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Abstract: Crafting of chiral plasmonic nanostructures is
extremely important and challenging. DNA-directed organ-
ization of nanoparticle on a chiral template is the most
appealing strategy for this purpose. Herein, we report a supra-
molecular approach for the design of DNA-decorated, heli-
cally twisted nanoribbons through the amphiphilicity-driven
self-assembly of a new class of amphiphiles derived from DNA
and hexaphenylbenzene (HPB). The ribbons are self-assem-
bled in a lamellar fashion through the hydrophobic interac-
tions of HPB. The transfer of molecular chirality of ssDNA
into the HPB core results in the bias of one of the chiral
propeller conformations for HPB and induces a helical twist
into the lamellar packing, and leads to the formation of DNA-
wrapped nanoribbons with M-helicity. The potential of the
ribbon to act as a reversible template for the 1D chiral
organization of plasmonic nanomaterials through DNA
hybridization is demonstrated.

The creation of chiral plasmonic nanostructures is extremely
important due to their potential applications in areas ranging
from material science[1] to medicine[2] to nanotechnology.[3]

The bottom-up approach using directed self-assembly of
nanoparticles on a chiral template is the most appealing
strategy for this purpose.[4] Different nanostructures derived
from the self-assembly of DNA,[5] peptide,[6] and small
molecules[7] have been efficiently applied as templates for
the chiral organization of plasmonic nanomaterials, and
undoubtedly DNA-based templates are the most powerful
and viable among them. This is because DNA nanostructures
offer the unique opportunity of DNA-directed spatial
addressability, which permits the design of extremely complex
plasmonic nanostructures that are otherwise difficult to
achieve.[8] Nanostructures of DNA are typically designed
using the principles of DNA nanotechnology.[9] Though this
strategy allows the design of chiral templates of any geometry,
scalability and the complex design principles involved are two
major concerns. Hence, the development of a simple, yet
efficient, bottom-up strategy for the design of DNA-based
chiral templates is highly demanding.

Amphiphilicity-driven self-assembly is a bottom-up
supramolecular approach for the design of well-defined
nanostructures.[10] Recently, DNA-based amphiphiles have
emerged as a unique building block for the creation of DNA
nanostructures.[11] The most remarkable feature of the DNA
nanostructures obtained using this strategy is the dense
display of single-stranded DNA (ssDNA) on the surface of
the nanostructure, allowing them to act as a DNA-based
template for the organization of functional molecules through
DNA hybridization. Usually, DNA-based amphiphiles have
flexible chains as the hydrophobic part, which self-assemble
into micellar nanostructures.[12] We have shown that the
incorporation of a large p-surface as the hydrophobic domain
drives the assembly in a lamellar fashion, leading to the
formation of vesicles[13] and nanosheets.[14] However, the
design of chiral nanostructures via DNA-based amphiphile
self-assembly is not well explored.[15] We envisioned that the
incorporation of a hydrophobic p-surface that has a propeller
conformation (chiral geometry), such as hexaphenylbenzene
(HPB), could potentially induce a helical twist in the lamellar
organization and direct the assembly into a DNA-decorated,
chiral nanostructure, such as a helically twisted ribbon.
Derivatives of HPB have received great attention in recent
years due to the atropisomerism associated with the rotation
of C(sp2)–C(sp2) bonds connecting the radial benzene rings
with the core benzene ring.[16] Hence, HPB can adopt two
chiral propeller conformations, which include the conforma-
tion with all radial benzene rings tilted in clockwise direction
and the other conformation with an anticlockwise tilt
(Scheme 1). Moreover, one of the chiral propeller conforma-
tions can be favored in the self-assembled state by the
incorporation of a chiral moiety on HPB due to the chirality
transfer.[17] This has been explored for the design of chiral
nanostructures of HPB.[18] Herein, the design and synthesis of
DNA-based amphiphiles derived from the hybrid of HPB and
ssDNA is reported, and their self-assembly into helically
twisted ribbons is demonstrated. Transfer and long-range
expression of molecular chirality of ssDNA to the HPB core
in the self-assembled state bias one of the chiral propeller
conformations of HPB that resulted in the exclusive forma-
tion of twisted ribbon with left-handed (M) helicity. The
potential of DNA-decorated chiral nanoribbon as a reversible
template for the construction of 1D chiral plasmonic nano-
structures is also demonstrated (Scheme 1).

