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The interest for the functionalization of oligoneotides with organic molecules has grown

considerably over the last decade. In this work,regort on the synthesis and characterizatio:.
of porphyrin-oligonucleotide hybrids containing otefour DNA strands (PP,). The hybrid

P4, which

inserts one porphyrin and four DNA fragngntwas combined with gold

nanoparticles and imaged by transmission electramascopy.

I ntroduction

The main aim of nanotechnology is the fabricatibfuactional
systems by controlling matter at the nanometerttesgale (1-
100 nanometers). This approach implies to studylertstand
and develop nanomanipulation technologies whichblenthe
design and production of well-defined structures the
nanoscale level. Indeed, it is well accepted tlaatventional
“top-down” approach will face experimental diffitigs. At this
scale self-assembly, and more generally,
approaches appear to be a more reasonable waysémble
nano-objects into a well-defined two- or three-disienal (2-
or 3-D) layout. Among the new methodologies based
bottom-up approaches, bio-directed assembly of todupects is
among the most promising ones. Indeed, the narmssahe
natural scale on which biological systems build their
structural elements and biological molecules haWeady
shown great potential for fabrication and consiorct of
nanostructures and devices.

DNA is widely used for the construction of periodir non-
periodical 2- and 3-D structurés® Initially, the creation of
angles and junctions was exclusively achieved hy EINA
sequences. This implied the careful design of #wuences in
order to obtain the predicted configuration in thesulting
material. Another approach was explored more régetite
combination of oligonucleotides with small orgammlecules
which were used to define the angle in the nanostrast®?®
Most of the systems described, so far, were basecowalent
linkage of DNA with planar aromatic molecules. Digethe
symmetry of the phenyl ring, the realisation of 2sfuctures
with angles of 60°, 120° or 180° is easily predit¢aand only a
limited number of nanostructures exhibiting differeangles
and 3-D topology were reported so far®?4?” One of the
major issue when combining organic molecules withADis
the difference of physical properties between the moieties.
Indeed, DNA is only soluble in water and sometinrepolar
organic solvents while organic molecules prefer lapo
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solvents. In this context, we decided to exploedbmbination
of ssDNA with organic molecules in a robust androépcible
way. In particular, we used the copper-catalydddisgen
cycloaddition (CUAACH®?° to assemble ssDNA containing a
triple bond with tetraphenyl porphyrin (TTP) furarialised
with azide groups. In a recent review Carell andankers®
showed that this reaction is very efficient to ftiocalise
oligonucleotides and the porphyrin molecule was semo
because it exhibits a planar shape with anglesOdfb@tween

“bottorh-Ughe functional groups. In literature the combinatiof DNA

with organic chromophores and in particular porjxnyhnas
been extensively reported mainly for light harvegtand FRET
@xperiment$31-44n these works, properly modified porphyrin
molecules were connected to one oligonucleotideeeiin 3’,
5’ position, to a phosphate between the ribose rsuga to
modified nucleobases and only a limited number egorts
have shown the multifunctionalisation of the ponmpiycore by
DNA strands?®%’

In this work we report on the synthesis
porphyrin/oligonucleotide (ODN) polyadduct&a CUAAC. The
hybrids containing one to four ODNs around the pgrm
were purified by RP-HPLC and characterised by aghigmr
spectroscopy, mass spectrometry and gel electrepisorthe
morphology of the tetra-adduct was also studied kv
transmission electron microscopy (TEM) after reactiwith
gold nanoparticles.

of

Results and discussion

The 15-base oligonucleotide seque@@N-1 (5" GGA-GCT-
GCA-GTT-CAU-propargyl 3') was synthesised by a doli
phase approach using the phosphoramidite chemistithe 3'-
end, the sequence contains a uridine modified isitipo 2’
with a propargy! group®*®
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like methanof®*® or DMSO?**° Nevertheless, due to the
hydrophobicity of some molecules, other solventghswas
DMF?’ can be used in addition with water to solubilide a
reagents and perform the reaction. In our caseppgeared
rapidly that no reaction occurred with these solserWWe
decided to try the CuAAC in similar conditions upifN-
methyl-2-pyrrolidone (NMP) which is more commonlsead for
peptidic coupling. In a mixture of NMP and watea(3:1 in
volume), we were able to solubilise the porphyrimd e&he
oligonucleotide improving the yield of the reactiofor the
Ns 2 CUuAAC, we used Cul instead of CugBecause of the higher
solubility of Cul in organic solvents. In additiothe use of

