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Abstract: Two-dimensional (2D) assemblies of water-
soluble block copolymers have been limited by a dearth
of systematic studies that relate polymer structure to
pathway mechanism and supramolecular morphology.
Here, we employ sequence-defined triblock DNA
amphiphiles for the supramolecular polymerization of
free-standing DNA nanosheets in water. Our systematic
modulation of amphiphile sequence shows the alkyl
chain core forming a cell membrane-like structure and
the distal π-stacking chromophore block folding back to
interact with the hydrophilic DNA block on the nano-
sheet surface. This interaction is crucial to sheet
formation, marked by a chiral “signature”, and sensitive
to DNA sequence, where nanosheets form with a mixed
sequence, but not with a homogeneous poly(thymine)
sequence. This work opens the possibility of forming
well-ordered, bilayer-like assemblies using a single DNA
amphiphile for applications in cell sensing, nucleic acid
therapeutic delivery and enzyme arrays.

Introduction

The arrangement of molecular building blocks into higher-
order assemblies is a critical aspect of supramolecular

polymerization mechanisms observed in natural systems.[1]

Biological assemblies such as the two-dimensional (2D) lipid
bilayers in cellular membranes[2] have inspired a diverse
library of synthetic macromolecular motifs—ranging from
conventionally synthesized homo- and block-copolymers[3]

to bola- and sequence-defined amphiphiles—for the assem-
bly of 2D morphologies at the nano-, meso- and microscales.
The self-assembly of block copolymers (BCPs), in particular,
leading to morphologically well-defined 2D nanostructures
with narrow size distributions has been successfully achieved
in organic or mixed media through crystallization-driven
processes.[4–11] Efforts have also been made to extend this
approach to purely aqueous systems using either dialysis
techniques with conventional BCPs[12–15] or by directly
employing sequence-defined peptides[16] or peptoids—syn-
thetic, N-substituted glycine oligomers[17]—leading to pep-
tide-mimetic, 2D structures in water.[18–25] However, the
question of how the polymer sequence influences the
assembly of these molecules requires systematic studies to
elucidate general guidelines for controlled self-assembly.[26]

Within the context of block copolymer self-assembly,
DNA amphiphiles have emerged as promising water-soluble
building blocks for the construction of nanostructures of
promising biological relevance.[27–29] These polymers com-
prise a single-stranded DNA (ssDNA) as the hydrophilic
block linked covalently to a hydrophobic small-molecule,
oligomer, or dendritic structure.[30] They can combine the
programmability and predictability of Watson–Crick-Frank-
lin interactions of DNA with the orthogonal interactions
and long-range order of the hydrophobic block. The self-
assembly of DNA amphiphiles in aqueous solution has
yielded morphologically well-defined nanostructures such as
spherical micelles[31–37] and vesicles (0D),[38–42] nanofibers[43–46]

and nanoribbons[47–50] (1D) exhibiting surface addressability
and multivalency with a dense corona of ssDNA. These
nanostructures exhibit improved cellular internalization,[51]

nuclease resistance,[52] biodistribution profiles,[53] gene silenc-
ing activity,[54] multivalent binding via aptamers,[55] and can
serve as templates for DNA displacement reactions such as
HCR[56] and as nanoreactors for DNA/RNA amphiphile
synthesis.[57,58]

The self-assembly of free-standing nanosheets provides
the opportunity to study how bioactive components ar-
ranged in 2D influence cellular interactions, leading to
applications such as drug delivery,[59] cell sensing and
stimulation,[60] and antimicrobial activity.[61] A DNA amphi-
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phile-based system would expand these applications further
into areas such as delivery of oligonucleotide therapeutics,
DNA-binding protein capture and DNA-zyme cascades,
owing to the sheets’ high surface-to-volume ratios. However,
only a handful of DNA amphiphile-based 2D structures
have been reported to date. These assemblies have relied on
the use of interactions that robustly direct 2D-assembly,
such as large hydrophobic cores with strong π-stacking
interactions,[62–64] peptide β-sheet formation,[65] or a pre-
cisely-designed DNA origami template (“frame-guided
assembly”).[66,67] The π-stacking core approach, in particular,
resulted in the spontaneous formation of assemblies that
were unaffected by DNA length and sequence. When the
interactions were less strong, such as with “oligopyreno-
tides”, only a maximum of one nucleotide could be included
in the amphiphile structure to give nanosheets; the addition
of further nucleotides shifted the morphology from 2D
nanosheets to 1D nanoribbons.[68] To take advantage of the
structural diversity of DNA amphiphiles as a macromolecu-
lar motif, there is a need for an improved understanding of
their associated 2D self-assembly mechanisms, leading to
systematic methods to create free-standing 2D sheets in
water using these special block copolymers.[26,69,70]

