size, high stability of oxidised and reduced forms,
reversibility and high rates of redox reactions and accessibility,
ferrocene derivatives represent promising starting compounds for
the synthesis of metal-containing oligonucleotides.22

Immobilisation of ferrocene-containing oligonucleotides on
electrodes permits determination of the primary structure of NA {

by hybridisation. An alternative approach to the study of nucleo-
tide sequences entails the synthesis of ferrocene conjugates with
various molecules capable of selective and effective binding to
NA.24 In some cases, ferrocene conjugates with intercalators are
used for this purpose.25 ± 27 However, the use of ferrocene-con-
taining oligonucleotides ensures the highest specificity of binding
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and X-ray diffraction analysis. Unfortunately, no such studies of ferro-

cene-containing NA have been carried out so far.
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to NA targets in comparison with other ferrocene derivatives
suggested.

Electrochemical detection of NA on the electrode surface is a
promising approach to the study of single nucleotide polymor-
phism (SNP), the most common type of genome mutations
affecting one out of one thousand nucleotide units. It has been
shown 28 that these mutations are responsible for certain genetic
diseases. Direct sequencing studies have demonstrated 29 that the
human genome contains about 1 420 000 SNP. Other popular
procedures for recognition of SNP include the polymerase chain
reaction (PCR) with nucleoside triphosphates bearing fluorescent
labels 30 and the use of DNA chips.31

In addition, studies of SNP may include an analysis of
single- 32 and double-stranded 33 conformational polymorphism
and hybridisation in solution followed by gel electrophoresis with
denaturing gradient 34 or temperature gradient.{

Thus, the methods for the synthesis of ferrocene-containing
oligonucleotides and their applications described in this review
present interest for specialists in the chemistry of nucleic acids and
those engaged in the diagnostics of genetic diseases.

II. Synthesis of ferrocene-containing nucleic acid
fragments

1. Synthesis of nucleic acid fragments containing ferrocene in
a heterocyclic base
The first paper devoted to the synthesis of ferrocene-containing
heterocyclic bases and nucleosides was published in 1991.35 It
described several synthetic strategies.

The first of them is based on the reaction of protected 5-iodo-
20-deoxyuridine (1a) or 5-iodouridine (1b) with ethynylferrocene 2
under conditions of the Sonogashira reaction,36, 37 viz., stirring of
the reactants in triethylamine in the presence of catalytic amounts
of bis(triphenylphosphine)palladium dichloride and copper(I)
iodide at 40 8C. The yields of the pyrimidine derivatives 3a,b
after removal of trimethylsilyl protective groups were as low as
10%±15%, since under the conditions used these compounds are
partly converted into ferrocenylfuropyrimidones 4a,b. The
analogous reaction of 8-bromoadenosine 5 yielded 70% of the
ferrocenyl derivative 6.35

It has been shown 38 that the 5-(ferrocenylethynyl)uridine
derivatives 3a,b being incorporated into NA were converted into
ferrocenylfuropyrimidones 4a,b upon standard postsynthetic
treatment of oligonucleotides with aqueous ammonia. The pres-
ence of furopyrimidone in the oligonucleotide chain reduces
thermal stability of a DNA duplex.

Later, Houlton et al.39 used another palladium catalyst, viz.,
tetrakis(triphenylphosphine)palladium, and reduced the reaction
temperature to room temperature. Such a change in the exper-
imental conditions and the presence of a 50-dimethoxytrityl
protective group, which enhances the solubility of the starting
nucleoside 7, increase the yield of the substitution product 8 to
75%.

Prior to the incorporation of the nucleoside 8 into the
oligonucleotide chain, this was converted into a phosphoramidite
derivative. The use of acetyl or phenoxyacetyl groups for the
protection of exocyclic amino groups of heterocyclic bases in the
oligonucleotide synthesis allowed postsynthetic deprotection of
the target oligomers under milder conditions, viz., with 50 mM

potassium carbonate in methanol instead of concentrated ammo-
nia, which reduced the risk of cyclisation reactions. However,
subsequent hydrolysis of themodified oligonucleotides with snake
venom phosphodiesterase and alkaline phosphatase revealed that
about 50% of ferrocene-containing nucleosides existed as ferro-
cenylfuropyrimidones. Storage of oligonucleotides in solution
causes gradual oxidation of ferrocene with atmospheric oxygen
and results in the formation of a ferrocenium cation as demon-
strated by reversed-phase HPLC. Therefore, dithiothreitol was
added to the solution to stabilise modified uridine residues.39

At present, the Sonogashira reaction is still the most popular
procedure for the introduction of a ferrocenyl unit into a hetero-
cyclic base.38 ± 43 Thus compounds 11a,b were prepared starting
from 5-iodo-20-deoxyuridine 9 or its 50-dimethoxytrityl derivative
7 and alkynyl derivatives of ferrocene 10a,b. The reaction of
compound 10a with protected 8-bromo-20-deoxyadenosine 12
yielded a modified nucleoside 13.
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Modified 20-deoxyuridine 11b bearing a ferrocene derivative
at C(5) was converted into 20,30-dideoxy-50-triphosphate 14 and
attached to the 30-end of an oligonucleotide using terminal
deoxynucleotidyl transferase.42 Compound 14 and its analogues
can be used for DNA sequencing according to Sanger 44 with
electrochemical detection.

Grinstaff et al.40, 41, 45 have developed an original procedure
for the incorporation of ferrocenyl derivatives into a growing
oligonucleotide chain. This involved coupling of the propynyl
ferrocene derivative 10a with a modified oligomer 15 obtained by
attachment of protected 5-iodo-20-deoxyuridine 7 to the 50-end of
the protected immobilised oligonucleotide in the presence of a
palladium catalyst and copper(I) iodide after which the oligonu-
cleotide synthesis was continued. In the last step, the modified
oligomer 16was deprotectedwith concentrated aqueous ammonia
(Scheme 1). Oligonucleotides 17 containing a modified deoxy-
adenosine residue were prepared in a similar way. The Sonoga-
shira reaction is extremely sensitive to numerous factors,
particularly to the presence of trace amounts of primary amines
and water; therefore, the yields of the oligonucleotides were
20%±50%. It is of note that the yield of the target product 16
decreased to 8% when coupling of the ferrocene derivative 10a
was carried out after termination of the oligonucleotide synthesis.
This can be attributed to steric hindrances created by the 50-ter-
minal fragment of the immobilised oligonucleotide. The yields of

R = DMTr (7), H (9); n= 0 (a), 2 (b).

O
DMTrO

OH

N

N

NH2

N

N

13

N Fc

O

H

HN

O

N
RO

O

O

HO 11a,b

N
Fc

O

H
n

O
DMTrO

OH

N

N

NH2

N

N

Br

12

Pd(Ph3P)4, CuI

10a

11b

O

N
HO

HN

O

O

HO

H
N

Fc

O

14

O

N
O

HN

O

O
P7O

O7

O 3

2
H
N

Fc

O

2

O

N
DMTrO

HN
I

O

O

O

P ONC(CH2)2O

OR1

15 CPG

10a

Pd(Ph3P)4,

CuI

O

N
DMTrO

HN

O

O

O

P ONC(CH2)2O

OR1

CPG

N Fc

O

H

Automatic

oligonucleotide

synthesis

O

N
R2O

HN

O

O

O

P ONC(CH2)2O

OR1

16 CPG

N Fc

O

H

NH3
.H2O O

N
R3O

HN

O

O

O

P O7O

OR4

N Fc

O

H

Scheme 1

CPG

O

P ONC(CH2)2O

OR1

O

N

N

NH2

N

N

Br

DMTrO
1) 10a, Pd(Ph3P)4, CuI

2) automatic oligonucleotide synthesis

3) NH3
.H2O

O

P O7O

OR4

O

N

N

NH2

N

N

R3O

17

N Fc

O

H

R1, R2 are fragments of a protected oligonucleotide chain; R3, R4 are fragments of an oligonucleotide chain; CPG, controlled pore glass.

Ferrocene-containing nucleic acids. Synthesis and electrochemical properties 539



the modified oligomers after incorporation of the ferrocene-
containing nucleosides 11a and 13 into the oligonucleotide chain
were 10%±15%. The presence of a ferrocenyl-20-deoxyadenosine
derivative in the oligonucleotide chain induces greater destabilisa-
tion of a DNA duplex in comparison with its 20-deoxyuridine
analogue.

The second approach 35 to the synthesis of NA fragments
containing a ferrocene residue in the heterocyclic base includes
condensation of the halogenonucleosides 1a,b and 5 with the
organometallic vinylferrocene derivative 18. The yields of the
products 19a,b and 20 were 15%±20%, which is significantly
lower in comparison with the Sonogashira synthesis.

The third variant of the synthesis of NA fragments modified
with ferrocene at the heterocyclic base 35 consists of cross-coupling
of 5-chloromercurioorganic derivatives of uridine 21a,b and
cytosine 22a ± c with vinylferrocene in the presence of lithium
tetrachloropalladate and subsequent treatment with sodiumboro-
hydride in methanol. This represents a modification of the Heck
reaction.46, 47 Methanol present in the reaction mixture interacts
with the exocyclic double bond of the modified nucleoside,
whereas sodium borohydride partly reduces it. Thus, the reaction
of the uridine derivatives 21a,b affords, along with the cross-
coupling products 23a,b, compounds 24a,b and 25a,b as well.
Reaction of the cytidine derivatives 22a,bwith vinylferrocene gave
the corresponding ferrocene-containing nucleosides 26 ± 28. In
both cases, the total yields of the modified nucleosides were

15%±30%.The conditions favouring the predominant formation
of one of the reaction products were selected.35

The cytotoxic activities of deprotected 5-ferrocenylvinyl-20-
deoxyuridine 23a and 5-ferrocenylvinyluridine 23bwere studied in
L1210 cells in vitro.35 The lethal dose causing death of 50%of cells
(LD50) was by several orders of magnitude lower than that of the
traditional antibiotic adriamycin and commensurable with that of
ferrocenylmethanol.