CF3COONHs—

e DIEA permitted to complex the copper catalyst auggdthe
GGAGCT-GCAGTTCAO o © | i) oxidative degradation of the oligonucleotide durirtge
Ez reaction®!
1 = The porphyrin/DNA hybrids were purified by RP-HPLC

allowing the separation of mono- to tetra-addutite; hybrids
were characterised by absorption spectroscopy, mess
spectrometry and gel electrophoresis.

bg:

N

GGA—GCT—GCA—G'I'I'-CA-OW

HO Q

porphyrin

a) J oon b)
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Scheme 1. synthesis of the porphyrin/DNA hybrids frogni) PyBOP,
DIEA, NMP, rt, 36%; ii) Cul, DIEA, NMP/water, rt.
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The synthesis of the porphyrin/DNA hybriés (n = 1-4) are " 300 400 500 600 700 "~ 300 400 500 600 700
described in Scheme 1. Azido-porphyfBirwas synthesised by Wavelength / nm Wavelength / nm
reaction of mesetetra(4-carboxyphenyl)porphyri@ with 2- P P,
azidoethanamine trifluoroacetic acid sdlin the presence of , 4.0x10
PyBOP (benzotriazol-1-yl-oxytripyrrolidinophospham
hexafluorophosphate). Azido derivativé was synthesised
according literatu® in three steps starting from the 2- o0l 0.0l
bromoethylamine hydrobromide. Briefly, the termirahine 3°°W:V°e‘:en;‘;°/mf°° 700 3°°Wa“v"e‘l’en;‘;°/mi°° 700
group was first protected with t&rt-butyloxycarbonyl group
(Boc) () and then the azide group was introducégd The P1 Lax10F porphyrin
terminal amine was finally deprotected by reactwith TFA ; 40x0°
affording compound4 in good vyield (40%). For the CuAAC
coupling with oligonucleotides, porphyrihwas dissolved in a
mixture of N-methylpyrrolidone/water an@DN-1 was added. 00l 00l e
The reaction was performed in the presence of @iliso- Wavelength / nm Wavelength / nm
propylethylamine (DIEA) and sodium ascorbate at nmoo
temperature. Note that the reaction was performéth wn Fig. 1 RP-HPLC profile recorded at 260 nm (a) and 420(byrof the
excess of copper and that the free-base porphyrnineitallated crude reaction mixture obtained from the couplifighe 15-mer DNA
during the reaction. The reaction was controlled rbyerse ragment onto the porphyrin residue. c) UV-Vis apsion spectra of
phase HPLC (RP-HPLC, TEAA 10 mM/MeCN) and Smaﬂﬁe samples 15-mer DNA&, to P; and metallated porphyrin
portion of ODN-1 were added if necessary. The crude mixture
was pre-purified by size-exclusion chromatograpsiyng water The chromatogram of the purification recorded & Bén with
as eluent to remove partially the unreacted azidgupgin, the a diode array detector is presented in Fig. 1shdivs six peaks
salts and the organic solvent. The eluted fractiontained a eluted at 10.8%, 15.9%, 17.7%, 21.4%, 29.6% and/l@®
mixture of ODN-1, porphyrin/ODN hybridsP;-P, and still acetonitrile; Fig. 1b shows the same purificati@marded at
some unreacted porphyrin. The mixture was buffacedH 7 420 nm (where the absorption of the porphyrin is<imam).
with a concentrated solution of 1M ag. TEAA buffeyrified The absorption spectra of the different compoundsrew
by RP-HPLC and then lyophilised. recorded during their elution (Fig. 1c): the fiesid last peaks
CuAAC with DNA are commonly performed directly incorrespond to unreacted ODN and porphyrin, respalgti The
water or in mixture of water and highly polar orgasolvent compounds eluted between 15.9% and 29.6% contath bc

4.0x10°

Abs/a.u.

