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(1) Dobule Cycloaddition Reaction of Pyridinium N-Methylides to Methylenecyclopropenes Leading to
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Hirao, Tetrahedron Letters, 24, 767-770 (1983).  [1##)

4) Stereoselective [3+2] Cyclo- Addition Reaction of Pyridinium and Thiazolium Methylides to Electron-
Deficient Olefinic Dipolarophiles, O. Tsuge, S. Kanemasa, S. Takenaka, Heterocycles, 20, 1907-1912 (1983).

(%)

(5) N-(Trimethylsilyl- Methyl)Pyridinium Trifluoromethsnesulfonates as Facile Procursors for Nonstabilized
Pyridinum Methylides, O. Tsuge, S. Kanemasa, S. Kuraoka, S. Takenaka, Chemistry Letters, 1984, 279-280
(1984). (1)

(6) New C-C Bond Formation with Pyridinium Methylide: Hydromethylenation of Olefin, O. Tsuge, S.
Kanemasa, S. Kuraoka, S. Takenaka, Chemistry Letters, 1984, 281-284 (1984).  (1#)

(7) Streoselective hydro- Alkylidenation of Olefin with Pyridinium Methylides, O. tsuge, S. Kanemasa, S.
Takenaka, S. Kuraoka, Chemistry Letters, 1984, 465-468 (1984). (1)

(8) Sterochemical Features of Cyclo- Addition of Heteroaromatic N-Ylides. Selective Partcipation of the
Anti and Syn ylides, O. Tsuge, S. Kanemasa, S. Takenaka, Chemistry Letters, 1985, 355-358 (1985).  (1#)

9) Stereochemical Study on 1,3-Dipolar Cyclo- addition Reactions of Heteroaromatic N-Ylides with
Symmetrically Substituted cis and trans Olefins, O. Tsuge, S. Kanemasa, S. Takenaka, Bulletin of the
Chemical Society of Japan, 58, 3137-3157 (1985).  [{#]

(10)  Stereochemical Study on 1,3-Dipolar Cyclo- addition Reactions of Heteroaromatic N-Ylides with
Unsymmetrically Substituted Olefinic Dipolarophiles, O. Tsuge, S. Kanemasa, S. Takenaka, Bulletin of the
Chemical Society of Japan, 58, 3320-3336 (1985). (1]

(11)  Stereoselective Synthesis of Hexa- and Tetra- hydroindolizin-7-ones through Cycloaddition of
Pyridinium Methylides, O. Tsuge, S. Kanemasa, S. Takenaka, Journal of the Organic Chemistry, 51, 1853-
1855 (1986). (1#]

(12)  Amino Acid Approach as a General Route to Nonstabilized Azomethine Ylides. Facile Generation of
Parent Methaniminium Methylide and its 1-Mono- and 1,1-Disubstituted Derivatives, O. Tsuge, S. Kanemasa,
M. Ohe, S. Takenaka, Chemistry Letters, 1986, 973-976 (1986). [{#]

(13)  Stable Configuration of Ester-Stabilized Azomethine Ylides. Stabilization of anti-Form by 1,5- Dipolar
Interaction and of syn-Form by Hydrogen Bonding, O. Tsuge, S. Kanemasa, M. Ohe, K. Yorozu, S. Takenaka,
K. Ueno, Chemistry Letters, 1986, 1271-1274 (1986). (1#]
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and Subsequent Cycloadditions of the Cycloadducts with Nitrile Oxides,O. Tsuge, S. Kanemasa, S. Takenaka,
Bulletin of the Chemical Society of Japan, 59, 3631-3635 (1986). (1#]

(15)  Cycloaddition of Pyridinium Methylides with Electron-Deficient Olefins and Silica-Gel Mediated
Elimination of Pyridines from the Cycloadducts: A New Method of Alkylation or Hydroalkylidenation of
Olefins, O. Tsuge, S. Kanemasa, S. Takenaka, Bulletin of the Chemical Society of Japan, 60, 1489-1495
(1987). (1)

(16)  Simple Generation of Nonstabilized Azomethine Ylides through Decarboxylation Condensation of a-
Amino Acids with Carbonyl Compounds via 5-Oxazolidinone Intermediates, O. Tsuge, S. Kanemasa, M. Ohe,
S. Takenaka, Bulletin of the Chemical Society of Japan, 60, 4079-4089 (1987). [1#)

(17)  Simple Generation of Ester-Stabilized Azomethine Ylides from 2-Amino Esters and Carbonyl
Compounds. Stereochemistry of Their Cycloadditions, O. Tsuge, S. Kanemasa, M. Ohe, K. Yorozu, S.
Takenaka, K. Ueno, Bulletin of the Chemical Society of Japan, 60, 4067-4078 (1987). [1#)

(18)  Sequence-Selective Separation of Oligonucleotides and DNA Fragments by Using Polyethyleneglycol-
Bound Intercalators, S. Takenaka, K. Dohtsu, N. Nakashima, M. Takagi, Analytical Sciences, 3, 557-560
(1987). [F]

(19)  Isotachophoretic Examination of Interaction of Intercalators with Ribodinucleoside Monophosphates, K.
Dohtsu, S. Takenaka, N. Nakashima, M. Takagi, Analytical Sciences, 4, 251-254 (1988).  [1#)

(20)  Simple Characterization of DNA Interactions by Retarded Gel Electrophoresis, S. Takenaka, Y. Aoyagi,
K. Dohtsu, M. Takagi, Analytical Sciences, 4, 481-486 (1988). (=]

(21) A Reversed-Phase Intercalator Column for High Performance Liquid Chromatographic Separation of
Oligonucleotides, K. Dohtsu, K. Ohmori, R. Fukuda, S. Takenaka, M. Takagi, Analytical Sciences, 4, 371-
376 (1988). (1)

(22)  Cycloaddition Reactions of Highly Stabilized Isoquinolinium Methylides to Nonactivated Olefins and
Electron-Rich Olefins, O. Tsuge, S. Kanemasa, K. Sakamoto, S. Takenaka, Bulletin of the Chemical Society
of Japan, 61, 2513-2524 (1988).  [1#)

(23)  Tandem 1,3-Dipolar Cycloaddition of Pyridinium or Isoquinolinium Methylides with Olefinic
Dipolarophiles Leading to Cyclo[3.2.2]azines. “Enamine Route” as a New Generation Method of Azomethine
Yliedes, S. Kanemasa, S. Takenaka, H. Watanabe, O. Tsuge, Journal of the Organic Chemistry, 54, 420-424
(1989). (1#)

(24)  Purification of a DNA Replication Terminus (ter) Site-binding Protein in Escherichia coli and
Identification of the Structural Gene, M. Hidaka, T. Kobayashi, S. Takenaka, H. Takeya, T. Horiuchi, Journal
of the Biological Chemistry, 264, 21031-21037 (1989). [{#)

(25)  Ion-Pair Extraction by Use of Liquid Crystals as Crystals as Extracting Solvent, A. Ohki, S. Takenaka,
K. Tsukada, S. Maeda, M. Takagi, Analytical Sciences, 6, 283-286 (1990). [1#]

(26)  Intercalator-Induced Gel-Electrophoretic Retardation of Synthetic Double-Stranded Oligonucleotides and
Comigration of Intercalators, S. Takenaka, K. Dohtsu, M. Takagi, Analytical Sciences, 6, 139-141(1990).
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(27)  Cleavage of Double Helical DNA by Cu?* Ion in the Presence of Bisintercalator Containing
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Penta(ethylene Glycol) Connector Chain, S. Takenaka, T. Thara, M. Takagi, Journal of the Molecular
Recognition, 3, 156-162 (1990). (=]