Herein we report the supramolecular polymerization of
sequence-defined triblock DNA amphiphiles into 2D nano-
sheets in aqueous solution. The modular structure of the
DNA amphiphiles—comprising ssDNA, hexaethylene (C12)
chains, and Cy3 dyes—and their sequence definition allow
us to probe the mechanistic and morphological effect of
subtle changes in amphiphile sequence and length on the
supramolecular assembly. Our combined spectroscopic,
imaging, and modeling study reveals the formation of a lipid
bilayer-like structure akin to a cellular membrane as the
most stable morphology. We report an unprecedented 2D
assembly in which the terminal π-stacking chromophore
block folds back and interacts with the hydrophilic DNA
block on the surface of the nanosheets, leading to chiropti-
cally active assemblies. We find that this intramolecular
interaction is crucial to nanosheet formation and, interest-
ingly, is dependent on the DNA sequence. This work
provides mechanistic insights into the formation of
supramolecular DNA structures resembling free-standing
membrane bilayers, allowing us to visualize the parameter
space of structural modifications and kinetic control critical
to achieving the desired 2D morphology. Our results also
raise the intriguing question of the potential role of other
biologically active DNA binders in driving the assembly of
2D DNA amphiphile nanostructures.

Results and Discussion

Self-assembly of DNA nanosheets

The DNA amphiphiles 9a (5’—Cy32-C1212-TTT TTC AGT
—3’) were generated on an automated DNA synthesizer as
fully monodisperse, triblock structures, comprising: (i) a
hydrophilic 9-mer DNA block, (ii) a hydrophobic block
containing twelve linear hexaethylene (C12) chains and

(iii) a π-stacking block containing two cyanine-3 (Cy3)
chromophores (Figure 1a). The monomeric units in the
structure are separated by negatively charged phosphate
groups which confer water solubility. Room temperature
(RT) aging a solution of these DNA amphiphiles in the
presence of Mg2+ cations ([Mg2+]=12.5 mM in 1x TAMg
buffer) leads to the formation of nanofibers observed by
atomic force microscopy (AFM) in air (Figure 1c). Subse-
quent annealing of the nanofibers—or direct annealing of a
buffered DNA amphiphile solution without RT aging—
yields rectangular, anisotropic nanosheets, observed by
AFM in air (Figures 1b, d) and fluid (Figure 1e) as well as
by transmission electron microscopy (TEM) (Figure 1f). The
size of the nanosheets increases with cation and amphiphile
concentration as observed by AFM (Figures SF14–15),
native agarose gel electrophoresis (Figures SF118–119) and
dynamic light scattering (DLS) (Figure SF120) suggesting
that the cations serve to counterbalance the negative charges
in the amphiphile structure and facilitate self-assembly.
Cross-section analysis of the nanosheets using AFM reveals
that the 2D structures have a uniform height of 10.0�

0.2 nm (Figure SF24). Replacing the Mg2+ cations with Na+

([Na+]= 161.1 mM) did not yield nanosheets or nanofibers
(Figures SF16–17) whereas using a divalent cation mix of
Mg2+ and Ca2+ at extracellular concentrations ([Mg2+]=

1.5 mM; [Ca2+]=2.5 mM) yielded heterogeneous morpholo-
gies dependent on annealing conditions (Figures SF18–20).

