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Collagen consists of three peptides twisted together through a periodic array of hydrogen bonds. Here we

use this as inspiration to find design rules for programmed specific interactions for self-assembling

synthetic collagenlike triple helices, starting from disordered configurations. The assembly generically

nucleates defects in the triple helix, the characteristics of which can be manipulated by spatially varying

the enthalpy of helix formation. Defect formation slows assembly, evoking kinetic pathologies that have

been observed to mutations in the primary collagen amino acid sequence. The controlled formation and

interaction between defects gives a route for hierarchical self-assembly of bundles of twisted filaments.
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Introduction.—There have been dramatic developments

in functionalizing submicron scale objects with molecules

enabling specific interactions, creating the opportunity to

program the assembly of diverse structures. However, the

structures that can be synthetically assembled still pale

relative to those in biology. This gap between synthetic and

natural self-assembly is surely in part due to the fact that

nature has had more time to search through the parameter

space of possible interactions to find clever design sol-

utions. One approach towards learning how these solutions

work is to try to mimic biological assembly strategies for

specific structures.

Here we use this approach to study the self-assembly of

nanoscale filamentous bundles. Such twisted bundles could

find uses ranging from the fibers that comprise fabrics to

Litz wires found in high-frequency electrical transmission

cables [1,2]. To robustly control the assembly of twisted

filaments, we use a design scheme inspired by collagen,

which is the most abundant protein on the planet, forming a

hierarchical bundle of bundles. Collagen initially assembles

into a triple helix consisting of three peptides, held together

with hydrogen bonds. Although the amino acid sequence

leading to this design varies both across its length and

across species, x-ray crystallography suggests that the

structure is quite regular [3–5]. With sequence and structure

information, one might expect collagen formation to be a

completely solved problem. However, while efforts from

synthetic biology to experimentally produce collagenlike

materials have had success [6,7], we are still not able to

fully control the formation of collagen [3].

The goal of this Letter is to explore a computational

model of synthetic triple helix formation, to uncover the

basic design rules of collagen assembly. To this end, we

propose a scheme for the self-assembly of polymers into a

triple helix, mediated by pair-wise specific interactions

between the monomers. Each polymer consists of a string

of monomers, whose surfaces are uniformly coated with a

specific glue (e.g., DNA). This causes short-ranged, spe-

cific interactions between particles, with a programmable

binding strength between pairs of particles. Such systems

have been previously shown to allow robust assembly

of complex structures [8,9], including systems which

self-replicate [10,11] and metabolize [12]. By choosing

interactions between monomers to mimic collagen, our

numerical simulations show robust formation of a long

triple-helical ground state. However, if the interactions

between monomers are isotropic and without internal

chirality, the handedness of the helix can only be controlled

only within a certain correlation length, arising from the

switching of two filaments during the assembly process.

Other forms of defects slow assembly, evoking kinetic

pathologies previously ascribed to mutations in the primary

collagen amino acid sequence. We show through explicit

examples that it is possible to control the nucleation and

location of defects.

To proceed, we carry out numerical simulations using

a patterning that is inspired by collagen [Fig. 1(a)]. In

collagen, each peptide is a repeating chain of three amino

acids: G, X, Y, where G is always glycine, but X and Y vary

across the length of a single collagen molecule, and across

species [3]. Crystal structures show that G and Y form

hydrogen bonds with their counterparts on the other

peptides involved in the triple helix [3–5], whereas glycine

provides structural flexibility and satisfies packing con-

straints, to enforce the stagger of the three collagen strands

relative to each other [7]. The major difference between the

collagen patterning and our colloidal system is that hydro-

gen bonds require a specific alignment between the atoms
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involved [13,14], which is not realizable with uniformly

coated particles. Instead, we consider a scheme where the

hydrogen-bonded amino acids are replaced with three

flavors of monomers: A, B, and C, which are sticky, and

one additional type of monomer, an inert monomer. Rather

than using the nonuniform bending energy implied by the

glycines in collagen, we simply add more inert monomers

to each motif [Fig. 1(a)], thereby increasing chain flexi-

bility in a simple fashion. It is also known that collagen

formation requires a nucleation site that holds three

peptides together [15]. This is incorporated into our

simulations by binding the monomers at the end of each

polymer chain to each other.

We simulate the assembly with Langevin dynamics

using a publicly available wrapper of OpenMM [16–18].