(28)  Metal Assisted DNA-Intercalation of Crown Ether-linked Acridine Derivatives, R. Fukuda, S. Takenaka,
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(30)  Bis-9-acridinyl Derivative Containing a Viologen Linker Chain: Electrochemically Active Intercalator for
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(31)  DNA-Binding Behavior of Viologen-Containing Electrochemically Active Intercalators, S. Takenaka, H.
Sato, H. Thara, M. Takagi, Analytical Sciences, 7 supplement, 1385-1386 (1991). (3]

(32)  *Light-Induced DNA Cleavage by Bis-9-acridinyl Viologen Derivative, S. Takenaka, T. Thara, M.
Takagi, Chemistry Letters, 1992, 1-4 (1992). ()

(33)  5’-Highly Hydrophobic Protecting Group in the Rapid Separation of Automatic-Synthesis
Oligonucleotides, S. Takenaka, K. Dohtsu, M. Takagi, Analytical Sciences, 8, 3-7 (1992). [F)

(34)  Development of a High-Performance Liquid Chromatographic Gel Carrying Intercalator-Like Benzoates
for Analysis of Oligonucleotides, S. Takenaka, K. Dohtsu, M. Takagi, Analytical Sciences, 8, 151-156 (1992).

(F]

(35)  Interaction of novel tris-intercalators with DNA. Spectrofluorometric studies, S. Takenaka, S. Nishira,
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(36)  Synthesis and characterization of novel tris-intercators having potentially two different DNA binding
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(1993). [F)

(37)  Electrochemical Active DNA Probes: Detection of Target DNA Sequences at Femtomole Level by High-
Performance Liquid Chromatography with Electrochemical Detection, S. Takenaka, Y. Uto, H. Kondo, T.
Thara, M. Takagi, Analytical Biochemistry, 218, 436-443 (1994). (&)

(38)  DNA Ligand-Redox Active Molecule Conjugates as an Electrochemical DNA Probe, T. Ihara, Y. Maruo,
Y. Uto, S. Takenaka, M. Takagi, Analytical Science & Technology, 8, 887-894 (1995). [=]

(39)  Specific binding to polyA of a naphthalene diimide carrying thymine groups, S. Takenaka, M. Manabe,
M.Yokoyama, M. Nishi, J. Tanaka, H. Kondo, Chemical Communications, 1996 (3), 379-380 (1996). (3]

(40)  Energy Transfer in Micellar Solutions of Binaphthyl-Based Amphiphiles, B. Juskowiak, M. Takagi, S.
Takenaka, Polish Journal of the Chemistry, 70, 91-110 (1996). (1]

(41) Y Spontaneous Formation of a Molecular Net Assembly by Using Nucleotide Complementarity, S.
Takenaka, Y. Funatu, H. Kondo, Chemistry Letters, 1996 (10), 891-892 (1996). (3]

(42)  Self-oriented assembly of bipyridine-Fe(II) and Ru(II) complexes by using the oligonucleotide
complementarity, S. Takenaka, Y. Funatu, H. Kondo, Nucleic Acids Symposium Series, 35, 145-146 (1996).
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(43)  Ferrocene-oligonucleotide conjugates for electrochemical probing of DNA, T. Ihara, Y. Maruo, S.
Takenaka, M. Takagi, Nucleic Acids Res., 24 (21), 4273-4280 (1996). (1#]

(44)  Construction of a dimeric DNA-binding peptide model by peptide-anthraquinone conjugation, S.
Takenaka, H. Sato, Y. Itakura, H. Kondo, M. Takagi, International Journal of Peptide and Protein Research,
48 (4), 397-400 (1996). ()

(45)  Synthesis of a 9-Acridinyl Nonapeptide Containing the DNA Recognizing Region of 434 Phage
Repressor Protein, S. Takenaka, K. Iwamasa, M. Takagi, N. Nishino, H. Mihara, T. Fujimoto, Journal of the
Heterocyclic Chemistry, 33 (6), 2043-2045 (1996). [F)

(46)  Selective stabilization of a bulged duplex of d(GCGAAACGC) oligonucleotide by thymine base-
substituted naphthalene diimide, S. Takenaka, M. Yokoyama, H. Kondo, Chemical Communications, 1996,
115-116 (1996). ()

(47)  Synthesis and DNA Binding Properties of Bis-9-acridinyl Derivatives Containing Mono-, Di and Tetra-
viologen Units as a Connector of Bis-intercalators, S. Takenaka, H. Sato, T. Ihara, M. Takagi, Journal of the
Heterocyclic Chemistry, 34, 123-127 (1996). (3]

(48)  Recognition and stabilization of single stranded naphthalene diimide, S. Takenaka, M. Takagi, M.
Yokoyama, H. Kondo, Antiviral Research, 34, A91(1997). (=)

(49)  Electrochemical Analysis of DNA Amplified by the Polymerase Chain Reaction with a Ferrocenylated
Oligonucleotide, Y. Uto, H. Kondo, M. Abe, T. Suzuki, S. Takenaka, Analytical Biochemistry, 250, 122-124
(1997). [F)

(50)  Synthesis and DNA binding properties of bis-9-acridinyl derivatives containing mono-, di- and tetra-
viologen units as a connector of bis-intercalators, S. Takenaka, H.Sato, , T. Thara, , M. Takagi, , Journal of
Heterocyclic Chemistry 34 (1), 123-127 (1997). (]

(51)  DNA sequence dependent binding modes of bis(vinylpyridinium)benzene derivatives, B.Juskowiak, , S.
Takenaka, M.Takagi, , H. Kondo, , Nucleic acids symposium series, 37, 265-266 (1997).  [1#)

(52)  Hydrophobic effect of alkyl substituents on DNA intercalation of a dye, S. Takenaka, M. Takagi, , J.
Tanaka, , M. Nishi, , H. Kondo, , Nucleic acids symposium series, 37, 105-106 (1997). (]

(53)  Discrimination of the length of double-stranded DNA fragments by the bis-intercalating ligand, S.
Takenaka, Y. Funatu, N. Shigemoto, H. Kondo, , Analytical Sciences 13 (SUPPL.), 177-180 (1997). (&)

(54)  Quantitative analysis of the muscular dystrophin gene using a polymerase chain reaction and high-
performance liquid chromatography with electrochemical detection, Y. Uto, H. Kondo, M. Abe, T. Suzuki, S.
Takenaka, Analytical Sciences 13 (SUPPL.), 209-212 (1997). (=]

(55)  Novel DNA Intercalating Molecules with Potentially Two Mode Binding Ability, S. Takenaka, B.
Juskowiak, K. Yuziriha, M. Takagi, K. Miyajima, H. Kondo, Analytical Sciences 13 (SUPPL.), 457-460
(1997). (3]

(56)  Selective stabilization of a bulged duplex of d(GCGAAACGC) oligonucleotide by thymine base-
substituted naphthalene diimide, S. Takenaka, M. Yokoyama, H. Kondo, Chemical Communications, 1997
(1), 115-116 (1997). (]

(57)  Involvement of nucleic bases in the quenching of the fluorescence of acridine by methylviologen, S.
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Takenaka, N. Shigemoto, H. Kondo, Supramolecular Chemistry 9 (1), 47-56 (1997). (3]