2.0x10°

7.0x10°

Abs/au,
Abs/au.
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DNA (absorption at 260 nm) and porphyrin (absompta 420 P,AuNPs assemblies. TEM analysis of the gold narnapes
nm). They correspond tB,, Ps, P, and P,, respectively. The alone do not show the presence of any aggregaigs 3b).
absorption spectra show that the relative amountDbfA Conversely in th&,/AuNPs hybrid sample (Fig. 3c-d), one can
decrease in the hybrids eluted at higher acet@itrbbserve nanostructures formed with three and fouNRs. It
concentration. This is in perfect agreement with structures should be noted that most of nanostructures forpessess
of the hybrids: as the number of DNA chains deaeasthe three AuNPs instead of four, which can be attridute a
molecules, the apolar character induced by the ralenfproblem of steric hindrance (the 6 nm diameterhaf AUNPs
porphyrin molecule is more important thus incregsithe may be too large compared to DNA length).

interactions with the apolar stationary phase dr&h telution

time. ()

15-mer
DNA P, P, P; P,

.

Fig. 2 denaturing PAGE analysis (15%, 7M urea) of the HRIRC
purified porphyrin-DNA hybrids. a) first lane: sting 15-mer DNA
(ODN-1); second lane: one porphyrin-one DNA fragmdpy);( third
lane: one porphyrin-two DNA fragmentsP,}; fourth lane: one
porphyrin-three DNA fragment$§) and fifth lane: one porphyrin-four
DNA fragments ). Fig. 3 a) schematic representation of P@AUNPs assembly. b) TEM
images of the AuNPs particles alone. c) and d) Tilslges of the self-
assembly nano-structures with three (L-shaped)famdAuNPs. Scale

In order to confirm the HPLC observations, the alént bares represent 50 nm.

purified functionalised DNA fragments were charaisied by
polyacrylamide gel electrophoresis (denaturing PAGEhen, . ) ]
10 pmoles of DNA fragments (starting 15-mer seqeeRg P,, The hybrid sample still contains a large amourﬂre_é AuNPs;
P; andP,) were labelled by?P at the 5-end and then analysed iS most probably due to the procedure used ¢orjporate the
by PAGE. This analysis univocally confirms the fation and nanoparticles in the assemblies. Indeed, the saltentrations
the isolation of the porphyrin/DNA hybridg, with n=1-4 (Fig. had to be low for this kind of analysis decreasiygridisation
2a). The hybridsP,-P, were further purified by HPLC andcapacities gf complementary strands. AdditionaBglaz and
analysed by PAGE (Fig. 2b). Additionally the mutigugation co-worker$ demonstrated that the covalently linked porphyrilt
of the 15-mer DNA fragment onto the porphyrin soliffwas ©ON SSDNA slightly decreased the melting temperatiré¢he
confirmed by MALDI-ToF mass spectrometry measuretmerfiSDNA comparing to the unmodified one. Nevertheldssv
(Table S1 and Fig. S1). It is worth to mention ttrat coupling @nalysis permitted to confirm the formation of the
reaction was also performed on the complementargngt nanostructures. In order to improve the yieldPAuNPs, a
ODN-2 (5° TGA-ACT-GCA-GCT-CCU-propargyl 3'). After Possibility would be to incorporate the complemeytstrand
purification, theP,, (n=1-4) hybrids were characterised by gdirst on the gold nanoparticles and then, afterifpation, to
electrophoresis (Fig. S2) and mass spectrometeyESs). perform the hybridisation wit?,; a second possibility would
The molecular hybrid containing four DNA strandssv Pe to increase the size of the oligonucleotideeétt] we are
combined with gold nanoparticles and the resultisgembly currently working on the latter solution, whichttee increase
was characterised by transmission electron micms¢BEM). from 15-base pairs to 21-base pairs the length e t
To this end, porphyrin/DNA hybridP, was sequentially ©ligonucleotides incorporated on the porphyrin rooles.
hybridised with a complementary 14-mer DNA strarsl (
TGA-ACT-GCA-GCT-CC 3’) containing a thiol group tite 3' Conclusions
end, then incubated with gold nanoparticles (AuNPse . . . .
experimental section in ESI). Note that the modifigidine on N this paper, we described the synthesis of paiphy
the DNA strands oP, hybrid was not used for hybridisation incligonucleotide hybrids based on the copper-catalyfuisgen
order to avoid potential steric interactions betwethe cycloaddition reaction. The hybrid containing fol@NA
substituents in 2’ position of the ribose and aaréde base on Strands B;) was incubated with the 14-mer complementary
the complementary strand. TRgAUNPs hybrids as well as theStrand bearing a thiol group, then exposed to gafibparticles
nanoparticles alone were investigated by transorisslectron and imaged by TEM. The coupling reaction was atsdopmed