Role of Cyanine-3 in morphology selection

The self-assembly of the DNA amphiphiles can be moni-
tored using spectroscopic techniques, owing to the incorpo-
ration of Cy3 dyes in the amphiphile structure. Both the
room temperature-aged fibers and annealed nanosheets
show >80% decrease in fluorescence intensity relative to
the free amphiphile in (the buffer-free control) solution
(Figures SF141–142).[43] Consequently, we initially hypothe-
sized that the hydrophobic Cy3 units may be buried and
interacting together within the hydrophobic cores, resulting
in aggregation-induced quenching. However, circular dichro-
ism (CD) of 9a nanosheets (Figure 2a(i), Figure SF121)
showed clear CD signals in the Cy3 absorption region
centered at 515 nm. Considering the achiral nature of the
two hydrophobic blocks, this suggests that the Cy3 chromo-
phore block might not be buried in the core but is possibly
interacting with the chiral DNA component (Figure 2a(i)).
Cyanine dyes are known to interact with DNA strands by
end-stacking when placed at the strand termini, and by
groove binding if placed within a strand.[71–73]

One advantage of our synthetic strategy is the ability to
make sequence-defined polymers and change the composi-
tion one monomer at a time. To further elucidate the
importance of Cy3 in the supramolecular polymerization
process, we investigated the self-assembly of 9a-1 (Cy3-
C1212-TTT TTC AGT) and 9a-0 (C1212-TTT TTC AGT),
amphiphiles that differ from the primary sequence only in
the number of Cy3 units appended to the 5’ end. Thermal
annealing of these two amphiphiles leads to morphologically
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Figure 1. Supramolecular polymerization of lipid-like DNA amphiphiles. a) Triblock structure of the DNA amphiphile 9a which undergoes self-
assembly in Mg2+-buffered aqueous solution to directly yield b) supramolecular 2D nanosheets or c) morphologically distinct 1D nanofibers when
aged at room temperature that transform into d) 2D nanosheets upon annealing, as seen via AFM in air on mica. The nanosheet structures are
also observed using e) AFM in fluid on mica and f) TEM. g) An atomistic model of the folded amphiphile and the nanosheet morphology
simulated using temperature replica exchange molecular dynamics (TREMD) simulations. Height bars in nm.
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different structures: 9a-1 forms flexible fibers (h=9.0�

0.5 nm) instead of nanosheets (Figure 2b) whereas 9a-0
assembles into polydisperse, flat, circular structures (h=

8.0�0.5 nm) (Figure 2c). This suggests that the dye introdu-
ces anisotropy in the supramolecular structure as a result of
π-stacking which leads to long-range order in the formation
of the flexible fibers (9a-1) and nanosheets (9a) as opposed
to isotropic circular lamellae (9a-0). The CD signal of 9a-0,
as expected, shows no Cy3-associated signals (Figure 2a(iii))
whereas that for 9a-1 (containing one Cy3) exhibits no
distinct peak at ca. 500 nm (Figure 2a(ii)). This suggests that
the 500 nm peak for 9a (containing two Cy3 s, Figure 2a(i))
comes from intramolecular Cy3-Cy3 interactions in a dimer
within the 9a nanosheet assembly, arising from a chiral
stacking of the dyes in proximity to the chiral DNA
component.[74] Such an intramolecular interaction is not
possible for 9a-1. Thus, the Cy3 block plays a critical role in
the morphology: self-assembly changes dramatically upon
introducing a single Cy3 to 9a-0, and a second Cy3 is needed
for growth in the second dimension and formation of the
nanosheet structure.

Reducing the number of C12 units in 9a to 11 (9a-
HE11) or 10 (9a-HE10) also results in anisotropic nanosheet
formation (Figures SF94, 96) accompanied by the negative
ca. 500 nm CD peak (Figures SF128a, 129a). For 9a-HE 
(containing eight C12 units), however, flat, nearly isotropic
2D assemblies (h=9.5�0.5 nm) are observed upon anneal-

ing (Figure SF92) with a markedly strong CD response
(Figure SF127a) that is discussed further below. These
results suggest that at least some of the anisotropy in the
nanosheet morphologies observed in our study is attribut-
able to the number of C12 units in the amphiphiles.
Replacing the Cy3 dyes in 9a with two Cy5 dyes (9a-Cy5)
results in the formation of flat, 2D assemblies (h=6.3�

0.3 nm) that are more uniform and square-shaped than the
9a nanosheets (Figure SF114).