(58)  Control of the DNA-binding specificity of 9,10-anthraquinone by the nature and positions of substituents,
S. Takenaka, Y. Itakura, H. Kondo, Supramolecular Chemistry 9 (1), 69-73 (1997). (3]

(59)  Electrochemically active threading intercalator with high double stranded DNA selectivity, S. Takenaka,
Y. Uto, H. Saita, M. Yokoyama, H. Kondo, W. D. Wilson, Chemical Communications 1998 (10), 1111-1112
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(60) Y Enhanced electron transfer from glucose oxidase to DNA-immobilized electrode aided by ferrocenyl
naphthalene diimide, a threading intercalator, S. Takenaka, Y. Uto, M. Takagi, H. Kondo, Chemistry Letters
1998 (10), 989-990 (1998). (3]

(61)  Electrochemistry of ferrocenyl naphthalene diimide derivative and its behavior on hairpin DNA
immobilized electrode, S. Takenaka, K. Yamashita, Y. Uto, M. Takagi, H. Kondo, Denki Kagaku 66 (12),
1329-1334 (1998). ()

(62)  Construction of a polyferrocene array with ferrocenyl naphthalene diimide intercalated to the double
stranded DNA, S. Takenaka, M. Takagi, Y. Uto, H. Kondo, Nucleic Acids Symposium Series, 39, 107-108
(1988). [F)

(63) Y Photoisomerizable DNA ligands. Spectral and electrochemical properties and base-pair selectivity of
binding of bis[2-(1-alkylpyridinium-4- yl)vinyl]benzene dyes, B. Juskowiak, M. Ohba, M. Sato, S. Takenaka,
M. Takagi, H. Kondo, Bulletin of the Chemical Society of Japan, 72 (2), 265-277 (1998). [1#]

(64)  Poly-intercalators carrying threading intercalator moieties as novel DNA targeting ligands, M. Takagi, H.
Yokoyama, S. Takenaka, M. Yokoyama, H. Kondo, Journal of Inclusion Phenomena and Molecular
Recognition in Chemistry 32 (2-3), 375-383 (1988). (&)

(65)  DNA coated with cationic fullerene derivative. A possible micro-wire in water, S. Takenaka, K.
Yamashita, M. Takagi, T. Hatta, O. Tsuge, Nucleic Acids Symposium Series, 42, 149-150 (1999). (3]

(66)  Highly sensitive detection of target gene by electrochemical method, K. Yamashita, S. Takenaka, M.
Takagi, Nucleic acids symposium series, 42, 185-186 (1999). [=£]

(67)  DNA coated with cationic fullerene derivative. A possible microwire in water, S. Takenaka, K.
Yamashita, M. Takagi, T. Hatta, O. Tsuge, Nucleic acids symposium series, 42, 149-150 (1999). [=£]

(68)  DNA-controlled photoisomerization of bis(2-(1-methyl-pyridinium-4-yl)vinyl)benzene, B. Juskowiak, S.
Takenaka, M. Takagi, Chemistry Letters 1999, (3), 209-210 (1999). (1]

(69) Study of the DNA Interaction with Water-soluble Cationic Fullerene Derivatives, S. Takenaka, K.
Yamashita, M. Takagi, T. Hatta, A. Tanaka, O. Tsuge, Chemistry Letters, 1999 (4), 319-320 (1999). (3]

(70)  Photo-induced DNA cleavage by water-soluble cationic fullerene derivatives, S. Takenaka, K.
Yamashita, M. Takagi, T. Hatta, O. Tsuge, Chemistry Letters, 1999 (4), 321-322 (1999). (]

(71)  DNA sensing on a DNA probe-modified electrode using ferrocenylnaphthalene diimide as the
electrochemically active ligand, S. Takenaka, K. Yamashita, M. Takagi, Y. Uto, H. Kondo, Analytical
Chemistry, 72 (6), 1334-1341 (2000). ()

(72)  Electrochemical Detection of Base Pair Mutation, K. Yamashita, M. Takagi, H. Kondo, S. Takenaka,
Chemistry Letters, 2000 (9), 1038-1039 (2000). (3]



(73)  Ferrocenyl naphthalene diimide as a new electrochemical ligand for DNA sensing, S. Sato, K. Yamashita,
M. Takagi, S. Takenaka, Nucleic Acids Symposium Series, 44, 171-172 (2000). (3]

(74)  Novel synthesis of as a tetra-acridinyl peptide as a new DNA polyintercalator, H. Ueyama, M. Waki, M.
Takagi, S. Takenaka, Nucleic acids symposium series, 44, 133-134 (2000). [=]

(75)  Fluorescence microscopic visualization of a DNA-cationic fullerene complex, K. Yamashita, T. Iwataki,
T. Hatta, K. Yoshikawa, O. Tsuge, M. Takagi, S. Takenaka, Nucleic acids symposium series, 44, 173-174
(2000). [F]

(76)  Energy transfer evidence for cross-linking of DNA by 1,4-bis((N-methylquinolinium-4-yl)vinyl)benzene,
B. Juskowiak, T. Ichihara, S. Takenaka, M. Takagi, Polish Journal of Chemistry 75 (9), 1377-1379 (2001).

(1)

(77)  Isomerization of DNA-bound distilbazolium ligand induced by electron transfer from photoexcited
tris(1,10-phenanthroline)Ru(Il), B. Juskowiak, A. Dominiak, S. Takenaka, M. Takagi, Photochemistry and
Photobiology, 74, 391-400 (2001). (1]

(78)  Visualization of DNA microarrays by scanning electrochemical microscopy (SECM), K. Yamashita, M.
Takagi, K. Uchida, H. Kondo, S. Takenaka, Analyst 126 (8), 1210-1211 (2001). (3]

(79)  Electrochemical array (ECA) as an integrated multi-electrode DNA sensor, H. Miyahara, K. Yamashita,
M. Takagi, H. Kondo, S. Takenaka, Trans. IEE of Japan, 121-E, 187-191 (2001). (3]

(80)  Base mutation analysis by a ferrocenyl naphthalene diimide derivative, S. Takenaka, H. Miyahara, K.
Yamashita, M. Takagi, H. Kondo, Nucleosides, Nucleotides and Nucleic Acids 20 (4-7), 1429-1432 (2001).

(3]

(81)  Ferrocenyl naphthalene diimide can bind to DNA - RNA hetero duplex: potential use in an
electrochemical detection of mRNA expression, S. Sato, S. Fujii, K. Yamashita, M. Takagi, H. Kondo, S.
Takenaka, Journal of Organometallic Chemistry 637-639, pp. 476-483 (2001). [F)

(82)  Analysis of the Complex of Oligonucleotide Duplexes with Ligands by MALDI-TOF Mass
Spectroscopy, K. Yamashita, S. Sato, H. Takamiya, M. Takagi, S. Takenaka, Chemistry Letters 2001 (7), 680-
681(2001). ()

(83)  Light-to-Electric Conversion as a New Method for DNA Duplex Detection, S. Nakamura, A. Shibta, S.
Takenaka, M. Takagi, Analytical Sciences, 17 supplement, i431-i432 (2001). (1%

(84)  Detection of DNA Hybridization by Use of a New Lanthanide Fluorescent Intercalator That Specifically
Binds to Double-Stranded DNA, T. Nojima, Y. Kondoh, S. Takenaka, T. Ichihara, M. Takagi, H. Tashiro, K.
Matumoto, Analytical Sciences, 17 supplement, 11449-11450 (2001). (1%)

(85)  MALDI-TOF Mass Spectroscopic Analysis of the Complexes of Oligonucleotide Duplex with Acridine
Derivatives, K. Yamashita, M. Takagi, S. Takenaka, Analytical Sciences, 17 supplement, a33-a35 (2001).

