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and collagen-like polypeptide blocks separated by a random coil

polypeptide block connecting the two end groups. The silk blocks

of such TPs can again form the above-mentioned fibril structures.

The collagen part consists of several repeats of the tripeptide mo-

tif PGP.16 While being flexible and solvated at high temperature,

collagen blocks of three different polymers assemble into a triple

helix when the temperature is lowered below the helix melting

temperature.

In both triblock TP systems, there are two triggers, pH and tem-

perature, which can be controlled independently. Upon triggering

collagen in the collagen-silk TP, triple helix formation results in a

solution of star polymers with three arms. The subsequent trig-

gering of silk self-assembly results in a polymer network. Depend-

ing on the initial density this will be either a system spanning clus-

ter, or a dispersion of finite clusters. On the other hand, triggering

the silk first will result in long silk fibers, which can subsequently

be connected by collagen bridges. In the elastin-silk TP, a similar

mechanism takes place with the elastin-like block self-assembling

in micelles of around twelve monomers instead of star polymers

with three arms as is the case for the collagen-like block.

While in principle both trigger sequences should end in the

same equilibrium situation, kinetic trapping can leave the system

in a deep meta-stable minimum which is different for each route.

Indeed, this behavior is often found in polymer systems.1 How-

ever, the molecular origin of the self-assembly process, the final

topology, and the structures of the trapped intermediates, are not

well understood.

The aim of this work is to provide a physical basis for

understanding the non-equilibrium behavior of self-assembling

telechelic polymer solutions using molecular simulations,17 and

to gain insight into whether and under what circumstances, the

sticker triggering sequence (silk followed by elastin or vice-versa)

influences the final network structure. Molecular simulation can

predict behavior in atomic detail based on classical force fields.

While in principle one could perform an all-atom simulation

of these systems, the required time and length-scales are pro-

hibitively large. Therefore we opt for a highly coarse grained

(CG) description.18,19 Such a model cannot account for atomic

detail, but can predict large-scale topology, morphology and self-

assembly properties at a fraction of the computational cost.

Hydrophilic polymers in a good solvent in the semi-dilute

regime can be described by the so-called blob model,20 in which

polymer chains are replaced by a chain of soft repulsive blobs con-

nected by harmonic springs. The softness of the potential arises

from the integrating out of the monomer and solvent degrees of

freedom. A polymer of thousands of monomers can in this way

be modeled by just a few blobs.21 On top of this soft repulsion

a sticker interaction will force the polymers to connect into net-

works. In this work we apply a generic attractive interaction that

essentially distinguishes between bound and unbound states.

Since we are interested in a natural time evolution of the sys-

tem, we perform regular molecular dynamics (MD) to sample the

system. Of course, this dynamics is artificial, since we make use

of highly coarse grained systems. However, the use of coarse

grained potentials would only enhance equilibration, not prevent

it. Here, we show that even the coarse grained systems can al-

ready be kinetically trapped. The natural system is constrained

by the molecular details, e.g. collagen will only form trimers, and

silk will form linear fibrils. To mimic this in the coarse grained sys-

tem, we restrict the topology of the bound stickers, and impose

this constraint using Monte Carlo (MC).2,22 This MC procedure

should mimic the stochastic nature of the binding and unbinding,

and assumes that (un)binding, when possible, occurs on a faster

timescale than the polymer diffusion timescale.

In this work we focus on the collagen-silk and the elastin-silk

TPs. These systems have been recently studied experimentally

by Cohen Stuart and co-workers.4,11–13 The important control

variables are the sticker attraction strength, representing tem-

perature, pH and salt concentration. In addition, we vary the

polymer length, and the concentration. For different conditions,

we compute the long term assembly behavior using our hybrid

MD/MC scheme. The morphology of the resulting (finite) clus-

ters is characterized using graph topology and cluster analysis,

as a function of polymer density and strength of sticker attrac-

tion. Due to our use of a highly coarse grained force field we

cannot expect the molecular structure to be correctly reproduced.

Hence, direct comparison between experiments and simulations

in terms of molecular structure and geometry is at this stage pre-

mature. Instead we aim to answer the question whether and how

the triggering sequence can influence the assembly morphology

and topology.

The remainder of the paper is organized as follows. In the

methods section we introduce the model and explain the simu-

lation methodology. In section 3, we present the results for the

collagen-silk and the elastin-silk systems. We discuss these results

in section 4 and end with concluding remarks in section 5.