Amphiphiles (DNA1 and DNA2) were synthesized using
phosphoramidite chemistry. Details of the synthesis of 2,[19]

DNA1, and DNA2 are provided in the Supporting Informa-
tion. Both DNA1 and DNA2 have the same hydrophobic
HPB segment conjugated to a 9-mer DNA (5’-
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TCGCACCCA-3’ for DNA1 and 5’-TCTACATTA-3’ for
DNA2) and the only structural difference between them is
the difference in the sequence of DNA (Scheme 1). Self-
assembly was achieved by annealing the amphiphile (1 mm) in
Tris-HCl buffer (50 mm, pH 7.4) containing NaCl (1 mm) at
90 8C for 5 min and allowing to cool to room temperature.
Denaturing PAGE (20%) analyses of DNA1 and DNA2
show no migration, suggesting the spontaneous formation of
DNA nanostructures with a dense display of ssDNA on their
surface (Supporting Information, Figure S3). The UV/Vis
spectra of DNA1 (Figure 1b inset) and DNA2 (Supporting
Information, Figure S4a) at 20 8C show the characteristic
absorption of DNA at 260 nm and HPB at 275 nm. Interest-
ingly, no significant change in absorption was observed upon
increasing the temperature from 20 8C to 70 8C, suggesting
that the monomeric species formed at high temperature have
a similar electronic behavior as the aggregated state.

At 10 8C, DNA1 aggregates showed an induced circular
dichroism (ICD) signal in the absorption region correspond-
ing to HPB. An ICD couplet with a first positive Cotton effect
at 284 nm, followed by a negative Cotton effect at 230 nm
with zero crossing at 267 nm was observed (Figure 1a).
Temperature-dependent CD studies showed a gradual dis-
appearance of the ICD signal upon increasing the temper-

ature from 10 8C to 90 8C and its complete disappearance at
90 8C. Importantly, a CD signal observed at 90 8C matches the
inherent CD signal of the ssDNA segment of DNA1. These
observations suggest that the transfer of molecular chirality of
ssDNA into the HPB core results in a bias towards one of the
chiral propeller conformations of HPB[20] and leads to the
formation of optically active aggregates, which, upon an
increase temperature, disassemble into the corresponding
monomeric species. Similar chiroptical behaviors were
observed for DNA2 (Supporting Information, Figure S4b),
which implies that the sequence of DNA has no effect on the
self-assembly and chirality induction. Fluorescence spectra of
DNA1 and DNA2 show the characteristic emission of HPB at
334 nm with quantum yields of 0.17 and 0.19, respectively.
Interestingly, a gradual decrease in emission intensity was
observed for DNA1 (Figure 1 b) and DNA2 (Supporting
Information, Figure S5) upon increasing the temperature
from 20 8C to 90 8C, due to the disassembly of the aggregates.
These results indicate that the enhanced emission for the
aggregates of DNA1 and DNA2, compared to the corre-
sponding monomeric species, is due to the restricted rotation
of intramolecular C(sp2)–C(sp2) bonds of HPB in the
aggregated state.[21] It is also important to note that no shift
was observed in the absorption and emission maxima of HPB
in the aggregated state when compared with the correspond-
ing monomeric species, suggesting that the chiral tilt con-

Figure 1. Temperature-dependent a) CD and b) emission spectra of
DNA1. Inset of emission spectrum shows the corresponding changes
in absorption spectrum. c) Zoomed-out and d) zoomed-in TEM,
e) AFM, and f) SEM images of DNA1.

Scheme 1. Synthesis of DNA-based amphiphiles through phosphorami-
dite chemistry. Conditions: a) CH2Cl2, diisopropylamine, 2-cyanoethyl
N,N-diisopropylchlorophosphoramidite, RT, 2 h, 80 %. Schematic for
the self-assembly of DNA-based amphiphiles into DNA-decorated,
twisted nanoribbons with M-helicity. DNA-directed chiral organization
of AuNPs and AuNRs is also shown.
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formation of HPB is retained and no planarization takes place
in the aggregated state.