(3]

(86)  Tris(1,10-phenanthroline)ruthenium(II) Induced Isomerization of Stilbazolium Ligands Switched on by
DNA, B. Juskowiak, M. Chudak, A. Dominiak, M. Sato, S. Takenaka, M. Takagi, Analytical Sciences, 17
supplement, a187-a190 (2001). (1)

(87)  DNA binding behavior of peptides carrying acridinyl units: First example of effective poly-intercalation,
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H. Ueyama, M. Takagi, M. Waki, S. Takenaka, Nucleic Acid Research Supplement 1, 163-164 (2001). [=£]

(88)  Linker chain effect of ferrocenyl naphathelene diimide on a double stranded DNA preference, S. Sato, H.
Takamiya, K. Yamashita, M. Takagi, H. Kondo, S. Takenaka, Nucleic Acid Research Supplement 1,269-270
(2001). (3]

(89)  Detection of DNA hybridization by use of a lanthanide fluorescent intercalator that specifically binds to
double stranded DNA, T. Nojima, Y. Kondoh, S. Takenaka, T. Ichihara, M. Takagi, H. Tashiro, K. Matumoto,
Nucleic Acid Research Supplement 1, 105-106 (2001). (1]

(90)  Fluorescence energy transfer study of interstrand DNA cross-linking caused by rigid bisintercalator, B.
Juskowiak, E. Galezowska, T. Ichihara, S. Takenaka, M. Takagi, K. Yoshikawa, Supramolecular Chemistry
14 (6), 477-485 (2002). (1)

(91)  Electrochemical detection of nucleic base mismatches with ferrocenyl naphthalene diimide, K.
Yamashita, M. Takagi, H. Kondo, S. Takenaka, Analytical Biochemistry 306 (2), 188-196 (2002). [=]

(92)  Tetrakis-acridinyl peptide: A novel fluorometric reagent for nucleic acid analysis based on the
fluorescence dequenching upon DNA binding, H. Ueyama, M. Takagi, S. Takenaka, Analyst, 127 (7), 886-
888 (2002). ()

(93)  Electrochemical detection of charged peptides immobilized on a gold electrode surface, H. Wada, H.
Ueyama, M. Waki, S. Takenaka, M. Takagi, Bunseki Kagaku, 51 (10), pp. 911-914 (2002). (1#)

(94)  Electrochemical analysis of single nucleotide polymorphisms of p53 gene, H. Miyahara, K. Yamashita,
M. Kanai, K. Uchida, M. Takagi, H. Kondo, S. Takenaka, Talanta, 56 (5), 829-835 (2002). (3]

(95)  Base-pair mapping by chemical force microscopy on nucleobase self-assembled monolayers, K. 1Jiro, H.
Sunami, K. Arai, J. Matumoto, O. Karthaus, S. Kraemer, S. Mittle, N. Nishi, B. Juskowiak, S. Takenaka, W.
Knoll, M. Shimomura, Colloids and Surfaces A: Physicochemical and Engineering Aspects 198-200, 677-682
(2002). (%)

(96)  An anthracene derivative carrying ferrocenyl moieties at its 9 and 10 positions as a new electrochemically
active threading intercalator, S. Takenaka, K. Ohtuka, H. Miyahara, T. Nojima, M. Takagi, Nucleic Acids
Research Supplement 2, 291-292 (2002). (3]

(97)  Synthesis of adamantly naphthalene diimide and its interaction with double stranded DNA, Sato, S.,
Nojima, T., Takagi, M., Kondo, H., S. Takenaka, Nucleic Acids Research Supplement 2, 213-214 (2002).

G

(98)  Molecular dynamics investigation of the double stranded oligonucleotide d(AT)sd(AT)s, S. Fujii, N.
Okimoto, T. Ebisuzaki, T. Nojima, M. Takagi, S. Takenaka, Nucleic Acids Research Supplement 2, 175-176
(2002). (3]

(99)  Potassium sensing oligonucleotide, PSO, based on DNA tetraplex formation, T. Nojima, H. Ueyama, M.
Takagi, S. Takenaka, Nucleic Acids Research Supplement 2, 125-126 (2002). [=£]

(100) Binding of threading intercalator to nucleic acids: Thermodynamic analysis, H. Torigoe, S. Sato, K.
Yamashita, S. Okiba, T. Imanishi, S. Takenaka, Nucleic Acids Research Supplement 2, 55-56 (2002). [=£]

(101)  Ferrocenylnaphthalene diimide-based electrochemical hybridization assay for heterozygote deficiency of

the lipoprotein lipase gene, K. Yamashita, A. Takagi, M. Takagi, H. Kondo, Y. Ikeda, S. Takenaka,
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Bioconjugate Chemistry, 13 (6), 1193-1199 (2002). (3]
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1) 2008.5.23-24 The first Japan—Korea joint symposium on Bio—microsensing Technology (lst JKBT)
2) 2009. 1.9 TS v 7 A7V R YT A - il TREEEO BIET AR OE (Q0L) Ofh Lk

3) 2009.11.13 The Second Japan—Korea joint symposium on Bio—microsensing Technology (2nd JKBT)

4) 2010.12.3 The Third Japan—Korea joint symposium on Bio—microsensing Technology (3rd JKBT)

5) 2011.10. 28 The Fourth Japan—Korea joint symposium on Bio—microsensing Technology (4th JKBT)

6) 2011. 11. 12 JUM IR L UM R R A I 1T 5 o Lt 88 3 A RE i RABEE THF &
T TR ARIEY |

7) 2012.10.26 The Fifth Japan—Korea joint symposium on Bio—microsensing Technology (5th JKBT)-
Future Technology in Medical & Dental Area-—

8) 2013.11.7-9 ISNM 2013 - 7th International Symposium on Nanomedicine, Kitakyushu, November 2013
9) 2013.11.9 The Sixth Japan—Korea joint symposium on Bio-microsensing Technology (6th JKBT) as
Japan—Korea Special Session for Bionano—sensing Technology in 7th ISNM

10) 2014.11.5-7 25 41 [RIEESEERR L2 > AR Y © A (ISNAC 2014 The 41th International Symposium on
Nucleic Acids Chemistry 2014)

11) 2014.11.5-7 The Seventh Japan—Korea Joint Symposium on Bio—microsensing Technology—Japan (7th
JKBT) -Korea Special Session for DNA sensor & the related technologies in 41st ISNAC 2014-

12) 2015.6.11-12 First Asian Symposium on Chemistry—based Biotechnology (I1st ASCBC) in Kitakyushu
as joint bid with the Eighth Japan—Korea Joint Symposium on Bio—microsensing Technology (8th JKBT)
13) 2016.6.14-16 F/ P25 14 BIRS

14) 2016.6.16 Asian Workshop of Cutting Edge in Nano Technology in the 14th Annual Meeting of the
Society of Nano Science and Technology as joint bid with the Nineth Japan—-Korea Joint Symposium on
Bio—microsensing Technology (9th JKBT)

15) 2016.7.2 %5 53 YL FREE SR A RN RS

16) 2016. 11. 18  SyHTLFR USRS 60 JH 43

17) 2017.11.19-21 The Tenth Japan-Korea Joint Symposium on Bio—microsensing Technology 10th
Anniversary memorial Symposium (10th JKBT)