The Heck alkenylation of protected 5-iodo-20-deoxyuridine 7
with vinylferrocene resulted in the formation of two products,
(E )-29 and 30 (3 : 1), in a total yield of 60%.39, 43 An attempt to
separate these compounds by TLC and HPLC failed; however,
after deprotection of the 50-hydroxy group (E )-5-ferrocenyl vinyl-
20-deoxyuridine was isolated by recrystallisation.
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The Z-isomer of protected 5-ferrocenylvinyl-20-deoxyuridine
29 was obtained by Houlton et al.39, 43 by reduction of protected
5-ferrocenylethynyl-20-deoxyuridine 8 with sodium borohydride
in the presence of nickel chloride (yield 30%). Further reduction
of compound (Z)-29 under the same conditions afforded 50-dime-
thoxytrityl-5-ferrocenylethyl-20-deoxyuridine 31 in 25% yield.

A method 48 for the introduction of a ferrocenyl group at the
N(3) atom of protected thymidine 32 by Mitsunobu reaction 49 of
ferrocenylmethanol in the presence of tributylphosphine and
diethyl azodicarboxylate (DEAD) in THF at room temperature
has been proposed. The modified nucleoside 33 was further
converted into the phosphoramidite derivative 34 employed for
the preparation of ferrocene-containing oligonucleotides. Stack-
ing interactions in such oligonucleotides are strongly violated as
can be judged from CD spectroscopic data. As a consequence,
duplexes of these oligonucleotides with DNA and RNA are less
stable in comparison with natural ones, which makes this mod-
ification unacceptable for the design of NA detectors. Incorpo-
ration of a phosphoramidite derivative of the modified nucleoside
34 into the oligonucleotides increased the thermal stability of
triplexes with double-helical DNA by 1 ± 6 8C; however, their
structures differed from the classical one (CD spectroscopic data).
An attempt to explain the stabilisation phenomenon failed.48

Amethod for the synthesis of amodified ferrocene-containing
nucleoside triphosphate has been proposed.50 5-(3-Aminoprop-1-
enyl)-20-deoxyuridine triphosphate 35 was acylated with ferroce-
necarboxylic and ferrocenylacetic acids in the presence of a
condensation reagent, O-(benzotriazol-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HBTU). The yields of com-
pounds 36a,b were only 30 and 8%, respectively. Nevertheless,
this approach seems to be promising by virtue of its simplicity.
Interestingly, the ferrocenecarboxylic acid derivative 36a is a
substrate of DNA polymerase, whereas its structural analogue,
the ferrocenylacetic acid derivative 36b, terminates the enzymatic
reaction of elongation of the oligonucleotide chain.
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It was recommended 51 to attach ferrocenecarbohydrazide to
the aldehyde group of a nonnative heterocyclic base of the
oligonucleotide 37 immobilised on a polymeric support. However,
the stabilities of the free aldehyde group in compound 37 with
respect to oxidation with iodine under conditions of a standard
phosphoramidite oligonucleotide synthesis and of the hydrazone
formed in the standard postsynthetic treatment with aqueous
ammonia are doubtful.

A multistep synthesis of an adenine analogue 38 from a
ferrocene derivative 39 has been described.52 The aldehyde group
in the latter was converted into a cyano group in two steps, viz., by
reaction with hydroxylamine to give an oxime and dehydration
with dicyclohexylcarbodiimide in boiling benzene. The ester
group in nitrile 40 was hydrolysed to a carboxy group using
NaOH in THF. The reaction of the acid formed with diphenyl
phosphoryl azide in the presence of triethylamine and benzyl
alcohol was accompanied by Curtius rearrangement and gave
compound 41 as the intermediate product; catalytic hydrogenol-
ysis of the latter yielded aminonitrile 42. Its one-pot reaction with
triethyl orthoformate in the presence of p-toluenesulfonic acid and
treatment of the imidate 43 with methanolic ammonia resulted in
compound 38. The structure of the latter was confirmed by 1H,
13C NMR and IR spectroscopy and mass spectrometry. Further
attempts will be aimed at the synthesis of the corresponding
adenosine analogue which can be introduced into the oligonucleo-
tide chain and used for the study of electron transfer in DNA
duplexes. Most probably, the presence of such a modification
within the oligonucleotide chain will strongly impede stacking
interactions between `stacked' heterocyclic bases.

The synthesis of purine and pyrimidine heterocyclic bases
containing a ferrocene moiety has been described.53, 54 9-Ferroce-
nylmethyladenine (44) was prepared by alkylation of adenine
(Ade) with (ferrocenylmethyl) trimethylammonium iodide.53

The use of this alkylating reagent enables preparation of N(1)
thymine (Thy) and cytosine (Cyt) derivatives 45 and 46 as themain
products, whereas uracil (Ura) is preferentially alkylated at N(3)
to yield compound 47.54

N(2)-mono- and N(2),N(9)-dialkyl derivatives 49 and 50 were
isolated from 2-amino-6-chloropurine 48 as the guanine precur-
sor, whereas the alkylation of 2-acetylguanine 51 occurred at N(7)
and N(9) and afforded the products 52 and 53. The structures of
the synthesised compounds were established by X-ray diffraction
analysis.

X = NC(CH2)2; R1, R2 are fragments of a protected oligonucleotide

chain; R3, R4 are fragments of an oligonucleotide chain.
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1-[3-(N,N-Dimethyl-N-ferrocenylmethyl)ammoniopropyl]thy-
mine 54was prepared by a reaction of 1-(3-bromopropyl)thymine
55with (ferrocenylmethyl)dimethylamine and isolated in the form
of a tetrafluoroborate.53

A method for the introduction of ferrocene residues into
oligonucleotides based on a photochemical reaction of a ferro-
cenyl derivative of psoralene with thymine residues within double-
stranded DNA has been developed.55 To this end, N,N-dimethy-
laminomethylferrocene was alkylated with chloromethyl psora-
lene and the resulting compound 56 reacted with DNA in a buffer
solution upon irradiation with the light of a mercury lamp
(l=365 nm) for 10 min. This resulted in an efficient formation
of ferrocene-containing conjugates of double-strandedDNA. The
presence of a ferrocene residue was confirmed by cyclic voltam-
metry. This method enables electrochemical identification of
double-stranded DNA, since the ferrocenyl ± psoralene derivative
reacts exclusively with the DNA duplex.

2. Synthesis of nucleosides and oligonucleotides containing
ferrocene in the 20-position of the carbohydrate moiety
There are several methods for the synthesis of 20-O-alkylnucleo-
sides 56 among which alkylation of free nucleosides with alkyl
halides in the presence of sodium hydride is one of the most
widespread and efficient procedures. In this case, the selectivity of
the reaction involving the 20-hydroxy group is explained by its
higher acidity in comparison with 30- and, especially, 50-hydroxy
groups. Thismethodwas used 57, 58 for the synthesis of nucleosides
containing ferrocenyl units in the 20-position of the carbohydrate
moiety.} The yields of the alkylation products of adenosine 57a
and cytidine 57b were 40 (isomer ratio 20 : 30=2.7 : 1) and 76%
(isomer ratio 20 : 30=1.8 : 1), respectively.

Compound 58 containing a dimethylcarbamoylferrocene res-
idue in the 20-position was synthesised in a similar way; it
possessed a redox potential different from that of ferrocene.

Nucleosides 57a,b and 58 were converted into phosphorami-
dite derivatives that were employed in the automatic oligonucleo-
tide synthesis. Incorporation of the modified nucleosides into the
oligonucleotide chain did not change the thermal stability of the
DNA duplexes, which is typical for 20-O-alkyl nucleosides.60

The data on the thermal stabilities of ferrocene-containing
DNA duplexes are listed in Table 1.

Acylation of 50-protected 20-amino-20-deoxyuridine 59 with
N-hydroxysuccinimide ester of ferrocenecarboxylic acid is
patented.61 ± 63 Subsequent phosphitylation of nucleoside 60
occurred at a low rate and resulted in compound 61 in a low
yield (30%), which is due to the presence of a bulky substituent in
the 20-position of the carbohydrate fragment.
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3. Synthesis of oligonucleotides containing ferrocene at the
50- or 30-termini
For the first time, the ferrocene-containing oligonucleotide 62was
prepared by acylation of the 50-terminal amino group of com-
pound 63 by N-hydroxysuccinimide ester of ferrocenecarboxylic
acid 64 ± 66 containing a 57Fe isotope. Later, this approachwas used
many times,67 ± 71 e.g., for the synthesis of an analogous derivative
of ferrocenylacetic acid.72 Incorporation of the modified com-
pound into the oligonucleotide structure significantly increased
the stability of the triplex with double-helical DNA
(DTm=2.5 ± 2.6 8C).

Recently, it has been proposed 73 to use iodoacetamidoferro-
cene, which interacts selectively with thiols, for modification of
biomolecules. The specificity of incorporation of this reagent was
demonstrated using the 50-thiol-containing oligonucleotide 64 as
an example.
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Table 1. Changes in thermal stability (DTm) of DNA duplexes upon incorporation of ferrocene-containing nucleosides into the oligonucleotide chain.
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(see a) (see a)
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The introduction of a ferrocenyl residue at the 30-end of the
oligonucleotide was carried out using postsynthetic acylation of
the 30-terminal amino group of the oligonucleotide 66 with
ferrocenecarboxylic acid in the presence of 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (DEC) 74 or the addition of 1-amino-
ethylferrocene to the activated 30-phosphate group.75

Letsinger et al.76 recommended the use of the phosphorami-
dite derivative 69 for the synthesis of ferrocene-containing oligo-
nucleotides. This approach is widely used for incorporation of
such markers as biotin, acridine, fluorescein, etc. into oligonu-
cleotides. 6-Bromohexylferrocene 70 was synthesised by the
Friedel ±Crafts acylation of ferrocene with 6-bromohexanoyl
chloride with subsequent reduction of the carbonyl group with
zinc amalgam. The bromo derivative 70 was converted into
alcohol 71 and then into the phosphoramidite 69.

Synthesis of an analogous phosphoramidite 72 and its appli-
cation for the synthesis of modified oligonucleotides have been
described.57

The synthesis of a series of phosphoramidite derivatives
including nucleosides entails attachment of a ferrocene residue to
the 50-end of the oligonucleotide.77 This is achieved by acylation of
amino groups of compounds 73a,b with ferrocenecarboxylic acid
in the presence of a condensation reagent, viz., dicyclohexylcar-

bodiimide. After removal of a tert-butyldiisopropylsilyl protective
group by treatment with tetrabutylammonium fluoride, the phos-
phoramidite derivatives 74a,b were synthesised.

