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Mixed Component Worm-like Miscelles

Abstract
Amphiphilic block copolymers of suitable proportions can self-assemble into surprisingly long and stable
worm-like micelles, but the intrinsic polydispersity of polymers as well as polymer blending efforts and the
increasing use of degradable chains all raise basic questions of curvature–composition coupling and
morphological stability of these high curvature assemblies. Molecular simulations here of polyethylene glycol
(PEG) based systems show that a systematic increase in the hydrated PEG fraction, in both monodisperse and
binary blends, induces budding and breakup into spherical and novel ‘dumbbell’ micelles—as seen in electron
microscopy images of degradable worm-like micelles. Core dimension, d, in our large-scale, long-time
dissipative particle dynamics (DPD) simulations is shown to scale with chain-length, N, as predicted
theoretically by the strong segregation limit (d ≈ N2/3), but morphological transitions of binary mixtures are
only crudely predicted by simple mixture rules. Here we show that for weakly demixing diblock copolymers,
the coupling between local interfacial concentration and mean curvature can be described with a simple linear
relationship. The computational methods developed here for PEG-based assemblies should be useful for
many high curvature nanosystems.
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Amphiphilic block copolymers of suitable proportions can self-assemble into surprisingly long and

stable worm-like micelles, but the intrinsic polydispersity of polymers as well as polymer blending

efforts and the increasing use of degradable chains all raise basic questions of curvature–composition

coupling and morphological stability of these high curvature assemblies. Molecular simulations here of

polyethylene glycol (PEG) based systems show that a systematic increase in the hydrated PEG fraction,

in both monodisperse and binary blends, induces budding and breakup into spherical and novel

‘dumbbell’ micelles—as seen in electron microscopy images of degradable worm-like micelles. Core

dimension, d, in our large-scale, long-time dissipative particle dynamics (DPD) simulations is shown to

scale with chain-length, N, as predicted theoretically by the strong segregation limit (d z N2/3), but

morphological transitions of binary mixtures are only crudely predicted by simple mixture rules. Here

we show that for weakly demixing diblock copolymers, the coupling between local interfacial

concentration and mean curvature can be described with a simple linear relationship. The

computational methods developed here for PEG-based assemblies should be useful for many high

curvature nanosystems.

Introduction

The worm-like micelle is a classic ‘one-dimensional’ self-

assembly, but compared to vesicles or spherical micelles that can

also assemble from amphiphiles worm-like micelles are less stable

to perturbations. While assembly of amphiphiles in water

invariably minimizes solvent-phobic contacts in the core of the

micelle and maximizes solvent-philic contacts within the corona,

the vesicle/worm/sphere morphologies are typically understood

at a first level in terms of a packing parameter p ¼ v/alc that is

determined by molecular volume v of the packed hydrophobic

segment, contour length lc of the hydrophobic segment (lc $ d/2),

and interfacial area a of the hydrophilic segment.1 The range of p

allowable for a given morphology is then calculated from core

volume and interfacial area [e.g. sphere: p ¼ ((p/6)d3) (pd2lc)
�1 ¼

0 � 1⁄3 ], and the cylinder-shaped worm-like micelle proves

by such determinations to have a 2–3 fold narrower range of

(p ¼ 1⁄3 � 1⁄2 ) compared to either spherical micelles or vesicle

bilayers (p ¼ 1⁄2 � 1). Despite the implied susceptibility to

transitions of worm-like micelles, their unique elongated shape is

increasingly being exploited in application. Worms made from

low molecular weight surfactants have served as templates for

inorganic frameworks2 and as additives in oil recovery fluids.3

Polymer-based worm micelles have taken advantage of the

increased stability that arises from increasing the hydrophobic

contacts with novel applications in nano-electronics and drug

delivery.4–8 Morphological transitions sometimes facilitate

application and generally motivate deeper insight.