18) 2018.11.11-13 The 1st Asian workshop on Electrochemical Biosensor, The Eleventh Japan—Korea
Joint Symposium on Bio—microsensing Technology, On the occasion of retirement of Professor Yoon—Bo
Shim of Busan National University, RCBT today and where to go (11th JKBT)

19) 2019. 5. 18-19 % 79 RIHH{b it

20) 2019.5.18-19 The 2nd Asian Symposium on Cutting—edge Biotechnology and Chemistry (2nd ASCBC)
The Twelfth Japan—Korea Joint Symposium on Bio—microsensing Technology, On the occasion of the 60th
birthday of Professor Shigeori Takenaka of Kyushu Institute of Technology (12 th JKBT)

21) 2021.1.20 13th JKBT:Asian Workshop against Coronavirus Disease

22) 2021.12.9-10 The 2nd Japan and Korea joint meeting on research development of chemistry, The
Fourteenth Japan—Korea Joint Symposium on Bio—microsensing Technology (14th JKBT)

23) 2022.12.12 Mini-Symposium on Molecular Tools for Understanding Intercellular Reactions, The
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Fifteenth Japan—-Korea Joint Symposium on Bio—microsensing Technology (15th JKBT)

24) 2022.3.6 The Sixteenth Japan—Korea Joint Symposium on Bio—microsensing Technology (16th JKBT)
25) 2024.1.9 Workshop on Understanding and applying Life, The Seventeenth Japan—Korea Joint
Symposium on Bio—microsensing Technology (17th JKBT)

26) 2025.3.20 Next-generation biotechnology in an era of dramatic change, The Eighteenth Japan-

Korea Joint Symposium on Bio-microsensing Technology (18th JKBT)
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MEMEHBRMREL T3 ECA (Electrochemical Array) F v 7%
Xanthon ¥t () & Motorola Clinical Micro Sensors #t () »ERL T
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Abstract

Naphthalene diimide (NDI) is an electron-deficient, robust, and planar molecule. These characteristics make it highly
applicable to electronic devices that take advantage of their electric character, for imide group-based supramolecular
materials that utilize hydrogen bonding, or for sensing materials with a combination of functional groups. Water-soluble NDI
binds to a DNA duplex via the threading intercalation mode. Such NDI has enabled the development of unique DNA
analytical techniques, functional DNA polymers, and supramolecular polymers. A ferrocene-containing NDI, possessing
electrochemically active sites, has been applied to an electrochemical gene detection system and utilized in the precision
analysis of genes and single nucleotide polymorphisms. Recently, a DNA quadruplex was identified as one of the
noncanonical DNA structures formed by a guanine quartet (G4). The latter serves as one of the control units of gene
expression and is associated with cancer development. A stable complex was formed between electron-deficient NDI and the
electron-rich G4 planes. Since the G4 stabilizer is recognized as an anticancer agent with relatively few side effects, NDI
derivatives may serve as potential candidates for anticancer therapeutics or for designing a unique cancer-detection system.

Introduction

Naphthalene diimide (NDI, Fig. 1a) is a thermally stable,
robust, and electron-deficient aromatic planar molecule that
shows reversible reduction and oxidation (redox) reactions.
NDI has been utilized as a flexible display for an n-type
semiconducting material, field effect transistor, or solar
energy converter by using its photoinduced electron transfer
character [1-3]. Supramolecular formation and its applica-
tions using imide moieties take advantage of hydrogen
bonding, the n-stacking ability of the aromatic plane, van
der Waals interactions, or their combinations [1-3]. Water-
soluble NDI is known to bind to the DNA duplex with the
help of threading intercalation, wherein NDI inserts
between adjacent base pairs [4]. The core part of the DNA
duplex forms hydrophobic base pairs, and unwinding of this
duplex creates space to accept the aromatic moiety. During
intercalation, one of the substituents connected to the amide
parts of NDI passes through the adjunct base pairs, and the
two NDI substituents project forward from the major and
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minor grooves. The term “threading intercalation” is
derived from such a binding process [5]. These substituents
act as anchors and stabilize the NDI-DNA duplex complex.
DNA analysis has been performed to achieve supramole-
cular DNA polymers owing to their unique binding manner
[2]. Recently, DNA quadruplexes have been identified as a
noncanonical DNA structure formed by a guanine (G)-
quartet and are one of the control units associated with
cancer progression. The G-quartet structure is found on
telomere DNA at the termini of chromosomes or on the
regulatory parts of tumor-associated genes, thus gaining
popularity among anticancer therapeutics [6]. The G-quartet
structure in DNA is formed by consecutive folding of four
Gs via hydrogen bonding [7]. Guanine has the lowest oxi-
dation potential and is easy to oxidize; it accepts one
electron from NDI, and thus, charge transfer is expected
between NDI and G-quartet planes to form a stable complex
in this interaction [8]. This review briefly focuses on
research conducted on the interaction between NDI and
DNA quartets so far. Tables 1 and 2 show the functiona-
lized NDI derivatives developed by Takenaka’s group along
with some physical data.

Characteristics of NDI

NDI is a robust electron-deficient planar molecule with
reversible redox activity. It has D, point group symmetry

SPRINGER NATURE
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and exhibits electronic transition dipoles along its long and
short axes [9]. The electronic transition at 300—400 nm
(band I) along the long axis and the electronic transition at
200-250 nm (band II) along the short axis are due to the
n—m* transition of So—S;. Figure 1b shows the typical
spectral pattern of NDI, with absorption and emission
maxima at 383 and 390 nm, respectively. The Stokes shift
of this spectrum is 7 nm, and its fluorescence lifetime is 20
ps [10]. The one-electron reductant shows emission at 473
nm [9]. NDI with R-alkyl moieties exhibits intermolecular
stacking and aggregate formation in crystal or apolar sol-
vent states, where broad absorption is observed over 400 nm
(Fig. 1c) [11]. Figure 1d shows the expected cyclic and
differential pulse voltammograms of NDI; the molecule
accepts one electron each at redox potentials of approxi-
mately —0.76 and —1.00 V [12]. This reduction is rever-
sible, and this property is exploited for free-electron
carrying to permit functioning in n-type semiconducting
materials [1, 2].

Interaction of NDI with DNA duplex

NDI, possessing dimethylaminoethyl moieties on its imido
groups, (NDI-DM) dissolves in neutral buffer, where it
behaves as a divalent cation [4]. This molecule disperses in
its monomer form at the micromolar level. NDI-DM shows
an absorption maximum at 383 nm (Fig. 2a and Fig. 1a),
and a large hypochromic effect and small redshift are
observed upon the addition of sonicated calf thymus DNA,
with an isosbestic point (Fig. 2a). The redshift is derived
from exciton interaction, e.g., two chromophores between
NDI-DM and nucleic base pairs show stacking interactions,
and two energy levels are formed by Davydov splitting. The
lower energy level becomes an allowed transition, and thus,
the absorption peak shifts towards longer wavelengths.
Additionally, NDI-DM and nucleic base pairs are stacked
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with each other, they are neutralized, and the sum of tran-
sition moments becomes diminished. Since its square is
correlated with the oscillator strength (absorption intensity),
a hypochromic effect is observed in this system. The
threading intercalation mode of NDI-DM with the DNA
duplex is shown in Fig. 2c, d, which is in agreement with
the spectral behavior. Threading intercalation of NDI was
demonstrated with cyclic bis-NDI by Iverson’s group [13].
The binding behavior of the NDI-DM with a DNA duplex
was analyzed by evaluating the spectral change of NDI
chromophore upon addition of the DNA duplex. The iso-
sbestic point indicated the existence of only two states
between the unbound and bound forms (Fig. 2a). The
absorption change at a specific wavelength upon the addi-
tion of DNA gives a binding ratio under various DNA
concentrations (binding affinity, K, and binding site size, n,
which means how many base pairs are bound to a single
molecule of NDI) and is obtained with this spectral change
by Scatchard analysis using McGhee and von Hippel the-
ory, as shown in the following equation [14].