The phosphoramidite derivative of 50-ferrocenecarboxamido-
50-deoxythymidine 75 was synthesised in a similar way.

Synthesis of 50-ferrocenecarboxamido-50-deoxyadenosine 76
from N-hydroxybenzotriazole ester of ferrocenecarboxylic acid
has been developed recently by Kraatz and co-workers.78

Synthesis of compound 77, which can be used for incorpo-
ration of the ferrocene residue inside or at the end of the
oligonucleotide chain, has been described.79 Condensation of
1,10-ferrocenedicarboxylic acid 78withO-protected aminoethanol
in the presence of dicyclohexylcarbodiimide and subsequent
deprotection of the hydroxy groups afforded compound 79;
treatment of the latter with dimethoxytrityl chloride in pyridine
affords the monoprotected derivative 77. Compound 77 was
converted into a standard building block for oligonucleotide
synthesis (80) by phosphitylation. The reaction of the derivative
77 with succinic anhydride and subsequent immobilisation on a
solid phase support containing aminoalkyl groups afford com-
pound 81 (Scheme 2). It is known 80 that non-nucleoside inserts
strongly destabilise DNA duplexes; therefore, compound 80 was
attached to the 50-end of the oligonucleotide in the last step of the
synthesis (yield 50%). The ferrocene-containing fragment was
attached to the 30-end using compound 81. The yield of the target
oligonucleotide was 12% (possibly due to degradation of the
ferrocene residue in the course of an automatic oligonucleotide
synthesis, particularly during oxidation of phosphites into phos-
phates).

The same work 79 describes the use of a modified polymeric
support 82 for the synthesis of oligonucleotide conjugates con-
taining ferrocene at the 30-end and of 50-conjugates for inverted
automatic oligonucleotide synthesis. Reaction of ferrocene with
paraformaldehyde in the presence of butyllithium gave 1,10-
ferrocenedimethanol 83 in which one hydroxy group was pro-
tected by dimethoxytrityl chloride and the other one was acylated
with succinic anhydride and immobilised on a solid phase support
to obtain compound 82. A phosphoramidite for incorporation
inside the oligonucleotide chain can also be synthesised from the
ferrocene derivative 83.
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Synthesis of ferrocene conjugates with peptide nucleic acids
has recently been described.81, 82 It is known 83 that peptide nucleic
acids form stable specific duplexes with DNA. These duplexes
when they contain mismatches in base pairs are strongly destabi-
lised.81, 82 This property was used in the design of a DNA
sensor.61, 84

III. Electrochemical detection of nucleic acids

The need for identification and quantitative determination of NA
has stimulated the development of numerous analytical methods.
Certain known procedures were adapted to the detection of these
biomolecules. Electrochemical methods occupy an important
place among other techniques for quantitative and qualitative
detection of DNA.

Electrochemical activity of NAwas discovered about 40 years
ago;85 the first evidence for the polymorphism of the double helix
of DNA was confirmed some time later using electrochemical
methods.86

Interaction of NA with a charged electrode surface is usually
accompanied by strong absorption and concomitant charge trans-
fer reactions. The electrochemical signals thus generated provide
evidence about the type of adsorbed molecules, their concentra-
tions, structural changes and an ability to interact with various
compounds. Thus NA fragments immobilised on an electrode
surface can be used in the design of NA detectors.87 Native DNA

is usually analysed using mercury or carbon (less frequently gold,
platinum, copper or silver) electrodes. Solid metal electrodes are
more suitable for the study of DNA oxidation; the oxidation of
guanine and adenine is also carried out on carbon electrodes,
whereas reduction is most conveniently studied on the surface of
mercury electrodes. Heterocyclic bases are the main NA frag-
ments involved in the redox reactions on electrodes.

Hydrogen bonds formed by complementary base pairs in
electrochemically active DNA molecules influence strongly sig-
nals elicited during adenine and cytosine reduction on mercury
electrodes and provide information about the presence or absence
of complementary interactions on the electrode surface, structural
transitions and local conformational changes in DNA mole-
cules.88, 89

Redox reactions of native DNA are irreversible and require
the application of high positive or negative potentials, which may
cause unwanted destruction of DNA chains. The sensitivity of
analytical methods can be increased through incorporation of
electroactive reporter groups covalently or noncovalently linked
to a single-stranded DNA or a DNA duplex. Such markers are
capable of reversible redox conversions at low electric potentials
on electrodes. Non-covalent binding of reporter molecules to
natural DNA can involve: (1) electrostatic and, as a consequence,
nonspecific binding to charged phosphate groups of DNA;
(2) minor or major groove binding; and (3) intercalation of
aromatic molecules between heterocyclic bases of a DNA duplex.
Chelate complexes of transition metals and ferrocene derivatives
are often used as markers.90, 91

There are two approaches different in principle to detect
DNA. In one of them, complexes of stable isotopes of iron or
other metals are used as labels. Incorporation of chemically
identical labels carrying different isotopes of the same element
into the DNA primers has virtually no effect on their physico-
chemical properties, e.g., electrophoretic mobilities. This allows
sequencing of extended NA fragments with high precision.
Labelled DNA fragments are identified using resonance ionisa-
tion spectroscopy or mass spectrometry. The efficiency of this
method for NA detection in the Sanger sequencing and amplifi-
cation of DNA in the polymerase chain reaction (PCR) was
demonstrated by Jacobson et al.64, 65. However, despite the
significant progress in this field in the early 1990's, this method
has not received wide recognition, because many reagents and
materials used in molecular biological studies, e.g., nylon mem-
branes, contain iron which decreases drastically its sensitivity.92
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An alternative approach consists of the use of amperometric
techniques for detecting Fe(II)/Fe(III) redox signals. It should be
noted that the use of ferrocene and its derivatives as markers
permits directed changes in the halfwave potential (E1/2) of the
redox pair due to inductive effects of substituents in cyclopenta-
diene rings. This allows variations of electrochemical properties of
reporter groups without any significant changes in their size or
reactivity.66

1. Redox characteristics of ferrocene-containing nucleic
acids
The value of the halfwave redox potential E1/2 determined
experimentally by amperometric methods is an important charac-
teristic feature of molecules involved in redox processes.

Introduction of electron-donor groups into the cyclopenta-
diene ring of ferrocene decreases the E1/2 value, whereas electron-
withdrawing groups increase it as was demonstrated by Morris in
1974.93 There are several groups of nucleoside and oligonucleotide
ferrocenyl derivatives with similar redox potentials (Table 2). The
simultaneous use of several ferrocenyl derivatives enables parallel
detection of different NA fragments, e.g., in a flow.

The change in the redox potential upon absorption of ferro-
cene-containing derivatives on the electrode surface is due to the
increase in the dielectric component of the potential of the
adsorbed molecule. A comparison of E1/2 values for ferrocene
oxidation in oligonucleotides (e.g., at the end of an alkyl linker in
the 20-position of the carbohydrate fragment) and in a water-
soluble ferrocenyl ethyl phosphate devoid of nucleotide units has
been carried out.57 It was found that electrochemical character-
istics of ferrocene-containing oligonucleotides in solution differ
only slightly from those of other ferrocene derivatives.

Studies by cyclic voltammetry have shown that the electro-
chemical characteristics of the ferrocene unit have virtually no
dependence on either the structures of the complexes of ferrocene-
containing oligonucleotides with DNA (a duplex or a triplex) or
their nucleotide compositions.68 A small (10 ± 30 mV) decrease in
the halfwave oxidation potential of the ferrocene unit at the 50-end
of a short oligonucleotide upon its incorporation into a triplex
may be attributed to the interaction of the ferrocenyl cation with
the phosphate groups as a result of which the former is less
exposed to the solution. Thus, it was concluded 68 that ferrocene

Table 2. Redox potentials (versus Ag/AgCl) of conjugates of NA fragments with ferrocene.

Compound E1/2 /mV Ref. Compound E1/2 /mV Ref.

27 a 39

29 a 39

21 a 39

16 a 39

24 41

48 41

60 72

16 b 73

131 a 39

140 a 39

110 76

135 c 94
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can be used as a versatile electrochemical marker for detection and
quantitation of DNA.

2. Electrochemical detection of ferrocene-containing DNA
fragments and their complexes using HPLC analysis and
capillary electrophoresis
High-performance liquid chromatography with UV detection is a
popular conventional procedure for purification and analysis of
NA 95, 96 owing to its high efficiency and a relatively low cost.
Wlassoff and King 50 have carried out a comparison of various

UV and electrochemical techniques for detecting ferrocene-con-
taining oligonucleotides to demonstrate that the latter enable
quantitative determination of DNA in femtomolar concentra-
tions, while the sensitivity of the optical methods does not exceed
picomolar concentrations (Table 3), i.e., it is by about three orders
of magnitude lower.

Takenaka et al.67 have developed a highly sensitivemethod for
detecting polynucleotides in solution by hybridisation with com-
plementary oligonucleotides containing ferrocene residues at the
50-end followed by HPLC analysis and electrochemical detection.

Table 2 (continued).

Compound E1/2 /mV Ref. Compound E1/2 /mV Ref.
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300 74

290 75
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The sensitivity of this method is comparable with the detection
limit of radioactive labels (10715 mol, see Table 3). It is note-
worthy that fluorescent and luminescent methods, which demand
preliminary enzymatic amplification of DNA with modified
nucleoside triphosphates, appeared to be more sensitive, but
were more time-consuming in comparison with electrochemical
methods (2 ± 3 days vs. 2 ± 3 hours). HPLC with electrochemical
detection was successfully used 67 for quantitation of a series of
natural polynucleotides (transport gene of yeast choline, oncogen
v-myc, eukaryotic mRNA). The analysis of mRNA is facilitated
by the presence of a 30-terminal poly-A sequence, which enables
the use of homothymidine sequence as a signal oligonucleotide.