Molecular modeling of supramolecular nanosheets

The folding of the amphiphiles and their arrangement in the
supramolecular assembly were explored using molecular
modeling and simulation. We first investigated the architec-
ture of the C12 chains by testing the intramolecular folding
of 9a amphiphiles using equilibrium and enhanced sampling
molecular dynamics (MD) simulations (with Mg2+ ions
present). We hypothesized that, due to its hydrophobicity,
the most thermodynamically stable configurations of the
C1212 block would minimize its solvent-accessible surface
area (SASA). Equilibrium MD simulations initiated from
three different disordered initial configurations of the C1212
block (Figure SF145) revealed large decreases in SASA
over time. Unlike these disordered configurations, the
hypothesized pre-folded, concertina-like 9a ordered

Figure 2. Role of Cy3 in determining supramolecular morphology: a) Comparison of the RT CD signals of i) 9a nanosheets, (ii) 9a-1 nanofibers,
and (iii) 9a-0 circular lamellae. AFM in air images show the formation of b) fibers from the annealing of 9a-1 and c) isotropic circular lamellae
from the annealing of 9a-0. Inset scale bars in white correspond to the same length as the black scale bars at the bottom of each image. Height
bars in nm.
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structure[43] was found to remain stable and did not undergo
C12 chain contraction (Figure SF145).

Next, temperature replica exchange molecular dynamics
(TREMD) simulations were used to further interrogate the
stability of this ordered structure at low (RT/27 °C) and high
(annealing/97 °C) temperatures. The resulting converged
SASA distributions demonstrated that the hypothesized
compact structure was favored at low temperature but
unfolded with mispacked C12 chains at elevated temper-
atures (Figure 3a). This result was further supported by the
relative orientation of each pair of C12 chains (C12i and
C12j in Figure 3a), which we used as an order parameter to
characterize the folded or misfolded amphiphile structures
(checkerboards in Figure 3a, bottom). Overall, our simula-
tions support the formation of a stable, highly ordered,
bilayer-type arrangement of the individual amphiphiles with
the C12-connecting phosphate groups positioned at both

solvent interfaces. Such an arrangement has previously been
postulated for amphiphilic oligopyrenotides and azoben-
zene-based oligomers forming supramolecular 2D assem-
blies, based on experiments.[75–77]

After establishing the intramolecular folding of the
amphiphiles, we tested the Mg2+-dependent association of
amphiphiles and constructed an atomistic model of the 9a
nanosheet morphology. Ordered amphiphiles were gener-
ated with sequential C12 chains aligned in a concertina
arrangement, which placed the DNA and Cy3 dyes on one
side of each amphiphile (Figure 3b). Entire amphiphiles
were given alternating orientations to minimize steric
clashing between the DNA and Cy3 blocks of adjacent
folded amphiphiles when the C12 chains were placed in van
der Waals contact. This leads to a checkerboard array of
nine amphiphiles that were simulated using TREMD
(Figure SF144) with periodic boundary conditions to mimic

Figure 3. Folded and ordered amphiphiles as building blocks for 2D nanosheets. a) Distributions of the solvent accessible surface area (SASA) for
the C12 chains of a 9a amphiphile from low (27 °C) and high (97 °C) temperature rungs of temperature replica exchange molecular dynamics
(TREMD) simulations (center). Example C12 structures from the SASA modes are shown for low (left) and high (right) temperature simulations
and reveal differential degrees of C12 chain ordering (DNA and Cy3 hidden for clarity). Average C12 orientation order parameters from the last
25 ns of the TREMD simulations (lower left and right) further quantify the long-range chain ordering at low temperatures (left, e.g., C12
Orientation>0.5 for i=1 and j=12) and its disruption at high temperature (right). b) Alternating, checkerboard packing of nine 9a amphiphiles
followed by 3-μs TREMD simulations demonstrate a thermodynamically stable sheet structure (comprising nine amphiphiles). TREMD simulations
were run at temperatures ranging from 27 to 97 °C. DNA block shown in blue, C12 chains in gray, and Cy3 dyes in magenta.
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an infinite sheet. Like the ordered single amphiphile, at low
temperatures the long-range order between C12 chains
persisted throughout the simulations, supporting its stability
for extended periods. Next, predictions about the Cy3-DNA
interactions were made based on the MD simulations. We
analyzed the mutual orientation preferences of the Cy3
indoles in the 9a nanosheet at room temperature. Our data
suggests that (i) the most populated orientation (Cy3-Cy3
angle: 60°, distance: 7.4 Å) occurs in close proximity to the
DNA (Figure SF146a) and (ii) there is a strong preference
of the Cy3 indoles to interact with the nucleobases proximal
to the DNA�C12 interface and, to a much lesser extent, the
terminal nucleobase at the 3’-end (Figure SF146b).