Y k(- m) (1_1(—7_1))

Here, n is the maximum number of NDI molecules
bound to dsDNA per base pair, ¢ is the free NDI con-
centration, K is the observed binding constant, and v
represents the moles of NDI bound per base pair. McGhee
and von Hippel also developed the equation under coop-
erative interaction including the cooperative parameter @
[14]. The concentration of sonicated calf thymus polymeric
DNA was estimated per base pair. Ordinary NDI derivatives
have a binding constant on the order of ~10° M’l, and n is
two, which is in agreement with the excluded-site model
[5]. The binding constant was also determined using the
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Fig. 2 (a) Chemical structure of NDI bearing dimethylaminoethyl
moieties, NDI-DM, and its electron transition spectra upon addition of
sonicated calf thymus DNA (from upper to lower panels) and (b)
circular dichroism (CD) spectra of sonicated calf thymus DNA in the
absence or presence of the NDI-DM. Side view (c¢) and top view (d) of
the molecular modeling of the DNA duplex- NDI-DM complex
showing the threading mode of intercalation

isothermal iteration calorimetric (ITC) technique because of
the heat change observed after the interaction between NDI
derivatives and DNA [15].

The kinetics of the threading intercalation of the NDI-
DM-DNA duplex are measured as the absorption change of
stopped-flow instruments, implying a slow process com-
pared with the classical intercalating agent ethidium bro-
mide. It is known that the association and dissociation rate
constants are k,=10°M's™! and k4=0.1s"", respec-
tively; thus, the binding constant obtained from K = k,/k; =
10°M! is in agreement with the value from Scatchard
analysis [5]. The binding of NDI-DM to the AT polymer
DNA poly[d(A-T)], is relatively slower than that seen in the
GC polymer DNA poly[d(G-C)],. In contrast, the dis-
sociation of NDI-DM from poly[d(G-C)], is slower than
that from poly[d(A-T)], and gives a similar binding affinity
between AT and GC polymers, resulting in no nucleic base
selectivity [5].

The DNA duplex is a chiral polymer known to generate
negative and positive Cotton effects at 240 and 260 nm,
respectively, as recorded in the circular dichroism (CD)
spectra. After being bound to the DNA duplex with
threading intercalation, NDI-DM shows a negative CD
signal at ~383 nm, even in achiral molecules (induced CD,
Fig. 2b). This signal is due to stereochemical constraints
under the chiral environment of the DNA duplex [4].

The threading intercalation of NDI-DM with the DNA
duplex also causes unwinding of the DNA helix. This
behavior was demonstrated by an unwinding experiment
using supercoiled plasmid DNA, and the unwinding angle is
14° with an ordinary intercalator such as acridine [16].

Ferrocenyl naphthalene diimide (FND) derivatives

A series of NDI derivatives bearing ferrocene moieties at the
substitution termini of the amido groups (FND1-8) was
synthesized by Takenaka’s group (Fig. 3a) [17]. These deri-
vatives were observed to bind to a DNA duplex with a
binding constant of 10°~10°M~!. While FNDs have no
nucleic base selectivity, they have a higher preference for
DNA duplexes over single-stranded DNA. Takenaka’s group
has developed an electrochemical gene detection technique
that exploits FND coupled with a DNA probe-immobilized
electrode [17]. This concept is shown in Fig. 3b: (i) The DNA
probe (DNA fragment containing a sequence complementary
to the DNA of interest) is immobilized on the electrode. (ii) In
the next step of hybridization, the electrode is dipped into a
solution containing a mixture of DNA fragments extracted
from the sample and is heated and subsequently cooled
slowly. When target DNA is present in this sample, a DNA
duplex is formed with the DNA probe on the electrode. This
electrode generates a potential in the electrode containing
FND, and a redox current is observed. A redox peak based on
ferrocene is observed in cyclic or differential pulse voltam-
mograms. Since the intensity of the peak current depends on
the amount of DNA duplex, the amount of target DNA in the
sample is indirectly used to estimate this intensity. One FND
molecule binds to the DNA duplex per two base pairs, and the
increased DNA duplex formation drives the current, resulting
in subpicomolar concentration detection. Takenaka’s group
measured the current before hybridization and estimated the
amount of DNA immobilized on the electrode. Since FND
behaves as a divalent cation in an acidic electrolyte and DNA
is a polyanion, the current obtained here is expected to cor-
relate with the amount of DNA immobilized at the electrode,
and these values could be used as a nominalization of the
individual DNA-immobilized electrode. Thus, one can esti-
mate the amount of hybridized DNA per amount of DNA
probe immobilized at an individual electrode. Takenaka’s
group has reported electrochemical gene detection as an
application of the FND-based electrochemical hybridization
assay [18-25].

In particular, since FND intercalates adjacent base pairs
of the DNA duplex, it does not bind to mismatched base
pair sites or within the neighborhood owing to steric
constraints [18]. Mismatched bases such as single
nucleotide polymorphism (SNP) are employed for detec-
tion using this system. This system not only permits
simple mismatched DNA detection but also allows dis-
crimination between heterozygous and homozygous con-
ditions [19-21, 23]. With this system, SNPs of the
lipoprotein lipase gene were successfully detected, with
discrimination of heterozygous and homozygous states
[19, 20]. This system has also been applied to multi-
electrodes as an electrochemical DNA chip [26].
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Fig. 3 Concept of the
electrochemical hybridization
assay using FND1-8, as shown

in Table 1 £
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Fig. 4 Electrochemical DNA detection based on supramolecular for-
mation: (a) Stabilization of the FND7-DNA duplex complex with p-
cyclodextrin (f-CD), (b) collapse of the f-CD-FND2 complex after
threading intercalation, (¢) complex formation of the DNA duplex with
adamantyl NDI (NDI-Ad) and subsequently with ferrocenyl

FNC1

Takenaka’s group synthesized FND derivatives posses-
sing variable linker lengths and/or connecting parts of
ferrocene (Fig. 3a) [27]. The redox potential of FND
varies depending upon the electron-donating or electron-
withdrawing character of the part connecting to ferrocene;
the strong electron-donating character of FND causes its
redox peak to appear at a more negative potential. Fur-
thermore, an NDI derivative bearing four ferrocene
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cyclodextrin (Fe-p-CD), and (d) electrochemical detection of the DNA
duplex with FND bearing p-CD (FNC1) under homogenous medium
(collapse of the intramolecular inclusion complex of FNCI after its
DNA duplex binding)

moieties, FNDS8 (Table 1), was synthesized, with possible
applications to electrochemical gene detection [28].