Transmission electron (TEM), atomic force (AFM), and
scanning electron (SEM) microscopic analyses of DNA1
(Figure 1c–f) and DNA2 (Supporting Information, Figures S8
and S9) revealed the formation of helically twisted nano-
ribbons, and most importantly the ribbons have M-helicity.
However, at very few places flat ribbons were also observed,
which could be attributed to the loss of helical twist under the
experimental conditions of microscopic analyses.[22] Ribbons
of DNA1 were several hundred nanometers to few micro-
meters in length. The average helical pitch of the ribbon was
500 nm. The breadth of the ribbons was in the range of 50–
100 nm. The thickness of the ribbons was found to be
approximately 11 nm, which is approximately twice the
molecular length (bilayer distance) of DNA1 (approximately
12 nm). In the case of DNA2, the length of the ribbon was also
in the range of several hundred nanometers to few micro-
meters. The average helical pitch of the DNA2 ribbon was
450 nm. The breadth and thickness of the DNA2 ribbons were
50–100 nm and approximately 11 nm, respectively. Based on
optical, chiroptical, and microscopic data, a plausible molec-
ular model for the assembly of the amphiphiles is proposed in
Scheme 1.

The potential of the ribbon to act as a chiral template for
the organization of plasmonic nanomaterials through DNA
hybridization was explored. Ribbons of DNA1 were used as
the representative template. For this purpose, gold nano-
particles (AuNPs) with average diameters of approximately
30 nm and approximately 10 nm were synthesized and their
surface was modified with ssDNA of sequence 5’-
TGGGTGCGAA-3’, complementary to the DNA on the
surface of the ribbon.[8c] The assembly of AuNPs on DNA1
ribbons was achieved by annealing a 1:1 molar solution of
AuNPs (1 mm) and DNA1 ribbons (1 mm) from 35 8C to 4 8C in
0.5 � Tris/Borate/EDTA (TBE) buffer containing 50 mm

NaCl. TEM images clearly show the 1D assembly of
approximately 30 nm (Figure 2a) and approximately 10 nm
(Figure 2b) AuNPs along the template. Furthermore, AuNPs
are organized on either faces of the ribbon in a left-handed
helical manner, which demonstrates the DNA-directed
assembly of AuNPs. In accordance with this, CD studies
show an ICD signal in the surface plasmon frequency of
AuNPs (approximately 10 nm) at 520 nm (Figure 2 c). How-
ever, the non-bisignated nature of the ICD signal suggests
that no interparticle surface plasmon coupling occur in the
AuNP assembly. In support of this, no shift was observed in
the electronic absorption maximum for the chiral AuNP
assembly when compared with the absorption maximum of
the corresponding non-assembled AuNPs (Figure 2d). Nota-
bly, significant quenching (76 %) of fluorescence was
observed for DNA1 after the formation of the DNA1–
AuNP assembly (Figure 2d, inset). This could be due to the
electronic interaction between the AuNPs and the HPB
stacks.[13] Another unique feature of the chiral template is its
thermo-responsive nature. Temperature-dependent CD stud-
ies show a gradual decrease in the ICD signal at 520 nm and
its complete disappearance at 60 8C (Figure 2 c). Accordingly,
the fluorescence of the DNA1 ribbon was almost restored

(90 %) to the emission intensity of DNA1 at 60 8C (Figure 2d,
inset). These results reveal that the dissociation of the AuNPs
from the template with increasing temperature is due to the
melting of the duplex DNA between the template and AuNPs,
as well as the disassembly of the template itself.

To establish the universal nature of the template, we have
also demonstrated the potential of the ribbon for the chiral
assembly of gold nanorods (AuNRs). To this end, AuNRs
with an average length of 40 nm and average width of 8 nm
were prepared[23] and the surface was functionalized with
ssDNA complementary to the ssDNA on the surface of the
ribbon.[24] Self-assembly of AuNRs and DNA1 ribbons was
achieved using the same protocol described for AuNP
assembly. Interestingly, TEM images display the formation
1D organization of the AuNRs (end-to-end) preferably along
the longitudinal direction of the ribbon (Figure 3a). Assem-
bly of the rods across the longitudinal axis of the ribbon (side-
by-side) is rarely seen (Figure 3b). Unlike DNA1–AuNPs, no
clear helical organization is seen for the DNA1–AuNR
assembly. This might be due to the partial straightening of
the helical ribbon upon AuNR binding due to the long length
of AuNRs compared to AuNPs. Accordingly, the UV/Vis
absorption spectrum of the assembly shows a decrease in
intensity and broadening of the longitudinal surface plasmon
band of AuNR centered at 752 nm, indicating the coupling of
longitudinal plasmon oscillation (Supporting Information,
Figure S16a). Whereas the transverse plasmon absorption
band at 521 nm remains nearly unaffected. This is a character-
istic absorption behavior for the end-to-end assembly of
AuNRs.[25] As in the case of AuNPs, a significant quenching of
fluorescence (72%) of DNA1 was observed after the
assembly of the AuNRs on the ribbon due to the DNA-