Polydispersity is unavoidable with synthetic polymers, and

while degradable polymers provide one means to control

morphological transitions, degradation reactions generally add

complexity, as well as polydispersity. Micelles and vesicles8 have

been made from the hydrophobic and hydrolyzable polyesters

poly(caprolactone) (PCL)‡ and poly(lactic acid) (PLA) as well as

redox-sensitive chains such as poly(propylene sulfide) (PPS)9 in

tandem with hydrophilic polyethylene glycol (PEG) (equivalent

to polyethylene oxide (PEO)). Worm-like micelles of such block

copolymers appear surprisingly useful in their ability to reptate

through the blood stream and permeate tumor tissues to target

anticancer drugs.10 Fragmentation into spherical micelles seems

to be part of the mechanism with the hydrophobic chains

aDepartment of Chemistry, University of Pennsylvania, 231 S. 34th Street
#218, Philadelphia, PA, 19104, USA. E-mail: sloverde@seas.upenn.edu;
Tel: +1 215 573 0990
bDepartment of Chemical and Biomolecular Engineering, University of
Pennsylvania, Philadelphia, PA, 19104, USA. E-mail: discher@seas.
upenn.edu
cDepartment of Chemical and Biological Engineering, University of
Wisconsin, Madison, 2014 Engineering Hall, 1415 Engineering Drive,
Madison, WI, 53706-1691, USA
dDepartment of Physics and Astronomy, University of Pennsylvania,
Philadelphia, PA, USA 19104
eLaboratory for Research on the Structure of Matter, University of
Pennsylvania, Philadelphia, PA, 19104, USA
fDepartment of Chemistry, Temple University, Philadelphia, PA, 19122,
USA

† Electronic supplementary information (ESI) available: Fig. SA–E and
accompanying text. See DOI: 10.1039/b919581e

‡ For a degradable polymer like PCL, the degradation product after
hydrolysis, 6-hydroxycaproicacid (6-HPA), is water soluble and
diffuses away over experimental timescales. From separate atomistic
simulations, we estimate cPEO–PCL ¼ 0.146, which corresponds to
a relative interfacial tension between PEO and PCL of 2.7 mN m�1,
assuming a strongly segregated interface. This is a factor of ten smaller
than the 30 mN m�1 interfacial tension measured experimentally for
PEO–PEE bilayers,39 which implies a comparably larger interfacial
width w.
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degrading into heterogeneous mixtures, raising fundamental

questions about copolymer dispersity and micellar stability.

Here we refine and extend mesoscopic dissipative particle

dynamics11,12 (DPD) methods that are suited to long timescales

(up to ms) and long polymer chains (>kDa), and we show that

the DPD techniques provide an accurate means to assess both

structures and transitions of polymer-based assemblies. DPD is

already known to accurately capture the properties of short chain

self-assemblies13,14 and polymer solutions.14 However, DPD can

also exploit parameterizations from coarse-grained molecular

dynamics (CG-MD) of diblock copolymers that not only fit all-

atom models but also accurately predict structures and proper-

ties of these versatile soft materials.15–18 Simulations here reveal

the dynamic breakup of a worm-like micelle as the packing

parameter is effectively decreased in both homogeneous and

heterogeneous assemblies. In the latter, we test a common

assumption of component additivity and then elaborate the

coupling of curvature to component concentration. While such

processes have been explored to some extent for a few assemblies

of lipids19–22 or peptides,23 polymers and worm-like micelles

display complex phase behavior with component poly-

dispersity.24 The simulations here probe general issues underlying

the non-ergodic behavior of polymer nano-assemblies: diffu-

sional timescales for lateral segregation within an assembly, and

the coupled interplay of composition and curvature in micellar

assemblies.

Computational methods

The simulation code LAMMPS25 (large-scale atomic/molecular

massively parallel simulator) was used for all simulations. The long

time and length scales, as well as the correct hydrodynamics, are

essential for accurate simulation of polymer morphologies relevant

to applications such as drug solubilization and delivery. The DPD

models for hydrophilic PEO and hydrophobic poly(ethylethylene)

(PEE) used here were previously developed using a density

mapping approach.16,17 DPD refers to the use of a momentum-

conserving Langevin thermostat, in combination with a soft,

repulsive force interacting between the component beads and

monomers. The force acting on each component bead i, fi, consists

of three contributions (conservative, dissipative, and random

forces) due to neighboring beads j within a cutoff radius r < rc.

fi ¼
P

j

F C
ij þ F D

ij þ F R
ij

FC
ij ¼ aij

�
1� rij

�
r̂ij

F D
ij ¼ �guD

�
rij

��
r̂ijvij

�
r̂ij

F R
ij ¼ suR

�
rij

�
xij r̂ij

(1)

where uD(rij) ¼ uR(rij)
2 ¼ (1 � rij)

2 and xij is a random variable

with zero mean and unit variance.