microscopy (TEM). Fig. 3a shows a representationtted ©ON the 15-mer complementary strai@DN-2 (5" TGA-ACT-
GCA-GCT-CCU 3’) to formP,. (n = 1-4). The synthesis of

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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these porphyrin-oligonucleotide building blocks stiutes the Oligonuclectides: The synthesis of oligonucleotide 15-mers ODN
first step toward the formation of nanostructuresl ave are (ODN-1: 5" GGA-GCT-GCA-GTT-CAU-propargyl 3' an€®DN-2:
currently working on the construction of a 2-dimensl 5 TGA-ACT-GCA-GCT-CCU-propargyl 3') was carried oah an
network based on th®, and P,. hybrids bearing the two Applied Biosystems 392 DNA/RNA synthesiser using th«

complementary strands. phosphoramidite chemistry on a scale of 1 umol.rJpampletion,
the alkyne function-containing oligonucleotide Heeen deprotected

Experimental in concentrated aqueous ammonia for 16 h at 55°ter Apeed-vac
evaporation of ammonia, the crude 5-DMTr oligoreatide was

Techniques. detritylated and purified on-line by RP-HPLC using @ymeric

'H NMR spectra were recorded with a NMR 300 MHz Bxuk support?® After desalting by size exclusion chromatograpthe
Avance Spectrometer with solvent used as interafdrence. oligonucleotide was then quantified by UV measureman260 nm.
Purification of the porphyrin-oligonucleotide hyttsi was The purity and the integrity of the synthetic DNAgomers were
performed with a Thermo-Fisher HPLC equipped withi@de checked by RP-HPLC analyses together with MALDI-TOBsm
array detector and on a column Hypersil GOLD 100x#m measurements. Finally, the alkyne-modified DNA fraegts were
(Thermo-Fisher) with a gradient of acetonitrile (HP grade) lyophilised and kept at -20°C until their use in @@AAC reaction.
in 10 mM aqg. TEAA (triethylammonium acetate solajio N-(tert-butyloxycarbonyl)-2-bromoethylamine 5: To a cooled
buffer at room temperature. For the organic maeMdALDI  solution (0°C) of 2-bromoazidoethylamine hydrobroenidg, 4.88
mass spectra were obtained from a Perseptive Biags mmol) and ditert-butyl dicarbonate (1.17g, 5.37 mmol) in
Voyager DE-STR instrument. For the porphyrindichloromethane, triethylamine (748 uL, 5.37) wedexd dropwise.
oligonucleotide hybrids, the MALDI mass spectra e&verThe reaction mixture was stirred for 1h at 0°C amdrnight at RT.
obtained in the negative mode on a time-of-fliglifie& mass Then the reaction was diluted with dichloromethéhenL) and this
spectrometer (Bruker, Wissembourg, France) or éengbsitive solution was subsequently washed with 1IN KH$8x7 mL) and
mode on a time-of-flight Axima Performance (Shimadzbrine (3x7 mL), dried over N&Q,, filtered off and concentrated in
Manchester, UK), both equipped with a 337 nm ni&éodaser vacuo. This afforded to 1042 mg (4.650 mmolbads a yellow oil
and pulsed delay source extraction. The matrix pvapared by with a yield of 95%. The solid was used for the tnebep with no
dissolving 3-hydroxypicolinic acid in 10 mM ammoniu other purification.'H NMR (CDCk, 300 MHz): & 1.44 (s, 9H,
citrate buffer and a small amount of Dowex-50W 5@X® (CHjy)s), 3.45 (m, 2H, CHBr), 3.51 (m, 2H, ChNH), 4.96 (br s,
cation exchange resin (Sigma). DNA sample (10 proul) 1H, NH).