Figure 2. TEM images of DNA1–AuNPs assembly of a) approximately
30 nm and b) approximately 10 nm AuNPs. c) CD spectra of DNA1–
AuNP (approximately 10 nm) assembly at 20 8C and 60 8C. d) Compar-
ison of absorption spectrum of AuNPs (approximately 10 nm) alone
and after their assembly onto a DNA1 ribbon. Inset shows the
corresponding changes in emission spectrum at different temper-
atures.
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mediated electronic interaction of AuNRs and HPB (Sup-
porting Information, Figure S16b). Furthermore, the emission
was almost restored (79 %) to the emission intensity of DNA1
at 60 8C upon increasing the temperature of the DNA1–
AuNR assembly to 60 8C. CD analysis of the DNA1–AuNR
assembly shows a bisignated CD couplet at the longitudinal
surface plasmon resonance position of AuNR (Figure 3c). A
negative Cotton effect at 790 nm, followed by a positive
Cotton effect at 665 nm with a zero crossing at 740 nm was
observed. As observed with the DNA1–AuNP assembly, the
intensity of the CD signal gradually decreased with the rise in
temperature and completely disappeared at 60 8C. It is to be
noted that the DNA1–AuNR assembly exhibits plasmon
coupled CD signal, whereas the DNA1–AuNP assembly
shows an ICD signal without interparticle plasmon coupling.
This difference in chiroptical behavior can be attributed to the
strong dipolar coupling of AuNRs compared to AuNPs.[2] In
order to further confirm that the assembly of the AuNRs is
indeed due to sequence-specific DNA hybridization, control
experiments were carried out with AuNRs functionalized
with ssDNA (5’-TCTACATTA-3’), which is noncomplemen-
tary to the ssDNA on the surface of the ribbon. As expected,
no assembly of AuNRs on the ribbon was observed (Fig-
ure 3d).

Our results show that DNA-based amphiphiles are
a unique class of supramolecular building blocks for the
design of DNA-decorated, chiral nanostructures and the self-
assembly of DNA-based amphiphiles is primarily driven by
hydrophobic interactions. Though the structural diversity of
the nanostructures that can be achieved by the self-assembly
of DNA-based amphiphiles is limited, the simplicity of the
design and straightforward synthesis make this approach of
interest. The exclusive formation of DNA-decorated, chiral
nanostructures with one handedness would find potential

applications in the fields of chiral sensing, enantioselective
synthesis, and photonic materials. Moreover, this approach
permits the easy integration of functional domains of interest
as hydrophobic segments into the DNA nanostructures. To
our knowledge, this is the first report demonstrating the
design of a helically twisted ribbon with one handedness from
the self-assembly of a DNA-based amphiphile that can act as
a universal template for the fabrication of 1D chiral
plasmonic nanomaterials.

Acknowledgements

Financial supports from KSCSTE and DBT are gratefully
acknowledged. We thank UGC and CSIR for research
fellowships. The help of Rafeeque Poolamuri Pottammel
with the drawings is acknowledged.

Conflict of interest

The authors declare no conflict of interest.

Keywords: amphiphiles · chirality · DNA nanostructures ·
plasmonic nanomaterials · supramolecular chemistry

[1] J. K. Gansel, M. Thiel, M. S. Rill, M. Decker, K. Bade, V. Saile,
G. von Freymann, S. Linden, M. Wegener, Science 2009, 325,
1513.

[2] J. Kumar, H. EraÇa, E. L�pez-Mart�neza, N. Claesc, V. F.
Mart�nd, D. M. Sol�se, S. Bals, A. L. Cortajarena, J. Castilla,
L. M. Liz-Marz�n, Proc. Natl. Acad. Sci. USA 2018, 115, 3225.