Supramolecular gene detection combined with NDI,
ferrocene, and/or B-cyclodextrin

p-Cyclodextrin (f-CD) is a hydrophobic molecule bearing
lipophilic pockets and can include lipophilic molecules of a
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suitable size, such as ferrocene or adamantane. The complex
formation constant of -CD with ferrocene is 10> M~!. FND
binds to the DNA duplex via threading intercalation, and
thus, the ferrocene groups of FND are located on the major
and minor grooves of the duplex. When B-CD caps these
ferrocene moieties on the DNA grooves, further stabiliza-
tion of the FND-DNA duplex complex is expected. This
behavior was achieved by FND7, which bore a relatively
short linker chain (Table 1 and Fig. 4a) [29]. Since the
ferrocene unit of FND is hard to oxidize when included
within f-CD, diminished and positively shifted peak cur-
rents were observed. An improved detection limit was
achieved by this stabilized complex despite the dis-
advantage in the electrochemical detection system. On the
other hand, it is known that -CD includes adamantane with
a higher complex formation constant (10* M) than that of
ferrocene. Therefore, ferrocenyl B-CD (Fe-B-CD) can
include adamantane, and its ferrocene group protrudes after
coupling with adamantane. Based on this behavior, NDI
derivatives bearing adamantane, i.e., NDI-Ad, were

Immobilization of bare DNA duplex with NDI bearing thiol units,
NDI-SH (molecular stapler)

synthesized. A novel electrochemical DNA detection sys-
tem was constructed with NDI-Ad and Fe-p-CD. Target
DNA was allowed to hybridize with the DNA probe, and
NDI-Ad bound to the DNA hybrid region and the subse-
quently capped adamantane moieties with Fe-$-CD. In this
process, the ferrocene part of Fe-f-CD protruded after
including NDI-Ad bound to the DNA duplex region,
resulting in the generation of an electrochemical signal from
the ferrocene group (Table 1 and Fig. 4c). When this pro-
cess was performed at the electrode, a new electrochemical
gene detection strategy was achieved [30].

Interestingly, FND2 bearing linker chains was included
within B-CD. However, B-CD protruded upon binding of
FND2 with the DNA duplex. This behavior resulted in an
increased current with a shift to negative potentials and
allowed electrochemical discrimination between the duplex
and single-stranded DNA under homogenous media con-
ditions. Homogenous electrochemical detection of the DNA
duplex was achieved by voltage shift as an index (Table 1
and Fig. 4b). Finally, electrochemical real-time PCR was
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carried out using this system as an example of the period-
ontal disease bacterium Porphyromonas gingivalis, and the
detection limit of this system was 2.7 nM, with signal lin-
earity from a lower PCR cycle number than that in the case
of ordinary PCR using SYBR Green [31]. Electrochemical
gene detection may be achieved by a system where intra-
molecular inclusion of the B-CD-ferrocene complex col-
lapses after DNA duplex binding. An NDI derivative
bearing ferrocene and PB-CD, FNCI1, was synthesized to
implement this idea [32]. The intramolecular inclusion
complex of ferrocene with a p-CD group was observed, and
compared to that of ferrocene alone, the redox current of
FNCI1 decreased, with a positive potential shift (Table 1 and
Fig. 4d). FNC1 exhibited a reduced binding affinity of 10°
M~ ! with n =2, driven by DNA binding after collapse of
the intramolecular complex. Thus, signal-on -electro-
chemical detection of PCR products, which have the
potential for greatly improved sensitivity because of zero
background signal, was achieved under a homogeneous
electrolyte.

NDI bearing a dicobalt hexacarbonyl complex at the
substituent termini

NDI binds to the DNA duplex via a threading intercalation
mode and forms a stable complex. FND binds to the DNA
duplex every two base pairs and can be regarded as a one-
dimensional ferrocene array that traces the DNA duplex. On
these grounds, NDI provides a tool to sequentially arrange a
variety of functional molecules on a one-dimensional DNA
duplex. The complex dicobalt hexacarbonyl is known to be
stable in water and is an infrared (IR)-active compound,
showing typical absorption at 2100-2020 cm ', which does
not overlap with the IR absorption for any living organism.
Thus, a DNA duplex can enable the IR absorption intensity
to be detected using this derivative. Takenaka’s group
synthesized NDI bearing a dicobalt hexacarbonyl complex
at the substituent termini, NDI-Co (Table 2) [33]. This NDI
derivative had a binding constant order of 10° M ™!, with a
site size of 2. Fourier transform infrared reflection-
absorption spectroscopyof the DNA probe-immobilized
gold surface was performed before and after hybridization
with sample DNA. The IR absorption intensity at
2100-2020 cm™' was increased as the amount of target
DNA increased [3]. Since this IR absorption is silent in
living cells, this system can be applied to IR imaging of
DNA duplexes in vivo.

DNA nanowire and DNA rod using NDI
In the use of NDI bearing glucose as the reducing sugar

(NDI-DS), glucose is unidimensionally arranged on the
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DNA duplex surface. NDI-DS has a binding constant of
10°M~! (n=2), and since the DNA duplex bound to
NDI-DS is treated by Tollens’ reagent, silver nanowires
should form a DNA duplex template (Table 2 and Fig. 5a)
and be converted to gold nanowires [34]. DNA functions
as a bridge between the two electrodes using a micro-
fluidic system, and nanowires can be formed using Tol-
lens’ reagent. Since NDI-DS does not form a stable
complex with single-stranded DNA, only the DNA duplex
is expected to convert to the nanowire. Yasuda et al.
achieved a nuclease detection system  using
microelectrode-bridged single-stranded DNA with DNA
duplex control and subsequent nanowire formation [35].
FNC2 bound to the DNA duplex with a binding constant
of 10°M ™!, binding site size of 4, and positive coopera-
tive binding (the cooperativity parameter is 14). AFM
measurement of linear plasmid DNA recorded rod-shaped
DNA or nanorods after treatment with FNC2 (Table 1
and Fig. 5b). This outcome might have been driven by
the intermolecular inclusion of ferrocene within B-CD
of FNC2 bound to the DNA duplex every four base
pairs [36].

Immobilization of the DNA duplex by NDI as a
molecular staple

Thiol or disulfide adsorbs to bare gold surfaces to form a
strong bond in the process of chemisorption. DNA
immobilization on a gold electrode has been carried out
between the thiolated oligonucleotide and the pretreated
gold surface. This behavior has been analyzed in detail by
Steel and Tarov [37]. NDI bearing dithiolane or thiol
moieties at the substituent termini (Table 2) binds to the
DNA duplex via threading intercalation mode, where it is
projected outwards from its major and minor grooves.
When the gold surface was treated with this complex, both
dithiolane or thiol moieties were bound to the gold sur-
face, and the DNA duplex was also immobilized topolo-
gically, where the DNA duplex was not immobilized
directly. On the other hand, the DNA duplex was fixed on
the surface to be stapled on the gold surface, as shown in
Fig. 5c. The use of NDI-SH should support the general
method to immobilize bare DNA duplexes on a sold
surface. The DNA probe connected to the DNA duplex
region was immobilized on the gold electrode, and the
target DNA was detected by the DNA probe part using an
FND-based hybridization assay [38, 39]. Using a longer
DNA duplex region to be immobilized on the gold elec-
trodes gives a greater number of immobilization sites (a
large number of NDI-SH sites are concentrated in the
DNA duplex region) and helps to achieve robust DNA
immobilization.
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tetraplex from an X-ray crystal structure reported by Neidle’s group [42]