2 Methods

We use a highly coarse grained description for the telechelic poly-

mer.2,21,23 Each telechelic polymer is considered to be a linear

chain consisting of Nb units (blobs), with each blob representing

several hundreds of amino acids. These blobs are modeled as very

soft spheres characterized by the center of mass of the polymer

segment, and its radius of gyration Rg. In this simple model both

the solvent and the monomer degrees of freedom are integrated

out.21 For a solution of telechelic polymers, we consider a system

of Nc identical polymers. The two end units of each polymer are

designated as “stickers”. Thus, the total number of sticker sites

in the system is equal to Ns = 2Nc, and total number of blobs is

equal to Ntot = NcNb.

The formation of finite clusters is studied using hybrid molec-

ular dynamics (MD) simulations.2,22 Sticker pair interactions are

handled by interspersing MD simulations with Monte Carlo (MC)

moves to perform binding of stickers or unbinding of already

bound stickers. This hybrid simulation approach2,22 enables bet-

ter control of sticker dynamics.

2.1 Interaction potentials

All blob pairs interact via a soft repulsive Gaussian potential UA
21

UA(ri j)

kBT
= 1.8exp

(

−3r2
i j

4R̄2
g

)

(1)

2 | 1–13

Page 2 of 14Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 3 of 14 Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



Page 4 of 14Soft Matter

S
of

tM
at

te
r

A
cc

ep
te

d
M

an
us

cr
ip

t



duction run for 1 million steps. The production run is considered

for computing the averages. The thermostat is activated every

10th time-step with the collision frequency set to 2.5 τ−1. The MD

run is paused every 100th time-step and 20 thousand MC moves

are attempted for binding or unbinding of stickers. The accep-

tance ratio of these moves is usually very small, because most of

the sticker pairs are more distant than the cutoff range, thus re-

jected. The acceptance varies from 0 to 0.1%. Of course, the ac-

ceptance would be higher when choosing only neighboring pairs,

but then obeying detailed balance is more involved.

For each blob volume fraction, a separate set of simulations is

performed. In all the simulations, we start with the 200 chains

distributed randomly (Additionally, we perform also a few sim-

ulations of larger systems, Nc = 400 and Nc = 600, to investigate

the effect of the system size). First, an initial set of simulations is

performed with only either the collagen/elastin or the silk stick-

ers activated. The resulting final conformation is then used as the

starting configuration for the series of simulations with increasing

sticker attraction strength. The increasing of the sticker attraction

strength mimics lowering of pH (silk) or temperature (collagen),

or raising the temperature (elastin). Subsequently, a set of simu-

lations is performed with both the collagen/elastin and silk stick-

ers activated, with the final structures resulting from the first set

of simulations as the starting configuration. Thus, we perform

two major sets of simulations resembling two different pathways

indicated in fig. 4(a). In the CS pathway (fig. 4(b)) the collagen

sticker is triggered first, followed by triggering of the silk sticker.

In the SC (fig. 4(c)) pathway, the collagen is triggered after the

silk stickers. A similar methodology is followed for the elastin-silk

system leading to ES and SE pathways. Each triggering sequence

was repeated multiple (15-25) times to obtain statistics.

As pointed out above, triggering only one of the stickers leads

to small clusters for collagen/elastin, or filaments for silk. On

triggering both the silk and collagen stickers, these small clusters

can join to form polymer networks in the shape of larger clusters

and possibly even a system spanning polymer network. These

polymer networks can be characterized by the size of clusters and

nodes. Cluster size refers to the number of polymer chains in a

joint polymer network and node size refers to number of stickers

connected together in each collagen/elastin or silk node. The

cluster sizes are determined using a clustering algorithm.28

3 Results

3.1 Self-assembly process

We performed extensive simulations of the two pathways indi-

cated in Fig. 4(a) for both the silk-collagen and the silk-elastin

systems. In all cases we found that triggering the stickers leads

to self-assembly and cluster formation. Figure 5 shows a typical

evolution of an MD equilibration and production run. These par-

ticular figures are for CS with strength C = 5 and S = 20. At the

start the collagen interaction is already triggered, and has formed

triple helices, but not completely, as the average node size is about

2. After triggering, the equilibration run shows a quick increase

of the mean silk node size as well as the mean polymer network

cluster size, until it settles at around Nsilk ≈ 10 and Nclust ≈ 20.
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Fig. 5 A typical evolution of an equilibration run (top) and production run

(bottom) [red/blue: mean collagen/silk node size, pink: mean cluster

size]. These runs were taken from a CS pathway for Nb = 3 at φb = 0.05

with C = 5,S = 20.