An improved procedure for the detection of DNA in solution
developed in 1997 69 is based on the combination of HPLC 67 and
PCR, which makes it possible to increase the number of DNA
copies using ferrocene-containing oligonucleotides as primers.98

The amplification products were analysed by HPLC with electro-
chemical detection, which significantly lowered the detection
limits (see Table 3). Yet another advantage of this method is that
the analysis does not require the use of control DNA samples,
whereas in routine quantitative analyses using PCR, DNA ampli-
fication is performed in the same tube with DNA under analysis.
This method was used for quantitation of the oncogen v-myc and
the human muscular dystrophin gene.

Capillary gel electrophoresis has been extensively used over
the past decade for the analysis of DNA. It represents a standard
and the most efficient procedure for DNA sequencing.99 This
method combined with the use of fluorescently labelled NA has
received wide acceptance. Detection by mass spectrometry is also
becoming very popular.100 In recently published papers,8, 101

capillary electrophoresis of PCR products (ferrocenyl derivatives
of NA) was carried out with electrochemical detection.72, 97

The authors of a device for electrochemical detection of
biomolecules in capillary gel electrophoresis by an amperometric
method suggested that electrochemical labels were directly incor-
porated into the molecules to be analysed.8 Such an approach

allows simultaneous detection of different molecules and is
analogous to fluorescence detection at several wavelengths.

Capillary gel electrophoresis with sinusoidal voltammetric
detection 102 was used for selective identification of DNA ampli-
fication products.97 This method is characterised by high signal/
noise ratios and maximum selectivity in detecting electrochemi-
cally active molecules based on their unique frequency spectra.
Oligonucleotides 62, 86, 90 and 92 containing ferrocene residues in
their 50-terminal units were used as PCR primers. The electro-
chemical originality of each of the four oligonucleotide primers
was achieved owing to the presence of substituents in the ferro-
cenyl fragments able to influence the redox potential of ferrocene.
This, in turn, enables detection and analysis of distribution
patterns of ferrocene-containing oligonucleotides in electropho-
retic fractions. In addition, cyclic voltammetric studies have
shown that static voltammograms of ferrocene-containing pri-
mers virtually do not differ from those recorded under electric
field in the electrophoresis. This allows one to extend the scope of
the method, since it does not require the use of additional
corrections for an electric field.

It was recommended 72 to use sinusoidal voltammetry for the
analysis of single base extension products of an oligonucleotide
chain by capillary gel electrophoresis. This was carried out by
hybridisation of a DNA probe with a ferrocene-containing primer
followed by addition of 20,30-dideoxynucleoside triphosphate
(ddNTP) complementary to the nucleotide under study and
thermosequenase, a thermostable Ampli Taq polymerase from
Thermus aquaticus (Fig. 1). The extension reaction stopped in the
case of a point mutation in the DNA sample. The unreacted
primer was separated from the reaction product by capillary gel
electrophoresis.} The fractions were analysed by sinusoidal vol-
tammetry. This method allows easy miniaturisation, which makes
it a convenient tool for the development of an automatic portable
system for detecting mononucleotide polymorphism in the
genome.

3. Electrochemical detection of ferrocene-containing DNA
fragments and their complexes on the electrode surface
A biosensor (or a biodetector) consists of an element that
selectively recognises biologically active molecules and is con-
nected to a sensor which converts molecular recognition into a
physically measurable quantity.103 A standard electrochemical
detector forDNAhybridisation represents an electrode with short
(as a rule, 15 ± 20-mer) oligonucleotides immobilised on its surface
(Fig. 2). When such an electrode is placed into a solution
containing DNA to be sequenced, a duplex is formed on the
electrode surface. The changes in the surface layer are detected by
electrochemical or gravimetric methods. The choice of the elec-

Table 3. Detection limits of ferrocene-containing oligonucleotides estab-
lished by different analytical methods.

Method Detection Ref.

limit /mol

(sample concen-

tration

/mol litre71)

HPLC with electrochemical detection 1610715 50

(161079)

HPLC with electrochemical detection 1610715 67

(hybridisation of a ferrocene-containing

oligonucleotide with a target)

HPLC with electrochemical detection, 1610719 69

preliminary PCR

Capillary gel electrophoresis with 3610714 72

sinusoidal voltammetric detection (361079)

1.8610715 97

(9610710)

Hybridisation of a ferrocene-containing 1610715 71

oligonucleotide with a target bound to

an oligonucleotide immobilised on an

electrode; differential pulse voltammetry

Hybridisation of a ferrocene-containing 2610711 75

oligonucleotide with a target immobil- (261079)

ised on a chitosan-coated glass electrode;

differential pulse voltammetry

Hybridisation of a ferrocene-containing 5610711 74

oligonucleotide with a target (561079)

immobilised on a carbon electrode;

differential pulse voltammetry

Primer

DNA

*

Fc

50

50 30

30

*

Fc

50

50

30

30

ddNTP, thermosequenase

Figure 1. A scheme of a one-unit elongation reaction of an oligonucleo-

tide chain.72

} It should be noted that thismethod allows separation of oligonucleotides

differing in one unit and containing up to 250 bases.
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trode material and the immobilisation procedure are crucial steps
in the design of DNA sensors.

Immobilisation of oligonucleotides is performed by various
methods which include covalent and noncovalent binding to the
electrode surface. Thus immobilisation on carbon and mercury
electrodes is carried out by the electrostatic adsorption method.
Adsorption on positively charged electrodes is achieved owing to
electrostatic attraction of negatively charged phosphate groups,
which leaves heterocyclic bases accessible for the interaction with
specific DNA sequences.

Covalent immobilisation of oligonucleotides on the electrode
surface, which involves reactive groups of heterocyclic bases, is
hardly recommendable because of a decrease in sensitivity of
DNA sensors. The attachment of one end of an oligonucleotide
molecule to the electrode surface is the most efficient approach. In
the general case, covalent immobilisation of oligonucleotides is
more convenient for the design of biosensors, since it permits one
to avoid nonspecific binding of electrochemically active mole-
cules.87

At present, chemisorption of oligonucleotides on an electrode
surface makes use of both modified oligonucleotides and electro-
des with a modified surface.104

In 1996, Letsinger et al.76 developed a procedure for electro-
chemical characterisation of a monolayer formed by molecules of
an immobilised nucleotide 99 on the surface of a gold electrode.
This approach entails incorporation, into the nucleotide, of both a
30-terminal linker with a thiol group essential for immobilisation
and a 50-terminal ferrocene residue. The monolayer formed after
chemisorption of such molecules on the electrode surface was
studied by cyclic voltammetry. The data obtained suggest that the
surface density of nucleotide molecules on gold is
3.0610710 mol cm72. The applicability of such systems for
detection of DNA hybridisation has been demonstrated.76

An original gene diagnostics procedure has been developed.70

In this method, several phosphothioate groups were introduced
into the 50-terminal region of an oligonucleotide complementary
to a specific site of the DNA target and the oligonucleotide was
immobilised on a gold electrode. After hybridisation with DNA,
the electrode was treated with a solution of a ferrocene-containing
oligonucleotide 62 complementary to the free region of the DNA
molecule (Fig. 3). The detection was performed using differential
pulse voltammetry. If a solution contained a DNA target comple-
mentary to both fragments, a sandwich-like systemwas formed on
the surface of a gold electrode, which resulted in the appearance of
a peak of anodic oxidation of the ferrocene unit of the oligonu-
cleotide 62. The concentration of theDNA fragment to be assayed
was *50 mmol litre71. In control experiments with a nucleotide
sequence different from that of the DNA target and an oligonu-
cleotide containing only one mismatch within the recognising
seven-nucleotide site, the anodic oxidation peak of ferrocene was
virtually absent.

Later, immobilisation of the phosphothioate-containing oli-
gonucleotide followed by hybridisation with a DNA probe and
the signal oligomer 62 were studied in more detail 71 using quartz
crystal microgravimetry. The density of the molecules on the
electrode surface calculated from the results obtained was equal to
77 pmol cm72. Taking into account the magnitude of the square
per ferrocene molecule within the complex with DNA
(*200 ± 700�A2), a conclusion was drawn that the density of the
molecules inside the layer was rather high. Since the roughness of
the electrode surface was neglected in this study, the theoretically
calculated density of the layer package could be significantly
overestimated. This, in turn, can be the reason for excessive charge
density and a significant (by 215 mV) increase in the redox
potential of the ferrocene-containing oligonucleotide 62 in com-
parison with its oxidation potential in solution (see Table 2). An
increase in its potential can be attributed to the destabilisation of
the oxidised form of ferrocene in the conjugate, since the DNA
chain prevents the approach of counterions to the ferrocenyl
cation because of increased density of anionic phosphate groups.
This finding is consistent with the results of Letsinger et al.76

which suggest that the difference in the redox potential values of
ferrocene in the immobilised oligonucleotide and in solution
amounts to 110 mV. This approach appeared to be extremely
sensitive to one-letter substitutions.71

This method was modified further (Fig. 4).58, 59, 61, 62, 105

A gold electrode, following immobilisation of an oligonucleotide,
was treated with 16-mercaptohexadecanol in order to protect the

Linker
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oligonucleotide
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Electrode

DNA duplex

DNA

Figure 2. The formation of a duplex on the electrode surface.
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Figure 3. The formation of a three-component sandwich-like system
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electrode surface from the molecules that can nonspecifically be
absorbed and thus violate the results of measurements. This
improves the efficiency of measurement.

Immobilisation of oligonucleotides on the surface of a gold
electrode was performed using three types of linkers,58, 59, 61, 62

viz., a standard linker A and linkers B and C which improve the
electron transfer:106

Immobilisation of sulfur-containing oligonucleotides on the
surface of a gold electrode was used in the design of a DNA chip
for detecting mutant fragments of DNA in solution at a concen-
tration of *50 nmol litre71.58 Two ferrocene-containing oligo-
nucleotides differing in their oxidation potentials and
complementary to DNA regions of natural and mutant types
were used (the probe was taken in a 5 ± 10-fold excess with respect
to the DNA under study). Hybridisation of these oligonucleotides
with DNA was carried out at an elevated temperature which was
optimum for the formation of perfect duplexes. Ferrocene-con-
taining DNA duplexes were detected by alternating current
voltammetry. It was found 58 that such a system enables reliable
identification of mononucleotide polymorphism.