[3] a) C. Zhou, X. Duan, N. Liu, Nat. Commun. 2015, 6, 8102; b) X.
Lan, Z. Su, Y. Zhou, T. Meyer, Y. Ke, Q. Wang, W. Chiu, N. Liu,
S. Zou, H. Yan, Y. Liu, Angew. Chem. 2017, 129, 14824; Angew.
Chem. Int. Ed. 2017, 56, 14632.

[4] a) J. Sharma, R. Chhabra, A. Cheng, J. Brownell, Y. Liu, H. Yan,
Science 2009, 323, 112; b) A. J. Mastroianni, S. A. Claridge, A. P.
Alivisatos, J. Am. Chem. Soc. 2009, 131, 8455; c) W. Yan, L. Xu,
C. Xu, W. Ma, H. Kuang, L. Wang, N. A. Kotov, J. Am. Chem.
Soc. 2012, 134, 15114.

[5] a) A. Kuzyk, R. Schreiber, Z. Fan, G. Pardatscher, E. V. Roller,
A. Hçgele, F. C. Simmel, A. O. Govorov, T. Liedl, Nature 2012,
483, 311; b) X. Shen, C. Song, J. Wang, D. Shi, Z. Wang, N. Liu, B.
Ding, J. Am. Chem. Soc. 2012, 134, 146; c) X. Lan, Z. Chen, G.
Dai, X. Lu, W. Ni, Q. Wang, J. Am. Chem. Soc. 2013, 135, 11441.

[6] a) C.-L. Chen, P. Zhang, N. L. Rosi, J. Am. Chem. Soc. 2008, 130,
13555; b) J. George, K. G. Thomas, J. Am. Chem. Soc. 2010, 132,
2502.

[7] A. Guerrero-Mart�nez, B. Augui�, J. L. Alonso-G�mez, Z.
Džolic, S. G�mez-GraÇa, M. Žinic, M. M. Cid, L. M. Liz-
Marz�n, Angew. Chem. 2011, 123, 5613; Angew. Chem. Int. Ed.
2011, 50, 5499.

[8] a) J. Zheng, P. E. Constantinou, C. Micheel, A. P. Alivisatos,
R. A. Kiehl, N. C. Seeman, Nano Lett. 2006, 6, 1502; b) F. A.
Aldaye, H. A. Sleiman, J. Am. Chem. Soc. 2007, 129, 4130; c) J.
Sharma, R. Chhabra, C. S. Anderson, K. V. Gothelf, H. Yan, Y.
Liu, J. Am. Chem. Soc. 2008, 130, 7820; d) E. Auyeung,
T. I. N. G. Li, A. J. Senesi, A. L. Schmucker, B. C. Pals, M. O.
de la Cruz, C. A. Mirkin, Nature 2014, 505, 73.

Figure 3. a and b) TEM images of DNA1–AuNR assembly. c) CD
spectra of DNA1–AuNR assembly at 20 8C and 60 8C. d) TEM image of
DNA1 ribbon after the assembly with AuNR-modified noncomplemen-
tary DNA.

Angewandte
ChemieCommunications

4 www.angewandte.org � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2019, 58, 1 – 6
� �

These are not the final page numbers!

https://doi.org/10.1126/science.1177031
https://doi.org/10.1126/science.1177031
https://doi.org/10.1073/pnas.1721690115
https://doi.org/10.1002/ange.201709775
https://doi.org/10.1002/anie.201709775
https://doi.org/10.1002/anie.201709775
https://doi.org/10.1126/science.1165831
https://doi.org/10.1021/ja808570g
https://doi.org/10.1021/ja3066336
https://doi.org/10.1021/ja3066336
https://doi.org/10.1038/nature10889
https://doi.org/10.1038/nature10889
https://doi.org/10.1021/ja209861x
https://doi.org/10.1021/ja404354c
https://doi.org/10.1021/ja805683r
https://doi.org/10.1021/ja805683r
https://doi.org/10.1021/ja908574j
https://doi.org/10.1021/ja908574j
https://doi.org/10.1002/ange.201007536
https://doi.org/10.1002/anie.201007536
https://doi.org/10.1002/anie.201007536
https://doi.org/10.1021/nl060994c
https://doi.org/10.1021/ja070017i
https://doi.org/10.1021/ja802853r
https://doi.org/10.1038/nature12739
http://www.angewandte.org