Simulations were run at room temperature (T ¼ 300 K). To

generate initial configurations for simulations, we take

three polymers aligned parallel to each other, held together

on one end in a triangle via harmonic bonds. The polymers

have 180 monomers, with 30 folding units. Each folding

unit consists of six monomers, with two sticky monomers

followed by four inert monomers. Simulations were run for

3.5 × 106 time steps without the influence of any attractive

potentials to generate disordered starting configurations

for simulations with attractive or chiral potentials. At this

point, any chiral and attractive energies were added to the

simulation. The functional forms of the energies used are

detailed in the Supplemental Methods [19].

With this model, we find that the formation of a triple

helix is possible [Fig. 1(b)]. However, robust assembly only

occurs for special initial conditions; random initial con-

ditions rarely fold into a triple helix. The failure modes

include polymers forming loops and rackets [Fig. 1(c)],

with monomers that simultaneously interact with multiple

other monomers. In contrast, collagen robustly avoids

these misfolded configurations, in large part because of

unidirectional, monovalent, hydrogen bonds, a feature

which has also been noted in the context of designing

synthetic heteropolymers with specific folds [20–22].

There are several potential strategies to avoid yield-

destroying configurations. Yield can be improved in limited

circumstances without introducing valency and direction-

ality. Monomers within a persistence length only infre-

quently come into contact, so one strategy is to completely

change the set of chemical glues every persistence length to

prohibit these multiple contacts. This makes connections

needed for forming loops more costly due to the increased

elastic energy of a loop, and so yield improves slightly

(Supplemental Material Fig. 1 [19]). This strategy ulti-

mately provided a limited benefit in terms of increasing

yield while keeping the number of sticker types small

(Supplemental Material Fig. 1 [19]).

Alternatively, we can achieve a robust self-assembly

scheme with a number of glues that does not grow with

the length of the helix if we introduce directionality to

our scheme. By functionalizing only a sector of the polymer,

we introduce valency via packing constraints, and the

fraction of correctly assembled structures can approach

unity (Supplemental Material Fig. 2 [19]). However, the

individual filaments in the triple helix can stick together

out of alignment. We suggest that misregistration can be

prevented by breaking translational symmetry along the

filament and introducing distinct linker points where the

filaments must align, still with a subextensive number of

glues. Such a scheme would require at least four distinct

glues: three for the binding, and at least one for breaking

translational symmetry along the fiber. Four glues is com-

parable to numbers seen in recent experimental work [23].

We turned to a simple scheme in which every set of

sticky monomers was identified with a distinct set of glues.

Individual glues serve as a proxy for the more complicated

methods by which nonhelical configurations might be

(a) (b) (c) (d)

FIG. 1. Robust twisted filaments from a collagen-inspired scheme (a) Schematic showing three collagen peptides, and the network of

hydrogen bonds that hold them together. We create an analogous network of bonds in our self-assembly schematic below, where each

polymer is colored based on the different sequences of three stickers (A, B, and C) on the polymer. (b) Initial condition and final

configuration for a simulation showing successful self-assembly of a collagenlike triple helix, based on the schematic in (a).

(c) Disordered configurations almost universally lead to a variety of loops and rackets lacking a triple-helical geometry. (d) Schematic

showing the maximal alphabet version of our self-assembly scheme, where each folding unit is comprised of a unique set of stickers.

Crosstalk is prevented between different folding units, and helix formation robustly occurs.
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removed. This scheme is equivalent to the ḡo model in

protein folding [24] or the maximal alphabet in colloidal

self-assembly simulations [8]. As anticipated, simulations

of our scheme with a maximal alphabet case robustly

assemble a triple-helical ground state even if assembly

begins from disordered initial conditions [Fig. 1(d)].

Within this model, the pitch, handedness, and radius of

the helix are encoded by the interaction parameters. We

find that the magnitude of the pitch can be controlled via

the spacing of stickers along the contour length of the

bundle [Fig. 2(a)]. The longer the gap between stickers, the

more the filaments are able to relax from the twist created at

the stickers, and hence the pitch decreases.

The radius of the helix measures whether or not the helix

has successfully formed; for successfully assembled heli-

ces, the radius of the helix is small and nearly constant

across the entire length of the filament. However, at fixed

bending stiffness, if the sticker strength is too low, the helix

does not form [Fig. 2(b)].