The same group of investigators 105, 107 have developed a new
procedure for electrochemical detection of DNA using DNA
chips.58 This method is based on a comparison of temperature
dependences of signal intensities on voltammograms for the
formation of perfect and imperfect duplexes with a ferrocene-
containing oligonucleotide. With an increase in temperature,
imperfect duplexes become unstable, which ensures reliable iden-
tification of mononucleotide polymorphism of extended (up to
100 bases) DNA fragments. The advantage of this method
includes long-term operation of biosensors without any loss in
electrochemical signal intensity.105, 107 Such DNA chips were
recommended for detection of mononucleotide substitutions in
human DNA samples.108, 109 The use of DNA chips based on
ferrocene-containing oligonucleotides in clinical diagnostic pro-
cedures has been surveyed in detail.110, 111

An alternative approach to immobilisation of oligonucleoti-
des has been recently proposed by Houlton and co-workers 112, 113

who performed direct synthesis of NA on a surface further used as
a support.

It is known 114, 115 that unfolding of hairpin structures of NA
can be favoured by interactions with completely complementary
oligonucleotides. Detection and analysis of hairpin structures are
usually performed with the help of a fluorophore and a fluores-
cence quencher attached to the opposite ends of the oligonucleo-
tide hairpin (Fig. 5). The formation of a duplex, which
competitively interacts with the hairpin, increases the distance
between the fluorophore and the fluorescence quencher which
results in the enhancement of fluorescence. Such a scheme was

implemented in the case of an oligonucleotide immobilised on
gold nanoparticles 116 used as fluorescence quenchers.

The same approach was used in the design of a DNA sensor
(Fig. 6).45, 79 The hairpin immobilised on a gold electrode retains
its structure in the presence of mismatching oligonucleotide frag-
ments, while a duplex is formed in the presence of a matching
DNA sequence. As a result, the distance between the ferrocene
and the electrode increases which reflects on the efficiency of the
electron transfer and, as a consequence, on the current.

A method for detecting DNA on the electrode surface 74

consists of the following. Single-stranded extended DNA frag-
ments that are analysed are immobilised on a carbon electrode by
applying an electric potential of +0.5 V as described by Wang et
al.117 This is followed by hybridisation with electrochemically
active DNA fragments containing a residue of ferrocenecarbox-
ylic acid. The resulting conjugates are analysed by differential
pulse voltammetry.

Later, this method was optimised.75 For the first time, the
carbon electrode was replaced by a glass electrode coated with
chitosan, a polysaccharide containing amino groups able to
electrostatically interact with negatively charged phosphate resi-
dues of DNA. This ensures the strongest binding of DNA under
study to the electrode surface. A complementary DNA containing
a 30-terminal ferrocenyl residue is used as a probe. After hybrid-
isation, the signal of ferrocene oxidation was recorded by differ-
ential pulse voltammetry. In this case, the detection limit could be
lowered to 2610711 mol (see Table 3) and the selectivity
remained high. However, the ability of DNA immobilised on
chitosan due to electrostatic interactions to undergo hybridisation
with the probe to form a double helix without disturbing these
interactions is questionable.

An interesting application of ferrocene-containing oligonu-
cleotides immobilised on a gold electrode as a model in studies of
DNA flexibility has been described.94. A 20-mer homothymidine
oligonucleotide containing a thiol group at the 50-end and a
ferrocene unit at the 30-end was used as a model DNA. This
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oligomer manifests minimum rigidity in comparison with other
sequences. After hybridisation of the immobilised oligonucleotide
with a complementary template, the mobility of the 30-terminal
fragment containing a ferrocene residue decreased as could be
evidenced from cyclic voltammetry data. At high sweep rates, the
peak of ferrocene oxidation disappeared from the voltammo-
grams.

A procedure for detecting ferrocene-containingmolecules by a
flow injection method has been developed.118 Here, quantitative
analysis of electroactive molecules is performed in a buffer
solution containing potassium hexacyanoferrate(II), the so-called
`sacrificial reagent' which yields hexacyanoferrate(III) upon oxi-
dation. Direct oxidation of the `sacrificial reagent' on the surface
of a gold electrode is excluded due to preliminary immobilisation
of an alkanethiol monolayer (Fig. 7). The hydrophobic ferrocene
moieties attached to the analyte can be incorporated into the
alkanethiol monolayer. If a potential is applied, the ferrocene
immobilised on the electrode surface begins to act as a catalytic
mediator of hexacyanoferrate(II) oxidation which is recorded by
voltammetry. This method has sufficiently low detection limits for
ferrocene detection (an amplification factor of about 300 in
comparison with direct measurement of ferrocene-containing
molecules in solution).

In the general case, HPLC and capillary electrophoresis
coupled with electrochemical detection (see Table 3) allow attain-
ment of lower limits for DNA detection in solutions than
immobilisation of oligonucleotides on electrodes. Nevertheless,
the latter approach seems to hold much promise for the detection
of one-letter substitutions.

IV. Conclusion

Avariety ofmethods for attachment of the ferrocene residue at the
50- and 30-ends and inside the oligonucleotide chain are presently
available. Some of them enable incorporation of ferrocenyl
derivatives during automatic oligonucleotide synthesis, while
others are used for postsynthetic modification. The choice of an
optimum procedure is determined by the experimental task;
preference is given to postsynthetic attachment of ferrocene. In
the first place, this is due to the commercial availability of
nucleosides and oligonucleotides containing reactive groups,
since ferrocene-containing nucleosides and their phosphoramidite
derivatives are commercially unavailable.Moreover, under stand-
ard conditions of an oligonucleotide synthesis ferrocene under-
goes partial destruction in the oxidation stage of phosphite groups
and during postsynthetic workup in alkaline media. The problem
of ferrocene degradation in the oxidation step can be solved by
replacing iodine by milder commercially available oxidants, such

as tert-butyl hydroperoxide or (1S)-(+)-(10-camphorsulfonyl)ox-
aziridine. It is also recommended to use phosphoramidite nucleo-
side derivatives with labile acetyl or phenoxyacetyl protective
groups which can be removed under very mild conditions. This
allows one to increase the yields of modified ferrocene-containing
oligonucleotides.

Preparation of modified nucleoside triphosphates is yet
another trend in the synthesis of ferrocene-containing NA frag-
ments. It has been shown 119 that nucleoside triphosphates with
substituents at C(5) of pyrimidine or at C(7) of purine bases are
ideal modified substrates for DNA polymerase and RNA poly-
merase. Earlier, it was found 120 that 20-deoxyuridine triphosphate
derivatives modified at C(5) with propynyl or (E )-propenyl
groups are substrates for Taq polymerase unlike (Z)-propenyl
and propyl derivatives. Based on these data, two synthetic
strategies can be distinguished: (1) synthesis of a ferrocene con-
jugate with a modified nucleoside triphosphate residue containing
a chemically reactive group and (2) alkynylation or alkenylation
of a nucleoside by a ferrocene-containing derivative and its
subsequent conversion into a triphosphate. However, account
must be taken of the fact that many nucleoside triphosphate
(E )-propenyl 50 and propynyl 121 derivatives are not substrates for
DNA polymerases and individual testing of each triphosphate of
the modified nucleoside may be required.

The possibility of incorporating a ferrocene residue into a
predetermined position of an oligonucleotide chain opens up
broad opportunities for the development of diverse systems for
electrochemical detection of nucleic acid fragments. There are two
approaches to the analysis of DNA. One of them consists of
enzymatic synthesis of NA by PCR and makes use of triphos-
phates of ferrocene-containing nucleosides or 50-ferrocene-con-
taining primers. The product is further analysed by HPLC or
capillary electrophoresis with electrochemical detection. This may
also include hybridisation of a ferrocene-containing oligonucleo-
tide with an NA target and detection of the duplex formed. This
approach enables detection (including quantitation) of very small
concentrations (down to attomoles) of polynucleotides.

The second approach includes detection of DNA on the
surface of electrodes containing immobilised oligonucleotides
bearing covalently linked ferrocene residues. The use of various
detection schemes holds great promise for the analysis of SNP in
extended DNA fragments. To obvious advantages of this method
one can relate its high sensitivity and selectivity; however, in this
case larger amounts of NA are required.

Electrochemical detection is far less efficient than the fluores-
cent method where parallel capillary electrophoresis is used.
However, it is a promising tool in the design of DNA chips.
DNA chips, eSensorTM (Motorola Clinical Micro Sensors, Pasa-
dena, CA, USA) and an eSensorTM 4800 Reader allowing DNA
analysis simultaneously on 48 chips, have been developed based
on original publications.57 ± 59, 105
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review.

This work has been supported by the NATO Grant
SfP-978003.

References

1. G H Keller, M M Manak DNA Probes (New York: Stockton

Press, 1989)

2. L J Kricka Nonisotopic DNA Probe Technique (New York:

Academic Press, 1992)

3. J Y Ju, A N Glazer, R A Mathies Nat. Med. (N. Y.) 2 246 (1996)

4. P R Langer, A A Waldrop, D C WardProc. Natl. Acad. Sci. USA

78 6633 (1981)

5. J Leushner Expert Rev. Mol. Diagn. 1 11 (2001)

6. C G Huber, H OberacherMass Spectrom. Rev. 20 310 (2001)

7. S Abramowitz J. Biomed. Dev. 1 107 (1999)

Au

Au3+

Fc+7R

Fc7R

[Fe(CN)6]47

[Fe(CN)6]37

Au electrode

Dodecanethiol monolayer

Figure 7. Detection of ferrocene-containing molecules by a flow injec-

tion method.118

R is a molecule to be quantified.