[9] a) N. C. Seeman, J. Theor. Biol. 1982, 99, 237; b) P. W. K.
Rothemund, Nature 2006, 440, 297; c) U. Feldkamp, C. M.
Niemeyer, Angew. Chem. 2006, 118, 1888; Angew. Chem. Int.
Ed. 2006, 45, 1856; d) R. P. Goodman, M. Heilemann, S. Doose,
C. M. Erben, A. N. Kapanidis, A. J. Turberfield, Nat. Nano-
technol. 2008, 3, 93; e) S. M. Douglas, H. Dietz, T. Liedl, B.
Hçgberg, F. Graf, W. M. Shih, Nature 2009, 459, 414; f) E. S.
Andersen, M. Dong, M. M. Nielsen, K. Jahn, R. Subramani, W.
Mamdouh, M. M. Golas, B. Sander, H. Stark, C. L. P. Oliveira,
J. S. Pedersen, V. Birkedal, F. Besenbacher, K. V. Gothelf, J.
Kjems, Nature 2009, 459, 73; g) D. Ackermann, T. L. Schmidt,
J. S. Hannam, C. S. Purohit, A. Heckel, M. Famulok, Nat.
Nanotechnol. 2010, 5, 436; h) D. Han, S. Pal, J. Nangreave, Z.
Deng, Y. Liu, H. Yan, Science 2011, 332, 342; i) Y. Krishnan, F. C.
Simmel, Angew. Chem. 2011, 123, 3180; Angew. Chem. Int. Ed.
2011, 50, 3124; j) D. Bhatia, S. Surana, S. Chakraborty, S. P.
Koushika, Y. Krishnan, Nat. Commun. 2011, 2, 339; k) O. I.
Wilner, I. Willner, Chem. Rev. 2012, 112, 2528; l) R. Iinuma, Y.
Ke, R. Jungmann, T. Schlichthaerle, J. B. Woehrstein, P. Yin,
Science 2014, 344, 65; m) M. R. Jones, N. C. Seeman, C. A.
Mirkin, Science 2015, 347, 840; n) Y. Vyborna, M. Vybornyi, R.
H�ner, J. Am. Chem. Soc. 2015, 137, 14051; o) P. Ensslen, H.-A.
Wagenknecht, Acc. Chem. Res. 2015, 48, 2724.

[10] a) J. P. Hill, W. Jin, A. Kosaka, T. Fukushima, H. Ichihara, T.
Shimomura, K. Ito, T. Hashizume, N. Ishii, T. Aida, Science 2004,
304, 1481; b) F. J. M. Hoeben, I. O. Shklyarevskiy, M. J. Pouder-
oijen, H. Engelkamp, A. P. H. J. Schenning, P. C. M. Christianen,
J. C. Maan, E. W. Meijer, Angew. Chem. 2006, 118, 1254; Angew.
Chem. Int. Ed. 2006, 45, 1232; c) J. Wu, J. Li, U. Kolbb, K.
M�llen, Chem. Commun. 2006, 48; d) S. K. M. Nalluri, B. J.
Ravoo, Angew. Chem. 2010, 122, 5499; Angew. Chem. Int. Ed.
2010, 49, 5371; e) Y. Kim, S. Shin, T. Kim, D. Lee, C. Seok, M.
Lee, Angew. Chem. 2013, 125, 6554; Angew. Chem. Int. Ed. 2013,
52, 6426; f) C. Rest, M. J. Mayoral, K. Fucke, J. Schellheimer, V.
Stepanenko, G. Fern�ndez, Angew. Chem. 2014, 126, 716;
Angew. Chem. Int. Ed. 2014, 53, 700; g) X. Zhang, D. Gçrl, V.
Stepanenko, F. W�rthner, Angew. Chem. 2014, 126, 1294;
Angew. Chem. Int. Ed. 2014, 53, 1270.

[11] a) Z. Li, Y. Zhang, P. Fullhart, C. A. Mirkin, Nano Lett. 2004, 4,
1055; b) F. E. Alemdaroglu, K. Ding, R. Berger, A. Herrmann,
Angew. Chem. 2006, 118, 4313; Angew. Chem. Int. Ed. 2006, 45,
4206; c) M. P. Thompson, M.-P. Chien, T.-H. Ku, A. M. Rush,
N. C. Gianneschi, Nano Lett. 2010, 10, 2690; d) T. Chen, C. S.