was added to matrix (1 pL) on the target plate allmlved to tert-butyl-2-azidoethylcarbamate 6: A mixture of5 (1.042 g, 4.65
dry. The resulting sample was placed on the tapipte and mmol) with NaN; (604 mg, 9.3 mmol) was dissolved in DMF (21
allowed to dry. Spectra were calibrated using exfee mL) and stirred at RT overnight. Then, the reactinixture was
oligonucleotides of known masses. For gel analysifijuted in dichloromethane (21 mL) and this solotiwas washed
oligonucleotides (5 pmol) were labeled at the Eriaus with with water (3x20 mL), dried over N8O, filtered off and
10 uCi [-**P]-ATP (2 pmol, 10 mCi/mL) Perkin-Elmer concentrated in vacuo. This affordedbtas a yellow oil. The residue
(Courtabceuf, France) upon incubation with T4 potleatide was used in the next step with no other purificati®f,.=0.56;
kinase (5 units, New England Biolabs) in 10 pL appglied Rf,,=0.36 (dichloromethane).

buffer at 37°C for 30 min. Unincorporateg-¥P]-ATP was TFA sat of 2-azidoethylamine 4: 6 was dissolved in
removed by purification of the oligonucleotide oMécroSpin dichloromethane (6 mL) and TFA (3 mL) was addedodiise. The
column (GE Healthcare, UK). Then, the labeled DNAolution was stirred for 2h and then concentratedaicuo resulting
fragments were subjected to electrophoresis on &b 1 a yellow oil. Dichloromethane was added to tlidleading to a
denaturing polyacrylamide gel containing 7M urea &inally precipitation. The solid was filtered off and wadhseveral times
revealed using a phosphorlmager (Bio-Rad). For Tddlysis: with dichloromethane. The solid was dried overnightler vacuo
5 pL of AuNPs or 5 pL of 10 nMP/AuUNPs solution were affording to 388 mg (1.939 mmol, yield = 42% frd@nof 4 as an
deposited for 1 min on a 600-mesh copper grid eevith a orange solidH NMR (MeOH-d,, 400 MHz):5 3.09 (t, 2H,J=5.6
thin carbon film, activated by glow-discharge in gresence of Hz, (CH,)-N3), 3.68 (t, 2HJ=5.6 Hz, (CH)-NH,).

pentylamine’” The grids were washed with aqueous 2 % (w/Mzido-porphyrin 2: mesetetra(4€arboxyphenyporphyrin 3 (50
uranyl acetate, dried with ashless filter paper ahdgerved in mg, 63umol) was dissolved in a mixture of dry THF/DMF (.m
the brigth-field mode, using a Zeiss 912AB transiois 5:1, v/v). TFA salt of 2-azidoethylaming (100 mg, 504umol),
electron microscope. Images were captured at a ifizagion PyBOP reagent (262 mg, 5Q#mol) and dry DIEA (174uL, 1
of x67500 with a ProScan 1024 HSC digital cameihi@EM mmol) were sequentially added and the resultingti@a mixture
acquisition software (Olympus Soft Imaging Solujion was stirred at room temperature for 4 h. The reactias checked
Materials. for completion by TLC (CHCIL/MeOH, 9:1, v/v). Thereafter, the
Mesotetra(4-carboxyphenyl)porphyriB was purchased fromcrude was evaporated to dryness and the resulésglue was
Porphyrin  Products Inc. Chemicals were purchaseasm fr purified by chromatography on a silica gel columithwa step
Aldrich and were used as received. All the reagentmnomers gradient of MeOH (0-3%) in CJ€I, as the mobile phase, to gige
and supports used in synthesis of the alkynylatddAD as a purple solid (24 mg, 28nol, yield = 36%).*H NMR (400
sequences were obtained from Chemgenes. The 3-thiaHz, DMF-d;): & ppm 9.17 (t, 4HJ=5.2 Hz, NH), 8.96 (s, 8H, H-
modified 14-mer oligonucleotide was purchased froforphyrin), 8.45 (s, 16H, H-phenyl), 3.74-3.81 (t6H, CH-CH,);
Eurogentec. Solvents were purchased form AldriéhS £arlo 3C NMR (75.5 MHz, DMFe): 167.1, 134.4, 126.3, 120.0, 42.7,
Erba and were used as received. For synthesisCKCat, 39.8; IR v, (cm?) 715, 792, 863, 965, 1105, 1153, 1186, 1212,
N2), THF (K / benzophenone,)Nwere distilled before use. The1297, 1347, 1389, 1438, 1606, 2095, 2530, 2706128926, 3065,
trifluoroacetic salt of 2-azidoethylaminé was synthesised 3296; MS (MALDI-TOF, negative mode) m/z = 1061.4][Malcd
according literature procedufé. for CsgHasN2oO4: 1061.3938 g/mol.