Using the same approach as for 9a, atomistic models for
9a-1 and 9a-0 nanostructures (shown in Figure 2b, c) were
simulated using TREMD and the thicknesses of the three
amphiphile morphologies compared. The results supported
the trends in height observed via AFM (Figure SF147). MD
simulations of the nanosheet are thus consistent with a lipid
bilayer-like arrangement of the C12 chains and folding back
of the two Cy3 chromophores into close interaction with the
DNA strand. This interaction is necessary for nanosheet
formation and results in an induced CD peak for the
Cy3 units ca. 500 nm. The Cy32-DNA interaction rigidifies
the DNA strand at the interface between the DNA and
hydrophobic units: this can result in decreasing the inter-

facial curvature and facilitating the two-dimensional growth
of nanosheets. The stability of the 9a nanosheets may also
be explained in terms of Cy3 hydrophobic interactions
rigidifying the folded amphiphile structure (Figure 3b);
intramolecular interactions between end-modifications have
been found to greatly enhance the stability of folded DNA
structures.[78] These findings suggest that introducing other
DNA-binding molecules into DNA amphiphiles—many of
which are drugs[71]—may also profoundly affect the self-
assembly and redirect the final morphology.

DNA sequence dependence

The Cy3-DNA interactions observed by CD spectroscopy
and modeled by our MD simulations raise the important
question of the sensitivity of the supramolecular polymer-
ization process to DNA sequence. To investigate this, we
synthesized a DNA amphiphile, 9b (Cy32-C1212-ATT CTA
CTT), comprising a random nucleotide sequence different
from the one in 9a and tested it for self-assembly. Similar to
the primary amphiphile (9a), 9b assembles into nanosheets
(Figure 4a(i)) 10.0�0.3 nm thick upon thermal annealing
and likewise displays the characteristic negative CD peak ca.
500 nm (Figure 4a(ii)).

Figure 4. Role of DNA sequence in determining morphology: i) AFM in air images showing the nanostructures formed following annealing and
(ii) the corresponding CD spectra for a) 9b b) 9T and c) 6T. Inset scale bars in white correspond to the same length as the black scale bars at the
bottom of each image. Height bars in nm.
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We next explored the self-assembly of a DNA amphi-
phile with a poly-thymine (poly-T) 9-mer oligonucleotide
sequence as the hydrophilic block: 9T (Cy32-C1212-T9).
Annealing the amphiphile solution of 9T leads to flat, strip-
like assemblies (h�9.5 nm) that display a very limited
propensity to stack laterally to form nanosheets (Fig-
ure 4b(i)). Intriguingly as well, the CD spectrum for these
structures lacks the distinguishing features observed for the
morphologies associated with the other amphiphiles dis-
cussed thus far (Figure 4b(ii)). This, coupled with the
absence of any signals (apart from the DNA signal at
260 nm) in the CD spectrum, suggests that the poly-T
oligonucleotide sequence in 9T appears to disrupt the Cy3-
DNA interactions that are essential to nanosheet formation
and that result in the intramolecular Cy3-Cy3 excitonic
coupling CD peak.

We hypothesize that these startling results are due to the
flexibility of poly-T ssDNA compared to an arbitrary
ssDNA sequence.[79] The greater conformational mobility of
the ssDNA block in 9T compared to 9a and 9b may result
both in greater interfacial curvature of the assembly as well
as a different interaction of the ssDNA block with the Cy3
dyes during the self-assembly process. The latter could
disrupt intramolecular dye-dye interactions, as suggested by
the lack of clear CD signals. A previous study has
demonstrated that a poly-T 20-mer ssDNA is flexible
enough to conformationally adopt a hairpin-like structure to
preferentially bind a Gel Red bis-intercalating dye, unlike
other ssDNA homo-oligonucleotides.[79] It is noteworthy
that the 9T sequence differs from 9a and 9b only in three
and four nucleotides, respectively (see Table ST1). How-
ever, given the short (nine-nucleotide) length of the DNA
blocks in the three amphiphiles, this translates into a
significant difference.

We further explored this DNA sequence dependence of
the supramolecular morphology using MD simulations.
Radius of gyration measurements show that the mixed DNA
sequence in 9a undergoes unfolding as temperature is
increased with the formation of larger extended structures
(Figure SF148). In contrast, 9T does not form compact
structures at low temperature and is far more disordered at
low and high temperatures—9T is thus more flexible and
extended in comparison to 9a.