Wu, E. Jimenez, Z. Zhu, J. G. Dajac, M. You, D. Han, X. Zhang,
W. Tan, Angew. Chem. 2013, 125, 2066; Angew. Chem. Int. Ed.
2013, 52, 2012; e) T. G. W. Edwardson, K. M. M. Carneiro, C. K.
McLaughlin, C. J. Serpell, H. F. Sleiman, Nat. Chem. 2013, 5,
868; f) Z. Zhao, C. Chen, Y. Dong, Z. Yang, Q.-H. Fan, D. Liu,
Angew. Chem. 2014, 126, 13686; Angew. Chem. Int. Ed. 2014, 53,
13468; g) S. E. Averick, S. K. Dey, D. Grahacharya, K. Matyjas-
zewski, S. R. Das, Angew. Chem. 2014, 126, 2777; Angew. Chem.
Int. Ed. 2014, 53, 2739; h) C.-J. Kim, X. Hu, S.-J. Park, J. Am.
Chem. Soc. 2016, 138, 14941; i) R. V. Thaner, I. Eryazici, O. K.
Farha, C. A. Mirkin, S. T. Nguyen, Chem. Sci. 2014, 5, 1091.

[12] M. Kwak, A. Herrmann, Chem. Soc. Rev. 2011, 40, 5745.
[13] S. K. Albert, H. V. P. Thelu, M. Golla, N. Krishnan, S. Chaudh-

ary, R. Varghese, Angew. Chem. 2014, 126, 8492; Angew. Chem.
Int. Ed. 2014, 53, 8352.

[14] S. K. Albert, I. Sivakumar, M. Golla, H. V. P. Thelu, N. Krishnan,
J. Libin, K. L. Ashish, R. Varghese, J. Am. Chem. Soc. 2017, 139,
17799.

[15] T. R. Pearcea, E. Kokkoli, Soft Matter 2015, 11, 109.
[16] V. Vij, V. Bhalla, M. Kumar, Chem. Rev. 2016, 116, 9565.
[17] T. Kosaka, Y. Inoue, T. Mori, J. Phys. Chem. Lett. 2016, 7, 783.
[18] W. Xiao, X. Feng, P. Ruffieux, O. Grçning, K. M�llen, R. Fasel, J.

Am. Chem. Soc. 2008, 130, 8910.
[19] P. Samor	, X. Yin, N. Tchebotareva, Z. Wang, T. Pakula, F.

J�ckel, M. D. Watson, A. Venturini, K. M�llen, J. P. Rabe, J. Am.
Chem. Soc. 2004, 126, 3567.

[20] J. H. K. K. Hirschberg, L. Brunsveld, A. Ramzi, J. A. J. M.
Vekemans, R. P. Sijbesma, E. W. Meijer, Nature 2000, 407, 167.

[21] S. Pramanik, V. Bhalla, H. M. Kim, H. Singh, H. W. Lee, M. A.
Kumar, Chem. Commun. 2015, 51, 15570.

[22] C. C. Lee, C. Grenier, E. W. Meijer, A. P. H. J. Schenning, Chem.
Soc. Rev. 2009, 38, 671.

[23] H. Jia, C. Fang, X.-M. Zhu, O. Ruan, Y.-X. J. Wang, J. Wang,
Langmuir 2015, 31, 7418.

[24] D. Shi, C. Song, O. Jiang, Z.-G. Wang, B. Ding, Chem. Commun.
2013, 49, 2533.

[25] Z. Zhu, W. Liu, Z. Li, B. Han, Y. Zhou, Y. Gao, Z. Tang, ACS
Nano 2012, 6, 2326.