The magnitudes of the random (s) and dissipative (g) forces

are chosen such that the fluctuation–dissipation relation is

obeyed (s2¼ 2kBTg). The mass, length scales (rc), and timescales,

in addition to the self-repulsion parameters aii, are set by

choosing a mapping of 3 water molecules per DPD bead. This

reproduces the compressibility and diffusion of water.11 It

follows that the simulation length-scale is related to real space,

such that rc¼ 6.46 Å, and the relation between simulation (s) and

real time is such that s ¼ 87.98 ps.11 All simulations here were

performed with a time step dt of 0.02s.

Average system sizes are on the order of 1300–1800 polymers

with up to 2 million water beads, with timescales ranging from

several ms up to 40 ms.x Single polymers (�40 to 140 monomers

per polymer chain) can quickly aggregate, but equilibration of

the micellar size distribution is not computationally accessible

due to the large entropic repulsion of the chains between micellar

structures.26 True equilibrium in long chain polymeric systems is

a subtle question.26,27 Large micellar aggregates were pre-

assembled and the stability of structures was assessed using

DPD, to compare with experimental conditions. The micellar

aggregates were prepared by ‘growing’ the chains from the

interfacial bead inwards and outwards respectively on a cylin-

drical radius. Approximate core density is known (0.82 g cm�3),

so that this radius could be estimated accordingly after scaling

with chain-length was determined. Equilibration was determined

by relaxation of the micellar core density, as well as the end-to-

end distance and radius of gyration of the polymer chains.

Results

Cryo-TEM images in Fig. 1a suggest that the breakup of worm

micelles resembles the Rayleigh instability of a fluid stream in

which interfacial perturbations propagate. The worm-like

micelles of PEO–PCL (Mn ¼ 11 500 kg mol�1) are initially many

microns long but hydrolysis of the PCL chains promotes

a progressive transition to spherical micelles and ‘dumbbells’.28

Degradation of �30% of the PCL has been estimated as a bulk

average degradation that is necessary for budding and breakup

of worms, but the reaction is heterogeneous and imaging

experiments simply lack the resolution to address whether short

chains localize to regions of high curvature,28 thus motivating the

DPD studies here. Simulation snapshots in Fig. 1b–f demon-

strate that a mixture of copolymers with differing hydrophobic

lengths undergoes a transition similar to those seen in experi-

ments. Water molecules that surround the assembly are not

shown, but the hydrated PEO corona is loose and brushy as

shown in Fig. 1b with red or yellow indicating hydrophobic

chains of different length. In cryo-TEM experiments, the corona

is largely invisible because the PEO is also highly hydrated.

Simulation snapshots in Fig. 1c–f show just the dense micelle

core (as in cryo-TEM) with blue and gold now indicating the

hydrophobic chains of different lengths. The two different sized

chains ‘appear’ dispersed throughout the core, as opposed to

being strictly localized to a particular curvature. Nonetheless, at

some critical concentration elaborated below, segregation can be

documented and undulations grow with time in the core of the

worm and a sphere (or dumbbell) eventually pinches off from the

worm’s end-cap as shown.

The worm-to-sphere transition is a classic order-to-order

transition in block copolymer melts.29 It is also known that such

transitions, if driven by a change of relative miscibility or

x A summary of system sizes is found in Table S1†. Please note that the
largest system sizes: approximately 1800 polymers and 2 000 000 waters
were used for scaling results. Smaller system sizes were used to study
kinetic behavior.