The sign of the pitch has a more complicated dependence

on material parameters. Recall that in mapping our scheme

from collagen to a system of synthetic fibers functionalized

with isotropic specific glues, it was necessary to break

symmetry between the filaments in the pattern of inter-

actions. As such, we might expect our bundles to form

helices of a single hand along their entire lengths. However,

this is not the case, as can be seen by computing the decay

in correlation of chirality between folding units as a

function of distance [Fig. 2(e)].

Indeed, when two polymers are spatially permuted at a

particular location along the bundle, the handedness of the

energetically favored twist switches [Fig. 2(c)]. This results

in the formation of regions where the helix is left or right

handed, with domain walls of undefined chirality (perver-

sions) necessarily appearing between the two. We can

control the characteristic length of this decay by increasing

the bending stiffness of our three polymers at fixed sticker

strength, with decreasing bending stiffness corresponding

to a decreasing chirality correlation length [Fig. 2(e)]. This

is likely due to the fact that chiral defects require polymers

to cross, and the statistics of those crossings are set by the

bending stiffness of the polymers.

In our simulations, we have so far neglected any energetic

penalty related to chirality; these must be present in collagen

since twists form of only one handedness [3]. We implement

a chiral energy penalty with an interaction between mono-

mers depending on the dihedral angle between adjacent

polymers. In collagen, the chirality of amino acids conceiv-

ably provides a source for a chiral energy penalty. Penalizing

configurations where this angle is negative causes left-

handed twists to have a higher energy than right-handed

twists. Increasing the energy difference at fixed bending

stiffness and sticker strength preferentially drives the system

to right-handed twists, even for modest energetic differences

between the two chiralities [Fig. 2(d)].

When the material parameters spatially vary along the

filaments, we open up the possibility of controlling the

position of defects. One option is to spatially vary sticker

strengths, allowing the creation of localized bubbles

where the three filaments unbind; this introduces a

defect to the triple-helical ground state at a well-defined

position [Fig. 3(a)]. This type of defect is structurally

distinct from the chiral defects discussed above, and

furthermore slows down the kinetics of self-assembly
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FIG. 2. Dependencies of helix geometry on material parameters. (a) Pitch of the helix, as a function of the aspect ratio of the folding

unit, defined as the ratio of the length of the sticky section of each folding unit and the length of each folding unit. The pitch generally

increases as a function of aspect ratio, as can be seen from the snapshots taken from simulations at specific values of the aspect ratio.

(b) The correlation of the helix handednessas a function of distance along the filament. Length is measured in units of the repeats of the

pattern. Decay is mediated by the presence of chiral defects where two strands switch their positions relative to the third strand, as shown

in the inset of the simulation snapshot. The reason strand switching corresponds to changes in chirality is illustrated in the schematic.

(c) Average radius of the helix, as a function of distance from the nucleation site. Successful assembly of a helical ground state implies a

constant, small radius over the entire length of the bundle. (d) Chirality of the filament as a function of chiral bias. Increasing the bias for

right-handed configurations shifts the average chirality towards 1. (e) Decay in the correlation of chirality along the filament.
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[Fig. 3(a), inset], similarly to defects implicated in osteo-

genesis imperfecta [25–27]. We can also localize chiral

defects by spatially varying the chiral bias. This robustly

creates sites along the bundle where chiral defects are

likely to occur [Fig. 3(b)]. Similarly, the presence of a weak

spot in the bending stiffness of the bundle increases the

probability of observing a chiral defect at that position

[Fig. 3(c)].

Implications for collagen assembly.—Our results,

though based on a very different set of interactions than

those found in collagen, nevertheless imply the presence

of several constraints for collagen self-assembly. First, the

implicit valency of hydrogen bonding is crucial for robustly

avoiding nonhelical configurations in an assembly process

driven solely by thermal fluctuations. Second, though the

nature of our interaction pattern explicitly breaks chiral

symmetry once a particular permutation of our three

filaments has been fixed, no such chiral symmetry breaking

occurs in collagen. Hence, if collagen is to form helices of

only one handedness, it is crucial that collagen implements

a bias between left-handed and right-handed configurations.

It is possible to realize a Hamiltonian with this behavior if

the monomeric constituents of natural collagen themselves

break chiral symmetry; this occurs with amino acids, which

generally tend to be right handed, potentially leading to an

energy gap between left-handed and right-handed supramo-

lecular structures. Alternatively, chiral symmetry breaking

can occur via an elastic mechanism in coiled-coil proteins

[28], which may also be relevant to the case of the three left-

handed peptides which form collagen.