Manuscript received: December 6, 2018
Accepted manuscript online: January 28, 2019
Version of record online: && &&, &&&&

Angewandte
ChemieCommunications

5Angew. Chem. Int. Ed. 2019, 58, 1 – 6 � 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

These are not the final page numbers! � �

https://doi.org/10.1016/0022-5193(82)90002-9
https://doi.org/10.1038/nature04586
https://doi.org/10.1002/ange.200502358
https://doi.org/10.1002/anie.200502358
https://doi.org/10.1002/anie.200502358
https://doi.org/10.1038/nnano.2008.3
https://doi.org/10.1038/nnano.2008.3
https://doi.org/10.1038/nature08016
https://doi.org/10.1038/nature07971
https://doi.org/10.1038/nnano.2010.65
https://doi.org/10.1038/nnano.2010.65
https://doi.org/10.1126/science.1202998
https://doi.org/10.1002/ange.200907223
https://doi.org/10.1002/anie.200907223
https://doi.org/10.1002/anie.200907223
https://doi.org/10.1021/cr200104q
https://doi.org/10.1126/science.1250944
https://doi.org/10.1021/jacs.5b09889
https://doi.org/10.1021/acs.accounts.5b00314
https://doi.org/10.1126/science.1097789
https://doi.org/10.1126/science.1097789
https://doi.org/10.1002/ange.200502187
https://doi.org/10.1002/anie.200502187
https://doi.org/10.1002/anie.200502187
https://doi.org/10.1039/B511868A
https://doi.org/10.1002/ange.201001442
https://doi.org/10.1002/anie.201001442
https://doi.org/10.1002/anie.201001442
https://doi.org/10.1002/ange.201210373
https://doi.org/10.1002/anie.201210373
https://doi.org/10.1002/anie.201210373
https://doi.org/10.1002/ange.201307806
https://doi.org/10.1002/anie.201307806
https://doi.org/10.1002/ange.201308963
https://doi.org/10.1002/anie.201308963
https://doi.org/10.1021/nl049628o
https://doi.org/10.1021/nl049628o
https://doi.org/10.1002/ange.200600524
https://doi.org/10.1002/anie.200600524
https://doi.org/10.1002/anie.200600524
https://doi.org/10.1021/nl101640k
https://doi.org/10.1002/ange.201209440
https://doi.org/10.1002/anie.201209440
https://doi.org/10.1002/anie.201209440
https://doi.org/10.1038/nchem.1745
https://doi.org/10.1038/nchem.1745
https://doi.org/10.1002/ange.201408231
https://doi.org/10.1002/anie.201408231
https://doi.org/10.1002/anie.201408231
https://doi.org/10.1002/ange.201308686
https://doi.org/10.1002/anie.201308686
https://doi.org/10.1002/anie.201308686
https://doi.org/10.1021/jacs.6b07985
https://doi.org/10.1021/jacs.6b07985
https://doi.org/10.1039/C3SC53206B
https://doi.org/10.1039/c1cs15138j
https://doi.org/10.1002/ange.201403455
https://doi.org/10.1002/anie.201403455
https://doi.org/10.1002/anie.201403455
https://doi.org/10.1021/jacs.7b09283
https://doi.org/10.1021/jacs.7b09283
https://doi.org/10.1039/C4SM01332H
https://doi.org/10.1021/acs.chemrev.6b00144
https://doi.org/10.1021/acs.jpclett.6b00179
https://doi.org/10.1021/ja7106542
https://doi.org/10.1021/ja7106542
https://doi.org/10.1021/ja038648+
https://doi.org/10.1021/ja038648+
https://doi.org/10.1038/35025027
https://doi.org/10.1039/C5CC05406K
https://doi.org/10.1039/B800407M
https://doi.org/10.1039/B800407M
https://doi.org/10.1021/acs.langmuir.5b01444
https://doi.org/10.1039/c3cc39093d
https://doi.org/10.1039/c3cc39093d
https://doi.org/10.1021/nn2044802
https://doi.org/10.1021/nn2044802
http://www.angewandte.org


Communications

DNA Nanotechnology

M. Golla, S. K. Albert, S. Atchimnaidu,
D. Perumal, N. Krishnan,
R. Varghese* &&&&—&&&&

DNA-Decorated, Helically Twisted
Nanoribbon: A Scaffold for the
Fabrication of One-Dimensional, Chiral,
Plasmonic Nanostructures

Scarlet ribbons : This work reports the
amphiphilicity-driven self-assembly of
DNA–hexaphenylbenzene conjugates
into DNA-decorated, helically twisted

nanoribbons, which can act as a universal
template for the fabrication of 1D chiral
plasmonic nanomaterials.
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