1420 | Soft Matter, 2010, 6, 1419–1425 This journal is ª The Royal Society of Chemistry 2010
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temperature can proceed via a metastable state that is impeded

by high energy barriers and slow molecular diffusion.30 However,

large-scale mesoscopic simulations based on both detailed

atomistic models, and experimental observables—as here in

dilute polymer solution—can add insight into many molecular

aspects of the metastable state.

To validate the simulation physics, we step back and carefully

assess the molecular weight scaling of worm-like micelle struc-

ture. In general, diblock copolymers are characterized by the

total number of monomers, Ntotal, and the hydrophilic mass

fraction fEO (0 # fEO # 1). The number of EO monomers, NEO,

plus the number of hydrophobic monomers, Nh, gives Ntotal ¼
NEO + Nh, and one can calculate fEO ¼ NEOmEO/(NEOmEO +

Nhmh), where the mi
0s are monomer masses that establish the

total molecular weight of the polymer Mtot. Degradation of

hydrophobic blocks, such as PCL, with time leads to a decrease

in Nh and a net increase in fEO. Phase diagrams for vesicles/

worms/spheres in the (fEO, Mtot) plane have been determined in

extensive experiments on the strongly segregating block copol-

ymers3 simulated here, and, based on the experimental phase

boundaries, an empirical correlation with the molecular packing

parameter p incorporates a weak dependence on Mtot that can be

written in a two-variable Pade’ approximant form (i.e. as

a Chisholm approximant):

fEO z (0.2 � 0.01Mtot)/(�0.03 + p � 0.01 Mtot) (2)

This correlation for Mtot up to �10 kg mol�1 is specifically

obtained from the following correspondences: (i) p ¼ 0.5

corresponds to where pure vesicles transition to vesicle–worm

coexistence, (ii) p ¼ 0.33 corresponds to where pure spheres

transition to sphere–worm coexist, and (iii) p ¼ 1⁄2 (0.5 + 0.33)

corresponds to the middle of the pure worm-like micelle phase.

For Mtot z 10 kg mol�1 (of relevance to Fig. 1a), worm-like

micelles are detected experimentally for fEO z 0.25 to 0.50, with

spheres—but not worms—seen in experiments for fEO > 0.50. In

the simulations below, which are among the largest and longest

for atomistics-rooted DPD of polymers, we show that worm-like

micelles can be kinetically stable for relatively long times

(>microseconds) well above this phase boundary for both single

component and binary systems.

Scaling and stability of single component worm-like micelles

First, the structural effects of increasing Ntotal at constant fEO ¼
0.5 were studied with monodisperse diblock copolymer. Both

experiment and theory provide scaling results for comparison.

From simulations, density profiles of hydrophilic and hydro-

phobic monomers in the worm-like morphology depend on

distance from the central axis of the micelle (Fig. 2a). As theFig. 1 Mechanism of worm-to-sphere transition. (a) Cryo-TEM images

show the breakup of worm-like micelles of PEO–PCL (Mn ¼ 11 500 kg

mol�1), with undulation and budding.28 Arrows in the bottom image

highlight breakup events. (b)–(f) Simulation results for a binary copol-

ymer micelle, which details the transition dynamics. The random starting

configuration of the corona (b) or core (c) with red and yellow or blue and

gold respectively indicates polymers with two different length hydro-

phobic chains. Undulations (d) develop with bud formation (e) and

pinch-off of a spherical micelle (f).

Fig. 2 Effects of diblock molecular weight on worm-like micelle struc-

ture. (a) Density profile of PEO and PEE in the worm-like morphology

relative to the center of mass of the worm core. With increasing hydro-

philic length of polymer at constant fEO, the corona swells and polymer

density in the corona decreases. (b) Scaling of radial core size, Rcore, with

the length of hydrophobic beads, Nh, and width of the corona, Rcorona,

with the total length of the polymer, N¼Ntotal. Scaling of the core agrees

well with experimental results (Rcore z Nh
0.59).29

This journal is ª The Royal Society of Chemistry 2010 Soft Matter, 2010, 6, 1419–1425 | 1421
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length of the diblock increases, the corona swells with water.