We reasoned that shortening the DNA block in the
amphiphile would reduce the flexibility of the poly-T
sequence—thereby decreasing the interfacial curvature and
increasing the packing parameter, leading to sheet forma-
tion. We thus synthesized and tested 6T (Cy32-C1212-T6), an
amphiphile with a six-nucleotide poly-T DNA block which,
upon annealing, yielded the predicted 2D nanosheet mor-
phology (Figure 4c(i)). The nanosheet structure now ex-
hibited the characteristic negative CD peak ca. 500 nm
(Figure 4c(ii)), suggesting a reinstatement of intramolecular
dye-dye interactions. MD simulations also showed that, like
9a, 6T forms lower radius of gyration structures due to its
truncated length, exhibiting limited flexibility (Figure
SF148). These observations point to the interplay of two
parameters in defining the assembly of DNA nanosheets:
the interaction of the Cy32 chromophore block with DNA,

and the role of DNA sequence—flexible, polyT sequences
prevent nanosheet formation, while more rigid, mixed DNA
sequences result in 2D-growth into nanosheets.

Supramolecular polymerization mechanism and pathway
complexity

As discussed above, the annealing method is crucial to the
formation of the 2D nanosheet structure. Aging an aqueous
solution of 9a at room temperature leads to the formation
of nanofibers instead of nanosheets ([Mg2+]=12.5 mM in
1× TAMg buffer, Figure 1c); this starts to occur within
minutes of buffer addition to the solution. AFM images
from early time points (15 mins, 30 mins) reveal the
presence of spherical and very short cylindrical micellar
structures in addition to the fibers (Figures SF46, 48). This
observation, in addition to the segmented appearance of the
fibers at these earlier time points, suggests that fiber
formation is a possible structural evolution arising from the
1D end-to-end assembly of short micelles or cylinders. This
is further discussed in the Supporting Information (Sec-
tion 6).

To further study the polymorphism observed in the
supramolecular polymerization of 9a, the room temper-
ature-aged fibers were slowly heated to 95 °C and then
slowly cooled back to room temperature, and the process
was monitored by AFM sampling every 10 °C (heating/
cooling rate 0.1 °C/s, Figure 5a, Figures SF61–68). During
the heating stage, at lower temperatures along the thermal
gradient (35 °C), the fibers retain their 1D morphology
(Figure 5a, Figure SF61). As the temperature is increased,
the morphology gives way to 1D ribbons (65–75 °C) with
segmented tapeworm-like structures that are flatter and
broader at higher temperatures (75 °C) (Figure 5a, Figure
SF63). A structural collapse is observed at 85 °C yielding
flexible fibers and toroidal structures. The toroids are likely
a closed loop version of the amorphous fibers. This
interesting morphology may arise from possible “softening”
of the hydrophobic core at higher temperature followed by
curvature, to minimize exposure of the fiber ends to the
aqueous solution; this mechanism, however, will require
further investigation. During the cooling stage, sheets form
slowly at 65 °C, with larger populations as the system
approaches room temperature. The nanosheets obtained
from heating the fibers appear to be similar to the ones
obtained by directly annealing the amphiphiles in buffer
solution (Figures SF30–45). Our observations thus suggest a
competitive self-assembly mechanism, wherein off-pathway,
kinetically trapped fiber structures vie against thermody-
namically favored on-pathway nanosheet assemblies, and
can be converted to these nanosheets upon heating and then
cooling. The fiber assemblies of 9a (and 9b) are disrupted
upon addition of complemetary ssDNA sequences (9a’ and
9b’) at room temperature (Figures SF109, 111) unlike the
nanosheets which are formed upon annealing despite the
addition of the complementary strands (Figures SF110,
112); this behavior emphasizes the thermodynamic stability
of the nanosheets.
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The CD spectrum for the nanofibers of 9a shows a
distinct negative CD peak ca. 580 nm suggesting differences
in Cy3 packing and interaction compared to the nanosheets
(Figure 5b (i)). Variable temperature CD spectroscopy
reveals further clues regarding the thermal rearrangement of
the Cy3 dyes during the (nanofiber!nanosheet) morpho-
logical transformation (Figure 5b(ii), (iii)). Increasing the
temperature leads to the nanofiber signal becoming signifi-
cantly more pronounced, resolving into observable bisignate
curves (centered at 565 and 515 nm) at 80 °C, just before the
onset of structural collapse. These signals disappear at 90 °C
indicating an absence of Cy3 chirality in the flexible fibers