Our results also have parallels to the phenomenology of

collagen folding in osteogenesis imperfecta (OI), commonly

known as brittle bone disease. In this family of disorders,

glycine normally becomes substituted for a larger amino

acid, making the packing of the three strands locally more

frustrated and less energetically favorable. While the dis-

tance of the substitution from the nucleation site and the

identity of the amino acids around the substitution affect

the lethality of the substitution, the overall effect is to

produce structures similar to the localized bubble defects

we observe in our artificial collagen assembly simulation

when we create regions of lower binding energy

[3,4,25,27,29]. Furthermore, the presence of these defects

in our simulations delays the formation of the triple helix as

it twists from the nucleation site, recapitulating what is

thought to be an important causal feature of OI [25–27].

OI is a particularly dramatic manifestation of sequence

variation in collagen. However, even in nondisease states,

collagen’s variable amino acid sequence is known to

translate to a variable stability and flexibility of the triple

helix [30–33]. These sequence variations are also thought

to contribute to collagen’s ability to assemble many differ-

ent hierarchical superstructures [34], potentially mediated

by the same shifts in helix geometry that we have identified

in our simulations [29].

Implications for Nanoscale Assembly.—Thinking beyond

collagen, there are extensions of our work to bundles of

more than three filaments. For instance, having n filaments

changes the nature of the chiral defects, as permuting two

filaments no longer simply reverses the handedness of the

preferred twist direction.

There is additional work to be done in terms of devising

strategies to avoid yield-destroying configurations without

moving to the maximal alphabet regime. For example, the

strategy we tested to reduce the number of stickers by

repeating sets of stickers could be improved by designing

optimal sequences in which to repeat them. We also tested

(a)

(b)

(c)

FIG. 3. Localization and kinetics of defects. (a) Radius of the

helix along the filament (solid line). Sticker strength along the

filament (dotted line). The peak in average radius indicates local

unbinding in the region of lower sticker strength, as shown in the

simulation snapshot. Inset: comparison of the helix radius of

regions in simulations with bubble defects to similar regions in

simulations without bubble defects. For regions before the defect

(dotted line), there is no change in the progression of folding. For

regions after the defect (solid line) there is an initial delay in

folding. (b) Defect formation probability along the filament, as

measured by the fraction of simulations in which the folding unit

three units ahead of the indicated position is of the opposite sign

of the folding unit at the indicated position (solid line). Chiral bias

as a function of distance along the filament (dotted line). The two

peaks (solid line) correspond to the boundaries of the right-

handed segment of the helix (dotted line). (c) Defect formation

probability (solid line) and bending stiffness (dotted line) along

the filament. The peak (solid line) indicates that defects form

across mechanically weaker regions with higher probability.
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schemes with directional interactions, and these could be

improved by the random repetition of stickers to break

translational symmetry. Approaches we did not consider

in this Letter would be to arrange the initial conditions of

the self-assembly scheme to be more favorable to helix

formation, to introduce an external forcing or energy in

order to avoid loops, or to implement more geometrically

complex pair-wise interactions.

In general, the technical challenges posed by our scheme

are high. However, continued progress in engineering

colloids with directional interactions and designed chiralities

[23,35] and varying degrees of rotational friction between

bonds and colloidal substrate [36,37] provide an ideal

framework for implementation. For a scheme with direc-

tional interactions, the twist degree of freedom along the

polymer backbone also becomes an important axis within

the design space. We remark that the friction between bond

and substrate is particularly important for exploration of the

twist in a colloidal setting [38]. Given these advances, it is

important that we theoretically explore how the interactions

can be used to create technologically useful materials. This is

the primary aim of the present study.

Returning to our collagen inspiration, the ability to

localize defects may open opportunities for synthetic

hierarchical self-assembly. As previously mentioned, col-

lagen is thought to assemble a large number of different

superstructures as a consequence of sequence variability.

Correspondingly, the functionalization of unbound regions

of the bundle may offer a pathway to a synthetic version of

the hierarchical self-assembly biology has perfected.

Conclusion.—In summary, we have articulated a scheme

for self-assembling twisted helices. We find that successful

self-assembly can be achieved with a limited number of

stickers, but this requires either directionality or a high

bending stiffness. A modest energetic bias between left-

and right-handed twisting is sufficient to form helices of

only one chirality. Spatial variation of chiral bias, stiffness,

and sticker energy allows for the control of various defects.

We point towards how these defects might play a role

in collagen self-assembly, and suggest that strategies for

the hierarchical self-assembly of synthetic filaments should

follow similar lines.
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