Correspondingly, the polymer corona density decreases, the

interfacial width between PEO and the hydrophobic block

increases, and the radius of the micellar hydrophobic core scales

as �Nh
0.59 (�0.02) (Fig. 2b). Experimental measurements of hydro-

phobic core diameter d by cryo-TEM show a very similar scaling

of d z Nh
0.61.31 The radial width of the corona, Rcorona, scales

differently with the total length of the polymer as �Ntotal
0.73 as

shown here by simulation.

Mean-field arguments for the strong segregation limit (SSL)

balance interfacial tension against chain entropy in predicting

d z Nh
2/3; while for fully stretched chains, d z Nh. The SSL

appears more similar to the simulation results. Significant end

effects can also be seen for larger copolymer lengths: the end-caps

become significantly more bulbous as the corona swells. This

bulb formation at high molecular weights is in agreement with

the experimental observation that as Mtot of the diblock is

increased at constant fEO, the preferred morphology changes

from a worm to a sphere.32

The worm-to-sphere transition with increasing fEO depends

weakly on both Ntotal and the Flory–Huggins interaction

parameter, c, that specifies the relative incompatibility between

blocks and that sets the cohesive energy scale for self-assembly

(i.e. cNtotal).
33 Simulation results for different copolymers are

therefore likely to appear similar, and at least for limited studies

of PEO–PCL thus far the Nh
2/3 scaling of SSL indeed also

applies.8 Additional SSL arguments33 predict that the interfacial

width varies as w z (2/3c)1/2C�1/2, where C is the concentration of

polymer. In our simulations, an increase in polymer length leads

to swelling of the corona and a decrease in CEO with a width of

the interface, w, consistent with CEO
�0.5 (Fig. 2a and Fig. SE†).

Consistency with SSL would also dictate a CEO-dependence of

interfacial tension g,34 g z (c/6)1/2C3/2. Since g stabilizes struc-

ture, such insights from SSL motivate the systematic analyses

below the worm-to-sphere transition.

Stability of the worms in DPD simulation of the monodisperse

copolymers was assessed by preparing individual micelles of

length Nh of the hydrophobic block while holding constant the

hydrophilic block length, NEO (Fig. 3). An increase in tempera-

ture from ambient (293 K) to a temperature of 20% higher

(352 K) showed no significant temperature effect on the meta-

stability limit, consistent with experimental phase diagrams for

these types of block copolymers.30

Increases in fEO lead to an increase in fluctuations in the core

(colored in gold) and a strong probability of breakup for fEO $

0.72 (hf*). The instability typically initiates from a bulbous end

of the worm, propagates as fluctuations in the core, and pinches

off or buds after�2 ms (see Table S1†). In one budding event, two

interconnected or entangled spherical micelles fission from the

core simultaneously. Interestingly, in the cryo-TEM images of

Fig. 1a, two spherical micelles are seen to be interconnected as

‘‘dumbbells’’ at an experimental frequency of about 1 : 6

(dumbbell–sphere ratio). After the initial pinch-off in simulation,

the timescale for additional fission is greater than several ms and

only one of five simulated worm-like micelles appeared stable

for �40 ms.

For higher fEO ¼ 0.82, which should strongly favor spherical

micelles, short length-scale fluctuations proliferate in the core,

and the evolution should be less affected by chain-length limits to

curvature-driven diffusion. A shorter timescale for pinch-off as

above (�400 ns) indeed supports this argument. While micelle

fusion/fission is promoted by fewer chain entanglements of

shorter chains,27 the process still takes �ms to generate distinct

dumbbells and spheres (ratio 1 : 3). Simulations yield dumbbell–

sphere ratios that appear remarkably similar to experimental

ratios.