552 T S Zatsepin, S Yu Andreev, T Hianik, T S Oretskaya

mlg
C G Huber, H Oberacher Mass Spectrom. Rev. 20 310 (2001)

http://dx.doi.org/10.1002/mas.10011
mlg
S Abramowitz J. Biomed. Dev. 1 107 (1999)

http://dx.doi.org/10.1023/A:1009992306940


8. A T Wooley, K Q Lao, A N Glazer, R A MathiesAnal. Chem. 70

684 (1998)

9. M E Napier, C R Loomis, M F Sistare, J Kim, A E Eckhardt,

H H Thorp Bioconjugate Chem. 8 906 (1997)

10. B N Trawick, A T Daniher, J K Bashkin Chem. Rev. 98 939

(1998)

11. J K Bashkin Curr. Opin. Chem. Biol. 3 752 (1999)

12. B Giese Acc. Chem. Res. 33 631 (2000)

13. M E Nunez, J K Barton Curr. Opin. Chem. Biol. 4 199 (2000)

14. F D Lewis, R L Letsinger, M R Wasielewski Acc. Chem. Res. 34

159 (2001)

15. P J Dandliker, M E Nunez, J K Barton Biochemistry 37 6491

(1998)

16. R E Holmin, P J Dandliker, J K Barton Bioconjugate Chem. 10

1122 (1999)

17. H Weizman, Y Tor J. Am. Chem. Soc. 123 3375 (2001)

18. K Tanaka, M Tasaka, H Cao, M Shionoya Eur. J. Pharm. Sci. 13

77 (2001)

19. S I Khan, M W Grinstaff J. Am. Chem. Soc. 121 4704 (1999)

20. J J Rack, E S Krider, T J Meade J. Am. Chem. Soc. 122 6287

(2000)

21. A E Beilstein, M T Tierney, M W Grinstaff Comments Inorg.

Chem. 22 105 (2000)

22. A J Deeming, in Comprehensive Organometallic Chemistry Vol. 4

(Eds G Wilkinson, F G A Stone) (New York: Pergamon Press,

1982) p. 475

23. H-B Kraatz, M Galka Met. Ions Biol. Syst. 38 385 (2001)

24. S Takenaka Bull. Chem. Soc. Jpn. 74 217 (2001)

25. S Takenaka, Y Uto, H Saita, M Yokoyama, H Kondo

W D Wilson Chem. Commun. 1111 (1998)

26. K Yamashita, M Takagi, K Uchida, H Kondo, S Takenaka

Analyst 126 1210 (2001)

27. S Takenaka, K Yamashita, M Takagi, Y Uto, H Kondo

Anal. Chem. 72 1334 (2000)

28. M Cargill, D Altshuler, J Ireland, P Sklar, K Ardlie, N Patil,

C R Lane, E P Lim, N Kalyanaraman, J Nemesh, L Ziaugra,

L Friedland, A Rolfe, J Warrington, R Lipshutz, G Q Daley,

E S Lander Nat. Genet. 22 231 (1999)

29. R Sachidanandam, D Weissman, S C Schmidt, J M Kakol,

L D Stein, J C Mullikin, B J Mortimore, D L Willey, S E Hunt,

C G Cole, P C Coggill, C M Rice, Z Ning, J Rogers, D R Bentley,

P Y Kwok, E R Mardis, R T Yeh, B Schultz, L Cook,

R Davenport, M Dante, L Fulton, L Hillier, R H Waterston,

J D McPherson, B Gilman, S Schaffner,W J van Etten, D Reich,

J Higgins, M J Daly, B Blumenstiel, J Baldwin, N Stange-

Thomann, M C Zody, L Linton, E S Lander, D Altshuler

Nature (London) 409 928 (2001)

30. K H Buetow, M Edmonson, R MacDonald, R Clifford, P Yip,

J Kelley, D P Little, R Strausberg, H Koester, C R Cantor,

A Braun Proc. Natl. Acad. Sci. USA 98 581 (2001)

31. D G Wang, J-B Fan, C-J Siao, A Berno, P Young, R Sapolsky,

G Ghandour, N Perkins, E Winchester, J Spencer, L Kruglyak,

L Stein, L Hsie, T Topaloglou, E Hubbell, E Robinson,

MMittmann, M S Morris, N Shen, D Kilburn, J Rioux,

C Nusbaum, S Rozen, T J Hudson, R Lipshutz, M Chee,

E S Lander Science 280 1077 (1998)

32. H J Tian, A Jaquins-Gerstl, N Munro, M Trucco, L C Brody,

J P Landers Genomics 63 25 (2000)

33. H J Tian, L C Brody, J P Landers Genome Res. 10 1403 (2000)

34. R De Santis, A Azzi J. Virol. Methods 85 101 (2000)

35. P Meunier, I Ouattara, B Gautheron, J Tirouflet, D Camboli,

J Besanson Eur. J. Med. Chem. 26 351 (1991)

36. K Sonogashira, Y Tohda, N Hagihara Tetrahedron Lett. 4467

(1975)

37. V A Korshun, E V Manasova, Yu A Berlin Bioorg. Khim. 23 324

(1997) a

38. C J Yu, H Yowanto, Y Wan, T J Meade, Y Chong, M Strong,

L H Donilon, J F Kayyem, M Gozin, G F Blackburn J. Am.

Chem. Soc. 122 6767 (2000)

39. A R Pike, L C Ryder, B R Horrocks, W Clegg, M R J Elsegood,

B A Connolly, A Houlton Chem. Eur. J. 8 2891 (2002)

40. A E Beilstein, M W Grinstaff Chem. Commun. 509 (2000)

41. A E Beilstein, M W Grinstaff J. Organomet. Chem. 637 398 (2001)

42. A Anne, B Blanc, J Moiroux Bioconjugate Chem. 12 396 (2001)

43. L Ryder, A Pike, B R Horrocks, A Houlton J. Inorg. Biochem. 86

414 (2001)

44. F Sanger, S Nicklen, A R Coulson Proc. Natl. Acad. Sci. USA 74

5463 (1977)

45. X Hu, S J Lee, M W GrinstaffMethods Enzymol. 353 548 (2002)

46. R F Heck, J P Nolley J. Org. Chem. 37 2320 (1972)

47. W Cabri, I Candiani Acc. Chem. Res. 28 2 (1995)

48. E Bucci, L De Napoli, G Di Fabio, A Messere, D Montesarchio,

A Romanelli, G Piccialli, M Varra Tetrahedron 55 14435 (1999)

49. O Mitsunobu Synthesis 1 (1981)

50. W A Wlassoff, G C King Nucleic Acids Res. 30 e58 (2002)

51. A Okamoto, K Tainaka, I Saito Tetrahedron Lett. 43 4581 (2002)

52. R S Glass, N Y T Stessman Tetrahedron Lett. 41 9581 (2000)

53. C Price, M Aslanoglu, C J Isaac, M R J Elsegood, W Clegg,

B R Horrocks, A Houlton J. Chem. Soc., Dalton Trans. 4115

(1996)

54. A Houlton, C J Isaac, A E Gibson, B R Horrocks, W Clegg,

M R J Elsegood J. Chem. Soc., Dalton Trans. 3229 (1999)

55. K Nakano, S Shirakawa, S Taguchi, M Maeda Anal. Sci. 17 i291

(2001)

56. T S Zatsepin, E A Romanova, T S Oretskaya Usp. Khim. 71 586

(2002) [Russ. Chem. Rev. 71 513 (2002)]

57. C J Yu, H Wang, Y Wan, H Yowanto, J C Kim, L H Donilon,

C Tao, M Strong, Y Chong J. Org. Chem. 66 2937 (2001)

58. C J Yu, Y Wan, H Yowanto, J Li, C Tao, M D James, C L Tan,

G F Blackburn, T J Meade J. Am. Chem. Soc. 123 11 155 (2001)

59. E K Wilson Chem. Eng. News 76 (21) 47 (1998)

60. S M Freier, K-H Altmann Nucleic Acids Res. 25 4429 (1997)

61. US P. 6 090 933 (2000)

62. US P. 6 096 273 (2000)

63. US P. 6 221 583 (2001)

64. H F Arlinghaus, N Thonnard, M T Spaar, R A Sachleben,

F W Larimer, R S Foote, R P Woychik, G M Brown,

F V Sloop, K B Jacobson Anal. Chem. 63 402 (1991)

65. K B Jacobson, H F Arlinghaus, H W Schmitt, R A Sachleben,

G M Brown, N Thonnard, F V Sloop, R S Foote, F W Larimer,

R P Woychik, M W England, K L Burchett, D A Jacobson

Genomics 9 51 (1991)

66. F V Sloop, G M Brown, R A Sachleben, M L Garrity,

J E Elbert, K B Jacobson New J. Chem. 18 317 (1994)

67. S Takenaka, Y Uto,H Kondo, T Ihara,M TakagiAnal. Biochem.

218 436 (1994)

68. T Ihara, Y Maruo, S Takenaka, M Takagi Nucleic Acids Res. 24

4273 (1996)

69. Y Uto, H Kondo, M Abe, T Suzuki, S Takenaka Anal. Biochem.

250 122 (1997)

70. T Ihara, M Nakayama, M Murata, K Nakano, M Maeda Chem.

Commun. 1609 (1997)

71. M Nakayama, T Ihara, K Nakano, M Maeda Talanta 56 857

(2002)

72. S A Brazill, W G Kuhr Anal. Chem. 74 3421 (2002)

73. K K-W Lo, J S-Y Lau, D C-M Ng, N Zhu J. Chem. Soc., Dalton

Trans. 1753 (2002)

74. C Xu, P He, Y Fang Anal. Chim. Acta 411 31 (2000)

75. C Xu, H Cai, P He, Y Fang Analyst 126 62 (2001)

76. R C Mucic, M K Herrlein, C A Mirkin, R L Letsinger J. Chem.

Soc., Chem. Commun. 555 (1996)

77. A E Beilstein Ph.D. Thesis, Duke University, USA, 2001

78. M Chahma, J S Lee, H-B Kraatz J. Organomet. Chem. 648 81

(2002)

79. X Xu Ph.D. Thesis, Duke University, USA, 2001

80. E A Kubareva, O V Petrauskene, A S Karyagina, V N Tashlitsky,

I I Nikolskaya, E S Gromova Nucleic Acids Res. 20 4533 (1992)

81. A Hess, N Metzler-Nolte Chem. Commun. 885 (1999)

82. J C Verheiejen, G A van der Marel, J H van Boom,

N Metzler-Nolte Bioconjugate Chem. 11 741 (2000)

83. M Egholm, C Behrens, L Christesen, R H Berg, P E Nielsen,

O Buchardt J. Chem. Soc., Chem. Commun. 800 (1993)

84. J Wang, E Palecek, P E Nielsen, G Rivas, X Cai, H Shiraishi,

N Dontha, D Luo, P A M Farias J. Am. Chem. Soc. 118 7667

(1996)