The production run shows fluctuations in these cluster sizes, in-

dicating that there are still clusters being formed and broken.

The final morphology depends on the initial overall polymer

density. At low density, we find a number of separate finite-sized

clusters floating around in the (implicit) solvent, whereas at high

density we observe a single large polymer network. A typical

graph representation of both situations is shown in fig. 6. In the

next subsections, we present results for the two systems, collagen-

silk and elastin-silk.

3.2 Collagen-Silk

One of the most direct ways to characterize the morphology of

the system is the average polymer network cluster size and its

distribution. For the two triggering sequences, Fig. 7 lists the av-

erage cluster sizes for a blob volume fraction φb = 0.05 for short

(Nb = 3) and long (Nb = 9) chain systems respectively. These av-

erages were computed over the last 20% of the production trajec-

tories. The standard deviation of all averages over the production

trajectories (error in the mean) is given as a subscript. This stan-

dard deviation can be quite large, especially at large cluster sizes,

due to the small number of clusters involved. Clearly, trigger-

ing along the pathways increases the cluster size, as expected.

However, surprisingly for the smaller chain length (Nb = 3), the

different pathways result in different system configurations. In

Fig. 8 snapshots of the identical end situation C = 11,S = 28 are

1–13 | 5
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Fig. 12 Collagen aggregation curves for Nb = 3 and Nb = 9 for different

blob volume fractions φb.

sion. This larger fluctuation in bonding energy follows from the

aggregation curves in Fig.12, where the derivative of the aggre-

gation fraction is proportional to the bond energy fluctuations,

and hence the number of bonds being formed or broken. Such

strong fluctuations enable the system to respond faster to chang-

ing circumstances. When the conditions would have favor ex-

tensive aggregation, the large fluctuations allow the stickers to

switch their initial binding partner for another one, and form a

network. These fluctuations correspond to a faster timescale (see

the Appendix B for an alternative kinetic argument). It is thus for

the intermediate attraction strength of the collagen sticker that

we find large network sizes. Another way of looking at this effect

is to ask why at high collagen strength (C=11) in the CS trig-

ger sequence cluster growth is limited. Our results suggest that

strong collagen binding does not allow rearrangement of colla-

gen bonds, and the subsequent silk trigger quenches the system

in a set of smaller clusters, which are largely internally bound.

This effect is also visible in the bridging collagen data (see Fig. S9

in the SI). The physical reason for this quench is that while col-

lagen is triggered in experiments by temperature, which usually

is changed gradually, silk is triggered by pH, which changes al-

most instantaneously, and immediately alters the attraction of

the molecules. The silk binding is thus not showing large fluc-

tuations. Instead, further growth occurs via fusion of silk ends.

Coincidentally, for the longer connectors we observe smaller silk

node sizes at intermediate collagen strength (see Fig.9), provid-

ing further evidence to the above-mentioned buffer effect. The

fluctuations also explain the hysteresis in the triggering sequence

for the collagen-silk system, since for the SC trigger sequence, the

intermediate collagen regime is reached only after the silk has

already formed long clusters, leading to additional fusion of silk

clusters by collagen.

A comparison of the behavior for the two chain lengths should

be performed at the same densities. However, as shown in Ta-

ble 1 one can compare either the polymer (bead) density or the

sticker density. From Figs. 9, S3 and S4 we conclude that the same

blob volume fraction, e.g. of 0.05 lead to roughly similar equilib-

rium cluster size distribution after the trigger sequence (although

of course the Nb = 3 case shows non-equilibrium behavior). For

both cases we observe a bimodal distribution. In contrast, when

we compare equal sticker density e.g. φb = 0.05, for Nb = 9 and φb

= 0.015, for Nb = 3, we observed very different cluster distribu-

tions. Even the average node sizes are different despite the sticker

densities being identical. This shows that the topology of entire

polymer chain is relevant for the cluster aggregation instead of

only the stickers.

