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• Upper limit to self-limiting assembly sizes  
connected to particle geometry, distinct bending 
modes, and range of interaction 

• Self-limiting structure may form hierarchical 
assembly 

• Lower size limit from the interaction range, limit to 
strain that can be supported in assembly before yield 

width, showing a minimum at an intermediate width fol-
lowed by energy barrier and finally decay as the ribbon
further widens. Moreover, depending on the so-called
Föppl–von Kármán number (a dimensionless ratio of the
stretching energy per unit area of ribbon over the character-
istic lateral bending energy per unit area), the ribbon
morphology corresponds to twisted ribbons when stretch-
ing energy is low and to spiral ribbons at large ribbon width
where stretching energy is much higher than bending [13].
A critical value of this parameter separates regimes where
twisted versus helical ribbons are stable.

Despite these theoretical predictions, and the variety of
self-assembling and other materials that have been shown
to reside in twisted or helical structures, so far there has not
been any experimental proof relating the morphology of
the ribbons to their width. In this Letter, we provide the first
direct evidence in an amino-acid-based amphiphilic sys-
tem that twisted ribbons are precursors of cylindrical
(helical) ribbons. Moreover, by cryogenic-transmission
electron microscopy (cryo-TEM; see Fig. 1) we explicitly
capture the dynamic transition between the two ribbon
morphologies, twisted and helical, along a single ribbon
and quantitatively link the curvature and shape transfor-
mation with ribbon width. This has allowed us to isolate
the ribbon width as the relevant physical parameter that
determines the preferred shape.

Our system is composed of a dilute aqueous solution of a
short lipo-amino acid, N-lauryl-lysyl-aminolauryl-lysine-
amide, referred to as C12-!12 [Fig. 2(a)]. This compound

belongs to a synthetic library of pseudopeptides termed
oligo-acyl-lysyl, designed to mimic the structure and func-
tion of host defense peptides [14]. Their general sequence
comprises tandem repeats of hydrophobic and hydrophilic
motifs, specifically, lauryl and lysyl residues, linked by
amide bonds. As shown in Fig. 2(a), C12-!12 is made of
two such repeats. This molecule may also be regarded as a
special form of a head-to-tail Gemini amphiphile [15,16],
where one hydrophobic moiety acts as an amphiphilic tail,
while the other is a spacer.
Indeed, beside its antimicrobial effects, [17,18], we find

that C12-!12 in solution undergoes a slow aggregation
process, starting with the creation of nanofibers, which
transform into twisted ribbons, then gradually into
helical ribbons, and eventually into closed nanotubes of
70–120 nm in diameter and several microns in length. This
process is driven by the tendency to lower the energy
associated with ribbon edges. The assembly process and
the molecular model are presented in detail elsewhere [19].
Here, we focus on the ribbon morphology and on the

unique ability of C12-!12 assemblies to slowly transform
from twisted [Fig. 2(c)] to helically coiled structures
[Fig. 2(d)] as the ribbons expand in width. Quantitative
analysis of ribbon population was performed by measuring
the pitch length (p) and ribbon width (w) for 917 identified
segments of one pitch length, belonging to 382 twisted and
helical ribbons, at various time points along their matura-
tion path (aging time ranged from 30 min to 4 weeks). For
this analysis, all possible pitch and width values of the
ribbons in the field of view were measured.
Clearly, the amphiphilic system reaches full equilibrium

only at long times of several months. Over this time span,
the ribbons widen and eventually close to tubes. In con-
trast, the dynamics of aggregate remodeling and bending
are much faster, resulting in a significant separation in
widening versus deformation relaxation time scales.
This allows us to assume that, at any given time during
the aggregation process, the aggregate structure represents
an intermediate that is at local equilibrium with respect to
the faster elastic degrees of freedom, while it is overall
metastable with respect to ribbon width since it slowly
continues to grow. Therefore, we suggest that ribbons
seen in cryo-TEM images have elastically deformed to
acquire the minimum energy for their given width at the
time of capture.
This assumption allows us to determine the correlation

of width and morphology, as shown in Fig. 2. At early
times, thin twisted ribbons of a few nanometers
(w< 10 nm) in width exist almost exclusively. As time
progresses, the ribbons become wider, and for the majority
of structures (> 92% of measurements, grouped as class I
in Fig. 3) we find that twisted ribbons with saddlelike
curvature (blue symbols) that dominate at early times
evolve into helical ribbons (red symbols) at long incuba-
tion time. The transition in curvature occurs at a

FIG. 2 (color online). Temporal and structural evolution of
C12-!12 assembly. (a) Molecular structure of C12-!12.
(b) Qualitative description of the time-dependent evolution of
structures (width and morphology): Twisted ribbons populate the
solution after overnight incubation as shown in (c), helical
ribbons form following aging for 4 weeks as shown in (d), and
nanotubes form after ! 4 months (not shown). The black arrows
in (c) follow the nodes of constant pitch along one narrow
twisted ribbon, while the white arrows mark the larger pitch of
another, wider ribbon of the same geometry. The red asterisk and
arrows mark one helical ribbon existing in the field of twisted
ribbons. The dashed lines in (d) are located left and below 2
neighboring helical ribbon captured at different stages of their
development towards closed nanotubes. Each line follows 2
pitch lengths (complete turns). Note that the two molecular
complexes have different diameter as well as different pitch.
Bar ¼ 100 nm.
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• IRG-1 aims to design self-assembly with well-defined 
dimensions much larger than the building blocks  

• We develop a new coarse-grained model to connect 
particle design to self-limitation and escape behaviors  

• We connect continuum theory of frustrated assembly 
to features of discrete particles and their interactions

Self-limiting ribbons and escape in amphiphile and nanoparticle assembly

How can we design particles to extend self-limiting assembly size?

θtaper
0 ≈ θ0 cos 2ϕ0 θtwist

0 ≈ θ0 sin 2ϕ0

ϕ0

κ1 ≈ + θ0/d

κ2 ≈ − θ0/d
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