Synthesis.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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General procedure for the CuAAC: A 10 mM 30|Uti0_n of Cul in 9 CNRS, Institut de Chimie des Substances Naturdieenue de la
NMP (1 umol, 100uL) was mixed to a 50 mM solution of die- Terrasse, 91198 Gif-sur-Yvette Cedex, France.

propylethylamine (DIEA) in NMP (1umol, 20 uL). A 1 mM +
solution of ODN ODN-1 or ODN-2) in deionised water was added
(50 nmol, 50uL) followed by a 5 mM solution a2 in NMP (20uL,

spectrometry and gel

avalda mass
1-4). See

Electronic Supplementary
electrophoresis

Information (ESI)
&fhe (n =

100 nmol). The mixture was stirred at room tempegabvernight. PO!: 10.1039/b000000x/

The reaction was followed by RP-HPLC with a gradiesft
acetonitrile from 0 to 100% in TEAA 10 mM. Possitdyl00 mM 1
sodium ascorbate solution inol, 10pL) is added several times to
ensure the starting material conversion. After 24MP, salts and
unreacted 3 were removed from crude by size exclusion
chromatography (NAP-25 column Sephadex G-25 DNAlgraGE
Healthcare) using deionised water as eluent. Tatifms containing 3
the oligonucleotide derivatives were pooléd (L) and dried under 4
reduced pressure. The reaction was started agamm thee same 5
conditions but without addition & to maximise the amount of tris- g
and tetra-adducts. The crude was purified agairh&#gx column
and the oligonucleotide derivatives where thenfiaariby RP-HPLC
with a gradient of acetonitrile from 0 to 100% iBAA 10 mM. The
compounds are obtained according the following oafeelution:
unreacted ODN,P4/Py, P3/Ps, Pi/P,, Pi/Py, then unreacted 9
porphyrin. The different fractions were lyophiliseshd kept at - 10
20°C.

Gold nanoparticules: The nanoparticles were synthesised according
the procedure described by Brust and  Schifftin.
Tetraoctylammonium bromide (410 mg, 750 pmol) weissolved

in toluene (30 mL) and HAugI(100 mg, 250 umol) in deionised
water (10 mL) were added under vigorous stirringteA few 1
minutes, the aqueous phase was separated andtiarsafiNaBH,
(110 mg, 2.9 mmol) dissolved in water (8 mL) wapidly added
(5sec) with a vigorous stirring. The mixture waserttstirred for 2h at
RT. The 2 phases were separated and the organic lage
subsequently washed HCI 0.1 N (2x5 mL), NaHG@at (2x10 mL)
and NaCl sat. (10 mL). The organic layer was finaled over
NaSQ, and filtered off. The gold nanoparticles solutiontoluene
was kept at 4°C.

Assembly of porphyrin/DNA hybrids: A mix of 10 uM P4 and 40
uM complementary 14-mer DNA strand (5’ TGA-ACT-GCASG-
CC 3"), containing a thiol group in 3’ position, isreealed at 90°C
for 5 minutes and cooled slowly to room tempera{&®€) in Tris 10
mM, pH 7.5, NaCl 50 mM and Mg&llo mM buffer. 5ul of the
mix is incubated overnight at RT with @ of AuNPs. TheP,
AUNPs solution is diluted 20 times in annealing feuffor TEM
imaging.