85. E Palecek Nature (London) 188 656 (1960)

86. E Palecek Prog. Nucl. Acids Res. Mol. Biol. 18 151 (1976)

87. E Palecek, M Fojta Anal. Chem. 73 74A (2001)

Ferrocene-containing nucleic acids. Synthesis and electrochemical properties 553

mlg
A T Wooley,K Q Lao,A N Glazer,R A Mathies Anal. Chem. 70

mlg
684 (1998)

mlg
M E Napier, C R Loomis,M F Sistare, J Kim, A E Eckhardt

mlg
H H Thorp Bioconjugate Chem. 8 906 (1997)

http://dx.doi.org/10.1021/ac971135z
http://dx.doi.org/10.1021/bc9701149
mlg
B N Trawick, A T Daniher, J K Bashkin Chem. Rev. 98 939

mlg
1998)

mlg
J K Bashkin Curr. Opin. Chem. Biol. 3 752 (1999)

mlg
B Giese Acc. Chem. Res. 33 631 (2000)

http://dx.doi.org/10.1021/cr960422k
http://dx.doi.org/10.1016/S1367-5931(99)00036-8
http://dx.doi.org/10.1021/ar990040b
mlg
M E Nunez, J K Barton Curr. Opin. Chem. Biol. 4 199 (2000)

mlg
F D Lewis, R L Letsinger, M R Wasielewski Acc. Chem. Res. 34

mlg
159 (2001)

http://dx.doi.org/10.1016/S1367-5931(99)00075-7
http://dx.doi.org/10.1021/ar0000197
mlg
P J Dandliker,M E Nunez, J K Barton Biochemistry 37 6491

mlg
(1998)

http://dx.doi.org/10.1021/bi980041w
mlg
R E Holmin, P J Dandliker, J K Barton Bioconjugate Chem. 1

mlg
1122 (1999)

http://dx.doi.org/10.1021/bc9900791
mlg
H Weizman, Y Tor J. Am. Chem. Soc. 123 3375 (2001)

mlg
K Tanaka,M Tasaka, H Cao,M Shionoya Eur. J. Pharm. Sci. 13

mlg
77 (2001)

http://dx.doi.org/10.1021/ja005785n
http://dx.doi.org/10.1016/S0928-0987(00)00210-4
mlg
S I Khan, M W Grinstaff J. Am. Chem. Soc. 121 4704 (1999)

mlg
J J Rack, E S Krider, T J Meade J. Am. Chem. Soc. 122 6287

mlg
(2000)

http://dx.doi.org/10.1021/ja9836794
http://dx.doi.org/10.1021/ja9939643
mlg
S Takenaka Bull. Chem. Soc. Jpn. 74 217 (2001)

http://dx.doi.org/10.1246/bcsj.74.217
mlg
S Takenaka, Y Uto, H Saita, M Yokoyama, H Kond

mlg
W D Wilson Chem. Commun. 1111 (1998)

http://dx.doi.org/10.1039/a801539b
mlg
K Yamashita, M Takagi, K Uchida, H Kondo, S Takenaka

mlg
Analyst 126 1210 (2001)

mlg
S Takenaka, K Yamashita,M Takagi, Y Uto, H Kondo

mlg
Anal. Chem. 72 1334 (2000)

http://dx.doi.org/10.1039/b105097b
http://dx.doi.org/10.1021/ac991031j
mlg
E S Lander Nat. Genet. 22 231 (1999)

mlg
L Friedland, A Rolfe, J Warrington, R Lipshutz, G Q Daley,

mlg
C R Lane, E P Lim, N Kalyanaraman, J Nemesh, L Ziaugra

mlg
M Cargill, D Altshuler, J Ireland, P Sklar, K Ardlie, N Patil,

http://dx.doi.org/10.1038/10290
mlg
Nature (London) 409 928 (2001)

mlg
Thomann, M C Zody, L Linton, E S Lander, D Altshuler

mlg
J Higgins, M J Daly, B Blumenstiel, J Baldwin, N Stange-

mlg
J D McPherson, B Gilman, S Schaffner,W J van Etten,D Reich

mlg
R Davenport,M Dante, L Fulton, L Hillier, R H Waterston

mlg
P Y Kwok, E R Mardis, R T Yeh, B Schultz, L Cook

mlg
C G Cole, P C Coggill, CM Rice, Z Ning, J Rogers, D R Bentley

mlg
L D Stein, J C Mullikin, B J Mortimore, D L Willey, S E Hunt

mlg
R Sachidanandam, D Weissman, S C Schmidt, J M Kakol

mlg
K H Buetow,M Edmonson, R MacDonald, R Clifford, P Yip

mlg
J Kelley, D P Little, R Strausberg, H Koester, C R Cantor

mlg
A Braun Proc. Natl. Acad. Sci. USA 98 581 (2001)

http://dx.doi.org/10.1038/35057149
http://dx.doi.org/10.1073/pnas.021506298
mlg
J P Landers Genomics 63 25 (2000)

mlg
E S Lander Science 280 1077 (1998)

mlg
C Nusbaum, S Rozen, T J Hudson, R Lipshutz,M Chee

mlg
MMittmann, M S Morris, N Shen, D Kilburn, J Rioux

mlg
L Stein, L Hsie, T Topaloglou, E Hubbell, E Robinson,

mlg
G Ghandour, N Perkins, E Winchester, J Spencer, L Kruglyak

mlg
D G Wang, J-B Fan, C-J Siao, A Berno, P Young, R Sapolsky

http://dx.doi.org/10.1126/science.280.5366.1077
http://dx.doi.org/10.1006/geno.1999.6067
mlg
H J Tian, L C Brody, J P Landers Genome Res. 10 1403 (2000

mlg
R De Santis, A Azzi J. Virol. Methods 85 101 (2000)

http://dx.doi.org/10.1101/gr.132700
http://dx.doi.org/10.1016/S0166-0934(99)00162-7
mlg
K Sonogashira, Y Tohda, N Hagihara Tetrahedron Lett. 4467

mlg
(1975)

http://dx.doi.org/10.1016/S0040-4039(00)91094-3
mlg
C J Yu, H Yowanto, Y Wan, T J Meade, Y Chong,M Strong

mlg
L H Donilon, J F Kayyem,M Gozin, G F Blackburn J. Am.

mlg
Chem. Soc. 122 6767 (2000)

http://dx.doi.org/10.1021/ja994241m
mlg
A R Pike, L C Ryder, B R Horrocks,W Clegg,M R J Elsegood

mlg
B A Connolly, A Houlton Chem. Eur. J. 8 2891 (2002)

http://dx.doi.org/10.1002/1521-3765(20020703)8:13<2891::AID-CHEM2891>3.0.CO;2-B
mlg
A E Beilstein,M W Grinstaff J. Organomet. Chem. 637 398 (2001)

mlg
A Anne, B Blanc, J Moiroux Bioconjugate Chem. 12 396 (2001)

http://dx.doi.org/10.1039/a907568b
http://dx.doi.org/10.1016/S0022-328X(01)00943-3
http://dx.doi.org/10.1021/bc000126l
mlg
E Bucci, L De Napoli, G Di Fabio, A Messere, D Montesarchio

mlg
A Romanelli, G Piccialli,M Varra Tetrahedron 55 14435 (1999)

mlg
O Mitsunobu Synthesis 1 (1981)

http://dx.doi.org/10.1016/S0040-4020(99)00889-3
http://dx.doi.org/10.1055/s-1981-29317
mlg
W A Wlassoff, G C King Nucleic Acids Res. 30 e58 (2002)

mlg
A Okamoto, K Tainaka, I Saito Tetrahedron Lett. 43 4581 (2002)

http://dx.doi.org/10.1093/nar/gnf058
http://dx.doi.org/10.1016/S0040-4039(02)00888-2
mlg
R S Glass, N Y T Stessman Tetrahedron Lett. 41 9581 (2000)

http://dx.doi.org/10.1016/S0040-4039(00)01703-2
mlg
A Houlton, C J Isaac, A E Gibson, B R Horrocks,W Cleg

mlg
M R J Elsegood J. Chem. Soc., Dalton Trans. 3229 (1999)

http://dx.doi.org/10.1039/a905168f
mlg
C Tao,M Strong, Y Chong J. Org. Chem. 66 2937 (2001)

mlg
C J Yu, H Wang, Y Wan, H Yowanto, J C Kim, L H Donilon,

http://dx.doi.org/10.1021/jo001283g
mlg
C J Yu, Y Wan, H Yowanto, J Li, C Tao,M D James, C L Tan

mlg
G F Blackburn, T J Meade J. Am. Chem. Soc. 123 11 155 (2001)

http://dx.doi.org/10.1021/ja010045f
mlg
S M Freier, K-H Altmann Nucleic Acids Res. 25 4429 (1997)

http://dx.doi.org/10.1093/nar/25.22.4429
mlg
S Takenaka,Y Uto,H Kondo, T Ihara,M Takagi Anal. Biochem

mlg
218 436 (1994)

http://dx.doi.org/10.1006/abio.1994.1203
mlg
T Ihara, Y Maruo, S Takenaka,M Takagi Nucleic Acids Res. 24

mlg
4273 (1996)

mlg
Y Uto, H Kondo,M Abe, T Suzuki, S Takenaka Anal. Biochem

mlg
250 122 (1997)

http://dx.doi.org/10.1093/nar/24.21.4273
http://dx.doi.org/10.1006/abio.1997.2207
mlg
T Ihara, M Nakayama, M Murata, K Nakano, M Maeda Chem

mlg
Commun. 1609 (1997)

mlg
M Nakayama, T Ihara, K Nakano, M Maeda Talanta 56 857

mlg
(2002)

http://dx.doi.org/10.1039/a703401f
http://dx.doi.org/10.1016/S0039-9140(01)00659-2
mlg
S A Brazill, W G Kuhr Anal. Chem. 74 3421 (2002)

http://dx.doi.org/10.1021/ac025569s
mlg
C Xu, P He, Y Fang Anal. Chim. Acta 411 31 (2000)

http://dx.doi.org/10.1016/S0003-2670(00)00728-5
mlg
C Xu, H Cai, P He, Y Fang Analyst 126 62 (2001)

http://dx.doi.org/10.1039/b005847p
mlg
H J Tian, A Jaquins-Gerstl, N Munro,M Trucco, L C Brody,

mlg
A E Beilstein, M W Grinstaff Chem. Commun. 509 (2000)

mlg
M Chahma, J S Lee, H-B Kraatz J. Organomet. Chem. 648 81

mlg
(2002)

mlg
A Hess, N Metzler-Nolte Chem. Commun. 885 (1999)

http://dx.doi.org/10.1016/S0022-328X(01)01414-0
http://dx.doi.org/10.1039/a901561b
mlg
J C Verheiejen, G A van der Marel, J H van Boom

mlg
N Metzler-Nolte Bioconjugate Chem. 11 741 (2000)

http://dx.doi.org/10.1021/bc0000740
mlg
J Wang, E Palecek, P E Nielsen, G Rivas, X Cai, H Shiraishi

mlg
N Dontha, D Luo, P A M Farias J. Am. Chem. Soc. 118 7667

mlg
(1996)

http://dx.doi.org/10.1021/ja9608050
mlg
T S Zatsepin, E A Romanova, T S Oretskaya Usp. Khim. 71 586

mlg
(2002) [Russ. Chem. Rev. 71 513 (2002)]

http://dx.doi.org/10.1070/10.1070/RC2002v071n06ABEH000714


88. M Fojta, R P Bowater, V Stankova, L Havran, D M J Lilley,

E Palecek Biochemistry 37 4853 (1998)