Comparing the two TP systems considered in this work, namely

collagen-silk and elastin-silk, we notice that unlike the Nb = 3

collagen-silk system for blob volume fraction φb = 0.05, no en-

hanced aggregation into large clusters is observed for interme-

diate elastin sticker attraction strengths. This can be explained

by the fact that elastin aggregation shows a much sharper transi-

tion, at lower interaction strength, leaving less room for fluctua-

tions. Nevertheless, the elastin is only able to aggregate into the

maximum node size of twelve for the case when silk is triggered

first, indicating that the silk filament formation assists in further

growth of elastin micelle. The elastin-silk system behaves similar

to the collagen-silk system for the chain with longer connector

length. The silk node size is considerably larger for the elastin-

silk system for high attraction strengths (∼50) as compared to

collagen-silk systems (∼20).

Experiments by Pham et al.12 were performed at roughly the

same density as the simulations (a density of 5 grams/liter cor-

responds roughly to φb ≈ 0.03∗). Our results agree qualitatively

with the experimental finding that the trigger sequence leads to

hysteresis, and loss of reversibility. However, our coarse grained

simulations are not accurate enough to reproduce structural and

molecular geometry observed. For instance, in Ref.11 the distinc-

tion is made between networks that are aggregates of micelles

versus networks that are bundles of fibers. For the SE trigger, one

might expect bundles of fibres, and for the ES triggering route one

might expect aggregates of micelles. While our model does pro-

duce elastin micelles, the silk filaments are much shorter, more

floppy than is experimentally observed. Indeed, there are several

shortcomings of the model: no folding transition, the interaction

is isotropic, there is no stiffing transition upon aggregation of silk

∗This estimate is based on an experimental telechelic polymer length of around 700

residues, which translates to a weight of 77 kDa, or ∼ 1.3e-19 grams per molecule

with one CG bead comprising of roughly 100 residues, leading to an Rg = 3nm. 27
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and so on. Better models might be employed to alleviate this

problem in future work.

5 Conclusion

We have investigated the self-assembling behavior of biomimetic

telechelic (sticker-connector-sticker) polymers using a simple CG

model. We found that different sticker activation pathways lead

to different aggregation behavior only for relatively short connec-

tors. Upon unbinding of a sticker, long connectors can explore

larger space so that the free sticker can more easily establish a

bond with a new sticker; this allows a system with long con-

nectors to relax more extensively on the time scale of the sim-

ulation than systems with short connectors. As a result, the sys-

tems assembled from long chains can equilibrate better and hence

do not show any significant influence of sticker activation path-

ways. Longer chains are able to form large system-spanning clus-

ters when the sticker activation energies are high. Shorter chains

show bimodal cluster size distributions and are not able to form

a system-spanning structure.

In both collagen-silk and elastin-silk systems with short con-

nectors, activating the silk sticker first (SC and SE) leads to more

aggregated structures. However, for the collagen-silk system, acti-

vating collagen first (CS) also leads to increased aggregation, sur-

prisingly, at moderate sticker attraction strengths. Fluctuations

allow, partially aggregated collagen stickers to form the network

more easily than the highly aggregated collagen stickers.

Our results are in qualitative agreement with the experimen-

tal finding that when two blocks are sequentially triggered, re-

versibility is lost, and the final morphology and mechanical prop-

erties of the aggregates depend on the pathway chosen.12 How-

ever, as we use a extremely course grained model, a direct com-

parison with experiment is at this stage premature.

These findings indicate that morphologies of asymmetric

telechelic polymers can be influenced and steered experimentally

by making use of the non-equilibrium effects occurring in the dif-

ferent self-assembly pathways.
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A MC scheme

This appendix details the hybrid MD/Monte Carlo scheme used.

The MD integration is paused at regular intervals and several

Monte Carlo steps are executed to the existing sticker connectivity

network. This mimics the spontaneous binding and unbinding of

the stickers. These MC steps are required to obtain control over

the sticker functionality (e.g. the maximum number of stickers

attached to one node), which is not easily achieved in MD. The

MC scheme is as follows:

1. Select at random two stickers i and j of the same type.

2. Calculate the distance ri j between the stickers. Reject the

move if the distance is larger than the cut-off distance Rcut

(see section 2.1 for a explanation of Rcut).

3. If the stickers are already bonded (Ci j = 1 in Eq. 4), an at-

tempt is made to break the bond by setting Ci j = 0. The

MC move is accepted or rejected depending on the kinetic

energy available to the stickers.