21
22

Acknowledgements 23

This work has been supported by ANR (projeEtNA ANR-
09-NANO-005-01), the  “2015-Chimtronique  research?

program” (DANAE project) and the “DSM/DRT Phare
Program” (A3DN project) from CEA. 25
Notes and references

26

8 CEA Saclay, IRAMIS, Laboratoire d'Innovation en i@ie des
Surfaces et Nanosciences (LICSEN), F-91191 Gif buette, France. o7
Fax: +33 (0)1 69 08 66 40; Tel: +33 (0)1 69 08 54; E-mail:
stephane.campidelli@cea.fr

P Laboratoire Chimie Inorganique et Biologique/UMR3 EEEA-UJF,
INAC (FED n°4177), CEA Grenoble, F-38054 Grenolflence. 29
¢ Maintenance des Génomes, Microscopies Moléculaires
Bionanosciences, UMR 8126 CNRS and Univ. Paris St®4805
Villejuif, France.

28

30

This journal is © The Royal Society of Chemistry 2012

K. Keren, R. S. Berman, E. Buchstab, U. Sivan Bn&raun,Science
2003,302, 1380.

S. J. Tan, M. J. Campolongo, D. Luo and W. Ché&fag, Nanotechnal.
2011,6, 268.

Y. Krisnan and F. C. Simme\ngew. Chem. , Int. E®2011,50, 3124.
E. StulzChem. Eur. J.2012,18, 4456.

N. Ma, E. H. Sargent and S. O. KelldyMater. Chem.2008,18, 4456.
Y. Zhang and N. C. Seemah,Am. Chem. Sqcl994,116, 1661.

N. C. Seeman and P. S. Lukem@ap. Prog. Pys2005,68, 237.

H. Yan, S. H. Park, G. Finkelstein, J. H. Reiflah LaBean Science
2003,301, 1882.

W. M. Shih, J. D. Quispe and G. F. Joydature 2004,427, 618.

Y. He, T. Ye, M. Su, C. Zhang, A. E. Ribbe, Viang and C. Mao,
Nature 2008,452, 198.

P. W. K. Rothemundyature 2006,440, 297.

2 T. Tarring, N. V. Voigt, J. Nangreave, H. Yarddf V. Gothelf,Chem.

Soc. Revy.2011,40, 5636.

3 K. V. Gothelf and T. LaBeaQrg. Biomol. Chem2005,3, 4023.

C. Zhang, M. Su, Y. He, X. Zhao, P.-A. Fang #@ncE. Ribbe,Proc.
Natl. Acad. Sci. USA008,105, 10665.

F. A. Aldaye, A. L. Palmer and H. F. Sleim&ajence2008,321, 1795.
H. Yang, K. L. Metera and H. F. Sleimadoord. Chem. Rey2010,
254, 2403.

K. V. Gothelf and R. S. Brow@&hem. Eur. J.2005,2005, 1062.

F. A. Aldaye and H. F. SleimaAngew. Chem. , Int. Ed2006, 45,
2204.

F. A. Aldaye and H. F. Sleimah,Am. Chem. Sq&2007,129, 13376.

P. K. Lo, P. Karam, F. A. Aldaye, C. K. McLauighlG. D. Hamblin, G.
Cosa and H. F. SleimaNat. Chem.2010,2, 319.

A. A. Greschner, V. Toader and H. F. SleimhrAm. Chem. Sq2012,
134, 14382.

E. P. Lundberg, C. Plesa, L. M. WilhelmssonlL.iRcoln, T. Brown and
B. Nordén ACS Nanp2011,5, 7565.

J. K. Lee, Y. H. Jung, J. B. H. Tok and Z. BAGS Nanp 2011,5,
2067.

J. S. Choi, C. W. Kong, K. Jung, J. W. Yang,G¢.Kim and H. Han,J.
Am. Chem. Soc2004,126, 8606.

A. Singh, M. Tolev, M. Meng, K. Klenin, O. Plesch, C. I. Schilling, T.
Muller, M. Nieger, S. Brase, W. Wenzel and C. Rith&ngew. Chem. ,
Int. Ed, 2011,50, 3227.