DNA quadruplex detection by NDI derivatives

DNA fragments containing guanine (G) contiguous
sequences form quadruplexes through the G-quartet
(Fig. 6a) plane via hydrogen bonding of four guanine
bases. This phenomenon has been observed at the telomere
repeating sequence of the chromosomal termini (TTAGGG
repeating sequence in the case of humans) [40]. Different
structures of quadruplex DNA are shown in Fig. 6b; the
hybrid type quartet exists in the human telomere DNA
tetraplex [40]. Recently, such a structure was observed at
the promoter region of the cancer gene. The stabilization of
such structures is anticipated to be effective as a novel
cancer treatment strategy [41]. Since NDI is an electron-
deficient aromatic molecule and the G-quartet provides an
electron-rich aromatic plane, a stable stacking interaction is
observed between these molecules. Thus, NDI is expected
to be an effective ligand for the DNA tetraplex, and many
reports support this theory [42]. The expected stacking
interaction manner is demonstrated by an X-ray crystal
structure of the DNA tetraplex and NDI derivative bearing
the four substituents (Fig. 6d) [43]. FND binds to the DNA
tetraplex with high affinity, facilitating electrochemical
detection of the DNA tetraplex. Electrochemical telomerase

TS primer
Telomerase

‘-SJ
K+

Fig. 7 Principle of the electrochemical telomerase assay (ECTA)
using FND

assays were conducted with elongated telomeric DNA using
FND7 (Table 1) [44, 45]. Takenaka’s group tested all FND
derivatives suitable for the electrochemical telomerase
assay, and FND3 was revealed to be the most effective
probe in this system. Since cancer cells harbor telomerase
activity, cancer diagnosis is possible using this electro-
chemical telomerase assay. The principle of this system is
shown in Fig. 7. A TS (telomerase substrate)-primer is
immobilized on the electrode through Au-S chemisorption.
The protein fraction extracted from the sample cell is
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cNDI

Fig. 8 Chemical structure of the tetra- or trisubstituted (a) MM41 or
(b) CM03 with its DNA quadruplex model [47] (c) Typical example
of ¢NDI with its DNA quadruplex model (d). Chemical structure of
the ¢cNDI dimer with the expected recognition of the G-quadruplex
cluster. Water-soluble Naphthalene diimide (NDI) binds to the DNA
duplex via threading intercalation mode. This has provided unique
DNA analytical techniques, functional DNA polymers, and

dropped on this sensor electrode. When this fraction pos-
sesses telomerase activity, the TS primer elongates on the
electrode. The electrochemical measurement of the elec-
trode was measured in an electrolyte containing KCl and
FND3, where the elongated DNA formed the DNA tetra-
plex. FND3 was bound to the DNA tetraplex, and FND3
was concentrated on the electrode. The current increased
with an increase in the amount of FND3, amount of DNA
tetraplex formation, or telomerase activity mass. Oral cancer
diagnosis employing this technique has been accomplished
as collaborative research with Kyushu Dental University
[46, 47].

Furthermore, NDI bearing two substituents binds to the
DNA duplex with threading intercalation and requires dis-
crimination between the DNA duplex and DNA tetraplex.
Neidle’s group synthesized NDI derivatives bearing tri-
(CMO03) or tetra-substituents (MM41) that showed
improved preference for the DNA tetraplex (Fig. 8a, b) [48].
This result can be ascribed to the inhibition of DNA duplex
binding in the presence of steric hindrance due to additional
substituent(s) and to the anchoring of substituents located at
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supramolecular polymers. Especially the ferrocene-containing NDIs,
having electrochemically active sites, has been applied to an electro-
chemical gene detection system and also utilized in the precision
analysis of genes and single nucleotide polymorphisms. Recently, NDI
derivatives have been recognizing as potential candidate for anticancer
therapeutics and for designing a unique cancer-detection system

the four grooves of the DNA tetraplex. Neidle’s group also
demonstrated that trisubstituted NDI, CMO03, is effective for
the detection of pancreatic ductal adenocarcinoma [48].
Takenaka’s group synthesized tetrasubstituted NDI, tFNDI1,
and tFND2 (Table 1 and Fig. 3a), which exhibited increased
preference for the DNA tetraplex over duplex and were
applied to the electrochemical telomerase assay [49].
Enhancing the preference for DNA tetraplex was
achieved with cyclic NDI, ¢NDI (Table 1 and Fig. 8c) [50].
The ¢NDI derivative was synthesized by linkage between
the two substituents from the amide parts of NDI, as shown
in Table 2, and it inhibits the threading intercalation for the
DNA duplex with the linkage chain, whereas ¢cNDI binds to
the DNA tetraplex through the stacking G4-tetraplex
interaction. On the other hand, ¢cNDI leads to an observed
DNA tetraplex preference by binding to the DNA tetraplex
with similar binding affinity for noncyclic NDI, but ¢cNDI
only diminishes the binding affinity for the DNA duplex.
This strategy has been extended to perylene diimide (PDI),
which shows a higher preference for the DNA quadruplex
[51]. To estimate the binding parameters of cNDI for the
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DNA tetraplex and duplex, spectroscopic titration and
Scatchard analysis were carried out. ¢cNDI had an absorp-
tion maximum at 383 nm, and large hypochromic and small
redshifts were observed upon addition of the DNA tetra-
plex. The binding constant and binding number values were
estimated to be 10°M ™! and 2, respectively, and were in
agreement with those for the DNA duplex. This result
indicates that the effect of the NDI linker chain is not
dominant for DNA tetraplex binding. In contrast, the
absorption spectra of ¢NDI displayed only a small decrease
in absorption intensity. Here, although hard to estimate, the
binding affinity constant was roughly estimated to be on the
order of 10*M ™! by Benesi-Hildebrand analysis. To obtain
binding affinity parameters for the DNA tetraplex and
duplex more precisely, the ITC technique was applied in
this system. Consequently, the observed binding affinity for
the DNA tetraplex was similar to that achieved by Scatchard
analysis. However, a significant heat change was not
achieved for the DNA duplex. These results suggested that
the selectivity for the DNA tetraplex was 100 times higher
than that for the DNA duplex. The binding site size in the
binding of ¢NDI with the DNA tetraplex was two, indi-
cating that ¢cNDI bound to the DNA tetraplex from the
upper and lower sites. The introduction of ferrocene to
c¢NDI was expected to facilitate electrochemical DNA tet-
raplex detection. Takenaka’s group synthesized cFND
(Table 1, Fig. 3a) and demonstrated an improved preference
for the DNA tetraplex, with a binding constant on the order
of 10°M~!, and successfully achieved electrochemical
detection of the DNA tetraplex [52].

Recently, the significance of high-level gene regulation
was revealed by a cluster similar to a telomere G4 repeat in
the chromosomal DNA tetraplex. Specific ligands for DNA
tetraplex clusters are important for regulating or analyzing
such G4 cluster regions (Table 2). Takenaka’s group also
synthesized ¢NDI dimer bearing varied linker lengths,
which are expected to stabilize such DNA quadruplex
clusters (Table 2, Fig. 8d) [53].

Conclusion

In this review, water-soluble NDI derivatives were dis-
cussed in the context of their DNA binding behavior and
functions. These techniques enable electrochemical
detection or IR analysis. With these NDI derivatives,
DNA nanowires or DNA nanorods were prepared as
examples of functionalized DNA duplexes. Recently, it
has been shown that NDI derivatives are good candidates
for functionalized ligands for DNA tetraplexes. The
application of NDIs will enable the use of DNA tetra-
plexes as analytical tools or approaches that are based on
telomerase activity or cancer diagnosis using drugs with

fewer side effects. Although NDI molecules have been
studied in the past in the context of electronic materials or
light conversion materials, the future foresees their use in
the field of biotechnology.
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