and toroidal structures present at this temperature. No Cy3
CD signal was observed upon thermal annealing of the
buffer and salt-free control solution of 9a; the amphiphile is
incapable of assembling in these conditions and remains
monomeric (Figure SF125a). This suggests that the pro-
nounced CD signals at 80 °C arise due to excitonic coupling
between Cy3 dyes within the nanostructure. Intriguingly, the
CD spectra for both the aged and annealed 9a-HE samples
show the same distinct bisignate signals when measured at
room temperature, as those for 9a (containing HE12) at
80 °C. (Figure SF127a). This result suggests that reducing
the number of C12 units to eight facilitates increased dye-

Figure 5. Temperature-dependent AFM and CD reveal a complex pathway with morphological diversity. a) Heating results in the flattening of the
fibers into 1D ribbons followed by a thermal collapse into flexible fibers that fold into toroidal “donuts”, as seen in AFM in air images. Cooling the
system to room temperature results in the formation of sheets from the flexible fibers present at higher temperatures. b) The corresponding
morphological changes can also be tracked via variable temperature CD data which is indicative of Cy3 packing in the fibers and sheets i) at room
temperature and during the annealing cycle while (ii) heating and (iii) cooling. Inset scale bars in white correspond to the same length as the black
scale bars at the bottom of each image. Height bars in nm.
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dye interactions and leads to a pronounced increase in
chirality for the Cy3 dyes, possibly due to the increased
flexibility of the core with shorter hydrophobic chains.

Additional support for this analysis comes from a recent
study, which evaluated Cy3-Cy3 dimer interactions within a
DNA DX tile.[80] The physical positioning of adjacent,
covalently-linked Cy3 dyes within the DX scaffold was
found to result in strong electronic coupling between the
dyes, and was marked by the bisignate CD signal centered at
565 nm—similar to what is observed at 80 °C during the
heating stage for 9a (and at ambient conditions for 9a-
HE ). Likewise, a distinctive negative CD peak ca. 500 nm
—similar to that for our nanosheets at room temperature—
was observed for DX tile configurations with distorted
arrangements of the Cy3 dimers within the scaffold.[80]

Taken collectively, this suggests that the room temperature,
off-pathway nanofiber morphology in our studies involves
weak Cy3-Cy3 interactions; heating the system (or reducing
the number of C12 units to eight) results in thermal (or
physical) rearrangement of the dyes leading to strong
excitonic coupling, which gives way to a distorted config-
uration in the nanosheets upon cooling to room temper-
ature. The most populated Cy3-Cy3 orientation observed
from the molecular dynamics results (see above, Fig-
ure SF146a) may be one such distorted configuration.

Conclusion

Elucidating the self-assembly pathways of water-soluble
block copolymers such as DNA amphiphiles is critical for
their use as macromolecular motifs for 2D supramolecular
assemblies in aqueous systems. Unlike most conventionally
synthesized BCPs, the self-assembly mechanism and subse-
quent morphology for DNA amphiphiles were found to be
sensitive to: (i) folding back of a DNA-binding molecule
block and its interactions with DNA and (ii) subtle changes
in the DNA sequence. Thermally-induced chain folding
within the C12 block was crucial for the formation of a
compact, lipid-like bilayer arrangement within the core,
while the Cy3 block with two dyes was necessary for the
introduction of long-range two-dimensional order and
formation of the nanosheet structure. The behavior of the
Cy3 block, in turn, was influenced by its interactions with
the ssDNA, which were sensitive to DNA sequence and
length. By systematically modifying these parameters, we
were able to evaluate their effect on both the
supramolecular polymerization mechanism and morphology.
Our work sheds light on the structural and mechanistic
controls that can be employed to achieve supramolecular
polymerization of free-standing 2D nanosheets in water
using DNA amphiphiles. In particular, it emphasizes that
the DNA sequence is an important structural parameter
dictating orthogonal intramolecular interactions beyond the
Watson–Crick-Franklin base-pairing regime. This study also
highlights the potential for the exploitation of biologically
active DNA binders and dyes within amphiphile structures
to create functional 2D nanosheets via block copolymer
assembly.
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