M. Endo, N. C. Seeman and T. Majirdmgew. Chem. , Int. Ed2005,
44, 6074.

R. V. Thaner, I. Eryazici, O. K. Fartha, C. Airkin and S. B. Nguyen,
Chem. Scj.2014, DOI: 10.1039/c3sc53206b.

C. W. Tornge, C. Christensen and M. MeldalOrg. Chem.2002,67,
3057.

V. V. Rostovtsev, L. G. Green, V. V. Fokin andB Sharplessingew.
Chem. , Int. Ed.2002,41, 2596.

P. M. E. Gramlich, C. T. Wirges, A. Manetto and Carell, Angew.
Chem. , Int. Ed.2008,47, 8350.

J. Name., 2012, 00, 1-3 | 5



31
32
33

34
35

36

37

38

39

40
41

42

43
44

45

46

47

48

49

50
51

52

53

54

6 | J. Name., 2012, 00, 1-3

Organic & Biomolecular Chemistry

R. Varghese and H.-A. Wagenkne&hem. Commun2009, 2615.
H.-A. WagenknechAingew. Chem. , Int. EQ2009,48, 2838.

B. Albinsson, J. K. Hannestad and K. Borjessooord. Chem. Rey.
2012,256, 2399.

Y. N. Teo and E. T. KooChem. Rey2012,112, 4221.

A. S. Boutorine, T. Le Doan, J. P. Battioni,Nbansuy, D. Dupré and C.
Héléne Bioconjugate Chem1990,1, 350.

A. S. Boutorine, D. Brault, M. Takasugi, O. Dedig and C. Hélend,
Am. Chem. So0c1996,118, 9469.

M. Endo, T. Shiroyama, M. Fujitsuka and T. Majind. Org. Chem.
2005,70, 7468.

M. Balaz, A. E. Holmes, M. Benedetti, G. PromidaN. Berova,
Bioorgan. Med. Chem2005,13, 2413.

M. Balaz, K. Bitsch-Jensen, A. Mammana, G. Aesihd, K. NAkanishi
and N. BerovaPure Appl. Chem2007,79, 801.

M. Endo, M. Fujitsuka and T. Majima, Org. Chem.2008,73, 1106.

A. Brewer, G. Siligardi, C. Nezlon and E. Stubrg. Biomol. Chem.
2011,9, 777.

A. W. |. Stephenson, A. C. Partridge and V. Mckev, Chem. Eur. J.
2011,11, 6227.

G. Sargsyan and M. Balazrg. Biomol. Chem2012,10, 5533.

J. R. Burns, K. Gopfrich, J. W. Wood, V. V. Tkeg E. Stulz, U. F.
Keyser and S. Howork&ngew. Chem. , Int. E2013,52, 12069.

M. Flaender, G. Sicoli, T. Fontecave, G. Matltis, Saint-Pierre, Y.
Boulard, S. Gambarelli and D. Gasparuthycleic Acids Symp. Ser
2008,52, 147.

G. Clavé, H. Volland, M. Flaender, D. GasparuétoRomieu and P.-Y.
RenardOrg. Biomol. Chem2010,8, 4329.

M. van Dijk, C. F. van Nostrum, W. E. Hennink, D S. Rijkers and R.
M. J. LiskampBiomacromolecule2010,11, 1608.

J. Lietard, A. Meyer, J.-J. Vasseur and F. MopJda Org. Chem.2008,
73, 191.

G. Chatelain, A. Meyer, F. Morvan and J.-J. ¢assNew J. Chem.
2011,35, 893.

H. Xiong and F. Seeld, Org. Chem.2011,76, 5584.

G. Gasser, N. Hisken, S. D. Koster and N. Mefstdte, Chem.
Commun.2008, 3675.

A. De Cian, E. Praly, F. Ding, V. Singh, C. LleeE. Le Cam, V.
Croquette, O. Piétrement and D. Bensinfings ONE 2012,7, e31845.
A. Romieu, D. Gasparutto, D. Molko and J. Cadetrahedron Lett.
1997,38, 7531.

M. Brust, M. Walker, D. Bethell, D. J. Schiffriand R. Whyman,).
Chem. Soc. , Chem. Commui294, 801.

Page 6 of 6

This journal is © The Royal Society of Chemistry 2012