4. If the stickers are not bonded (Ci j = 0 in Eq. 4), an attempt is

made to create the bond by setting Ci j = 1. The MC move is

accepted or rejected depending on the node constraints (col-

lagen implies a maximum of three stickers in a node, elastin

has a maximum of twelve, silk has maximum of two neigh-

bors only, and no loops are allowed). The energy that is

released at bond formation is translated into kinetic energy

of the stickers.

The MD stage in the hybrid MD/MC scheme occurs in the

canonical NVT ensemble. During the MC stage, bond creation

or breaking takes place, in which (large) amounts of energy is

released or absorbed. To ensure that the MC algorithm obeys de-

tailed balance, it is necessary that we use a scheme that conserves

energy and momentum. To account for these conservation laws

we slow down or speed up the stickers.

For the bond creation move between stickers labeled 1 and 2,

the initial kinetic energy has to be equal to the final kinetic energy

plus the bond energy, K1 +K2 = EB +K
′

1 +K
′

2. In contrast, for the

bond break move, we have K1 +K2 +EB = K
′

1 +K
′

2. Here K1 and

K2 denote the kinetic energy of the two chosen stickers prior to

MC move, K
′

1 and K
′

2 denote the kinetic energy of the two chosen

stickers after the MC move and EB = UC(r12) denotes the bond

energy absorbed during breaking of the bond or released during

the creation of a bond. The kinetic energy is defined in the usual

way as K = 1
2 mv2.

To conserve the total momentum, the velocities of the stickers

are perturbed by equal amounts in opposite direction along the

displacement vector, i.e. for sticker 1: ~v′1 =~v1 +α~r12 and sticker

2: ~v
′

2 =~v2−α~r12, where~r12 =~r1−~r2,~r1 and~r2 being the positions

of stickers 1 and 2 respectively. ~v1 and ~v2 are the initial veloc-

ities of stickers 1 and 2 respectively, whereas ~v′1 and ~v′2 are the

final velocities of stickers 1 and 2 respectively and α denotes the

perturbation strength.

We first check whether breaking or creation of the bonds will

lead to the sum of kinetic energies of the stickers to be negative.

If this occurs, the move is rejected. Otherwise substituting the

velocities, we obtain a quadratic equation in α. For the bond

creation this is

~v2
1 +~v2

2 = (~v1 +α~r12)
2 +(~v2 −α~r12)

2 +EB

If the equation has real roots, the MC move to create or break

a bond is accepted, or rejected otherwise. The α with lower mag-

nitude is considered.

Once two unbound stickers bind in a given MC phase, they

remain bound until they become separated in another MC phase

of the simulation. During the subsequent MD phases, Ci j = 1,

and the bound stickers interact under an additional potential UC.

Thus, the stickers experience UA and UB during all the MD phases

12 | 1–13
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and UC when they are bound, as given by Eq. 4. Since UC becomes

repulsive at a distance larger than Rattr, we reject any move to

bind stickers at a distance more than Rcut (note, Rcut > Rattr). To

ensure detailed balance, we also do not break any bound stickers

at a distance more than Rcut . It is however possible to form and

break bonds with a positive UC value, although it is less likely.

This hybrid MC/MD scheme conserves energy and total mo-

mentum, obeys detailed balance and is completely reversible.

Further coupling to a stochastic heat bath using the Lowe-

Andersen thermostat ensures canonical behavior.

B Kinetic argument for effect of intermedi-

ate binding strength

An alternative way to look at the effect of the intermediate bind-

ing strength is to consider the probability for an escape from a

bound state followed by another binding event that then sur-

vives for a certain (sufficiently long) time. The first part of

this conditional probability, the probability to react in a time t0

is proportional to 1 − exp(−t0/τ), while the second part is the

survival probability, the complement of the reaction probability

exp(−t0/τ). Clearly, this conditional probability will be largest

for intermediate relaxation time τ. The relaxation time is given

by τ = 1/(V + exp[−∆G/kBT ], and thus depends on the binding

strength ∆G, or equivalently the temperature. The resulting prob-

ability p(∆G) = (1− exp(−t0/τ))exp(−t0/τ) will thus show a peak

as a function of the binding strength ∆G. This rather crude argu-

ment can be made more precise, but this is beyond the scope of

this work.
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