89. E Palecek Bioelectrochem. Bioenerg. 28 71 (1992)

90. M T Carter, A J Bard J. Am. Chem. Soc. 109 7528 (1987)

91. X-H Xu, A J Bard J. Am. Chem. Soc. 117 2627 (1995)

92. K B Jacobson, H F Arlinghaus Anal. Chem. 64 315A (1992)

93. M D Morris Electroanal. Chem. 7 80 (1974)

94. A Anne, A Bouchardon, J Moiroux J. Am. Chem. Soc. 125 1112

(2003)

95. R D Wells J. Chromatogr. 336 3 (1984)

96. L W McLaughlin, R Bischoff J. Chromatogr. 418 51 (1987)

97. S A Brazill, P H Kim, W G Kuhr Anal. Chem. 73 4882 (2001)

98. H A Erlich (Ed.) PCR Technology (New York: Stockton Press,

1989)

99. C Heller Electrophoresis 22 629 (2001)

100. A von Brocke, G Nicholson, E Bayer Electrophoresis 22 1251

(2001)

101. N A Lacher, K E Garrison, R S Martin, S M Lunte

Electrophoresis 22 2526 (2001)

102. S A Brazill, P Singhal, W G Kuhr Anal. Chem. 72 5542 (2000)

103. J Janata Principles of Chemical Sensors (New York: Plenum,

1989)

104. M I Pividori, A Merkoci, S Alegret Biosens. Bioelectron. 15 291

(2000)

105. R M Umek, S W Lin, J Vielmetter, R H Terbrueggen, B Irvine,

C J Yu, J F Kayyem, H Yowanto, G F Blackburn, D H Farkas,

Y P Chen J. Mol. Diagn. 3 74 (2001)

106. S Creager, C J Yu, C Bamdad, S O'Connor, T MacLean,

E Lam, Y Chong, G T Olsen, J Luo, M Gozin, J F Kayyem

J. Am. Chem. Soc. 121 1059 (1999)

107. R M Umek, S W Lin, Y P Chen, J Vielmetter, B Irvine,

G Paulluconi, V Chan, R H Terbrueggen, C J Yu, J F Kayyem,

H Yowanto, G F Blackburn, D H FarkasMol. Diagn. 5 321

(2000)

108. US P. 6 063 573 (2000)

109. US P. 6 071 699 (2000)

110. R C McGlennen Clin. Chem. 47 393 (2001)

111. D H Farkas Clin. Chem. 47 1871 (2001)

112. A Pike, B Horrocks, B Connolly, A Houlton Aust. J. Chem. 55

191 (2002)

113. A R Pike, L H Lie, R A Eagling, L C Ryder, S N Patole,

B A Connolly, B R Horrocks, A Houlton Angew. Chem., Int.

Ed. 41 615 (2002)

114. X Fang, X Liu, S Shuster, W Tan J. Am. Chem. Soc. 121 2921

(1999)

115. G Bonnet, S Tyagi, A Libchaber, F R Kramer Proc. Natl. Acad.

Sci. USA 96 6171 (1999)

116. B Dubertret, M Calame, A J Libchaber Nat. Biotechnol. 19 365

(2001)

117. J Wang, X Cai, C Jonsson, M Balakrishnan Electroanalysis 8 20

(1996)

118. P T Radford, S E Creager Anal. Chim. Acta 449 199 (2001)

119. E T Kool Annu. Rev. Biochem. 71 191 (2002)

120. S E Lee, A Sidorov, T Gourlain, N Mignet, S J Thorpe,

J A Brazier, M J Dickman, D P Hornby, J A Grasby,

D M Williams Nucleic Acids Res. 29 1565 (2001)

121. J W Brandis Nucleic Acids Res. 27 1912 (1999)

a Ð Russ. J. Bioorg. Chem. (Engl. Transl.)

554 T S Zatsepin, S Yu Andreev, T Hianik, T S Oretskaya

mlg
M Fojta, R P Bowater, V Stankova, L Havran, D M J Lilley,
E Palecek Biochemistry 37 4853 (1998)

http://dx.doi.org/10.1021/bi9729559
mlg
E Palecek Bioelectrochem. Bioenerg. 28 71 (1992)

http://dx.doi.org/10.1016/0302-4598(92)80004-Z
mlg
A Anne, A Bouchardon, J Moiroux J. Am. Chem. Soc. 125 1112
(2003)

mlg
R D Wells J. Chromatogr. 336 3 (1984)

http://dx.doi.org/10.1021/ja028640k
http://dx.doi.org/10.1016/S0378-4347(00)85125-7
mlg
L W McLaughlin, R Bischoff J. Chromatogr. 418 51 (1987)

mlg
C Heller Electrophoresis 22 629 (2001)

mlg
A von Brocke, G Nicholson, E Bayer Electrophoresis 22 1251
(2001)

http://dx.doi.org/10.1016/0378-4347(87)80004-X
http://dx.doi.org/10.1002/1522-2683(200102)22:4<629::AID-ELPS629>3.0.CO;2-S
http://dx.doi.org/10.1002/1522-2683(200105)22:7<1251::AID-ELPS1251>3.3.CO;2-0
mlg
S A Brazill, P H Kim,W G Kuhr Anal. Chem. 73 4882 (2001)

http://dx.doi.org/10.1021/ac010521k
mlg
N A Lacher, K E Garrison, R S Martin, S M Lunte
Electrophoresis 22 2526 (2001)

mlg
S A Brazill, P Singhal,W G Kuhr Anal. Chem. 72 5542 (2000)

http://dx.doi.org/10.1002/1522-2683(200107)22:12<2526::AID-ELPS2526>3.0.CO;2-K
http://dx.doi.org/10.1021/ac000543r
mlg
M I Pividori, A Merkoci, S Alegret Biosens. Bioelectron. 15 291
(2000)

http://dx.doi.org/10.1016/S0956-5663(00)00071-3
mlg
S Creager, C J Yu, C Bamdad, S O'Connor, T MacLean,
E Lam, Y Chong, G T Olsen, J Luo,M Gozin, J F Kayyem
J. Am. Chem. Soc. 121 1059 (1999)

http://dx.doi.org/10.1021/ja983204c
mlg
R M Umek, S W Lin, Y P Chen, J Vielmetter, B Irvine,
G Paulluconi, V Chan,R H Terbrueggen,C J Yu, J F Kayyem,
H Yowanto, G F Blackburn, D H Farkas Mol. Diagn. 5 321
(2000)

http://dx.doi.org/10.1054/modi.2000.19564
mlg
A Pike, B Horrocks, B Connolly, A Houlton Aust. J. Chem. 55
191 (2002)

http://dx.doi.org/10.1071/CH02071
mlg
A R Pike, L H Lie, R A Eagling, L C Ryder, S N Patole,
B A Connolly, B R Horrocks, A Houlton Angew. Chem., Int.
Ed. 41 615 (2002)

http://dx.doi.org/10.1002/1521-3773(20020215)41:4<615::AID-ANIE615>3.3.CO;2-P
mlg
X Fang, X Liu, S Shuster,W Tan J. Am. Chem. Soc. 121 2921
(1999)

mlg
G Bonnet, S Tyagi, A Libchaber, F R Kramer Proc. Natl. Acad.
Sci. USA 96 6171 (1999)

http://dx.doi.org/10.1021/ja9837809
http://dx.doi.org/10.1073/pnas.96.11.6171
mlg
B Dubertret, M Calame, A J Libchaber Nat. Biotechnol. 19 365
(2001)

http://dx.doi.org/10.1038/86762
mlg
P T Radford, S E Creager Anal. Chim. Acta 449 199 (2001)

mlg
E T Kool Annu. Rev. Biochem. 71 191 (2002)

http://dx.doi.org/10.1016/S0003-2670(01)01343-5
http://dx.doi.org/10.1146/annurev.biochem.71.110601.135453
mlg
S E Lee, A Sidorov, T Gourlain, N Mignet, S J Thorpe,
J A Brazier,M J Dickman, D P Hornby, J A Grasby,
D M Williams Nucleic Acids Res. 29 1565 (2001)

mlg
J W Brandis Nucleic Acids Res. 27 1912 (1999)

http://dx.doi.org/10.1093/nar/29.7.1565
http://dx.doi.org/10.1093/nar/27.8.1912

	Introduction
	Synthesis of ferrocene-containing nucleic acid fragments
	Synthesis of nucleic acid fragments containing ferrocene in a heterocyclic base
	Synthesis of nucleosides and oligonucleotides containing ferrocene in the 20-position of the carbohydrate moiety
	Synthesis of oligonucleotides containing ferrocene at the 50- or 30-termini

	Electrochemical detection of nucleic acids
	Redox characteristics of ferrocene-containing nucleic acids
	Electrochemical detection of ferrocene-containing DNA fragments and their complexes using HPLC analysis and capillary electrophoresis
	Electrochemical detection of ferrocene-containing DNA fragments and their complexes on the electrode surface

	Conclusion
	References