Copolymer mixtures in worm-like micelles: stability and breakup

Block copolymers made with degradable hydrophobic chains

lose hydrophobic mass Mh and thereby increase fEO with time.8

Degradation reactions such as hydrolysis of PCL are heteroge-

neous in cleaving different polymer chains at different sites, so

that copolymer polydispersity tends to increase with time. With

simpler binary mixtures of two different miscible copolymers

(A and B), additivity in mole fraction (F) is usually a first

assumption,22 with the phase behavior expected to reflect a mix-

ing rule:

hfEOi ¼ FfEO,A + (1 � F) fEO,B (3)

If such additivity applies to the DPD simulations here, the

worm-to-sphere transitions for single component and multi-

component systems should prove similar. To test this additivity

and also emulate degradation processes, sphere-preferring fEO ¼
0.82 copolymer chains (PEO40–PEE7) were mixed into the

otherwise stable worm-like micelles (of PEO40–PEE32 with fEO ¼
0.5) and then morphological stability was assessed. Below

30 mol% of the sphere-forming copolymer, no perturbations

were obvious up to �20 ms. However, at 30 mol% (hfEOiz 0.6),

peristaltic undulations along the worm micelle and perturbations

in the end-caps were apparent even though the assemblies

appeared stable (Fig. 4a). For mixtures of 40 mol% sphere-

former and above (hfEOi $ 0.63), perturbations in the micellar

Fig. 3 Stability of single component worm-micelles with increasing fEO.

(a)–(d) Progressive shortening of the hydrophobic block while keeping

the length of the hydrophilic block constant leads to increasing undula-

tions in the core diameter, leading to instability and breakup at (c) fEO ¼
0.72. The hydrophilic corona is represented in blue while the hydrophobic

core is shown in gold. Instability propagates as fluctuations in the core

thickness that initiate at the end of the worm, leading to bud formation at

2.4 ms and ‘pinching’ of a spherical micelle at 2.8 ms. Two interconnected

spherical micelles give a ‘dumbbell’ micelle. The same process at shorter

times occurs at (d) fEO ¼ 0.82, but with multiple, shorter length-scale

fluctuations in the core diameter.

1422 | Soft Matter, 2010, 6, 1419–1425 This journal is ª The Royal Society of Chemistry 2010
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density profiles were extreme and, with time, radial undulations

on a length-scale of spherical micelle dimensions precede

budding and breakup into spherical micelles as shown in Fig. 1.

Interestingly, individual unimers of PEO40–PEE7, but not of

PEO40–PEE32, are expelled just prior to the first spherical micelle

fission process. While this indicates that the free energy of

transfer for unimers is lower for the short chain than the micelle

fission energy, it also suggests that the critical hfEOi* for the

transition will be somewhat over-estimated with this short, fully

segregating copolymer. The fact that f* for the single component

system is similar to but different from hfEOi* motivates a deeper,

analytical understanding of block copolymer mixtures—as

pursued theoretically in the final section below.

Coupling of curvature to concentration

Mean-field models of the worm-to-sphere transition for charged

diblock copolymers can reproduce—with some key assump-

tions—the phase behavior of diblock copolymer micelles as

a function of charge fraction on the polymer and salt concen-

tration in solution.35 Such models have been based in part on

a ‘metastable unduloid’ phase observed experimentally with

poly(acrylic acid)–poly(styrene) PAA–PS,36 but the transition in

shape is assumed ad hoc to occur in three stages: neck contrac-

tion, scission, and finally budding with end relaxation. Scission

should expose unfavorable contacts with water, and the simu-

lations here indeed show that hydrophobic contacts are exposed

at the breaking point—with the noted liberation of unimers

providing obvious evidence. Furthermore, with increasing mol%

of the sphere-former, the average core size decreases before

breakup and the worm elongates (Fig. 4, inset). The volume

decreases by up to �20% and the number of spherical micelles

that bud off increases (from three to six). The density profile of

the core of the mixed micelle shows that the short hydrophobic

tails localize close to the interface and reduce the core density by

a factor of �7/10. In other words, the free volume for the longer

hydrophobic chains increases, which is consistent with theory,37

but insight into molecular demixing has been lacking.

The line tension between domains in vesicles composed of

strongly segregating amphiphiles is one of the main driving

forces for curvature and budding.38,39 Oftentimes, concentration

can even act in the reverse manner—to stabilize new phases, such

as concentrated hydrogels containing lipids that act to reduce the

symmetry of the multilamellar phase through dislocation

defects.40 With amphiphiles that demix weakly as simulated here

(Fig. 1), the degree of local correlations between curvature and

molecular concentration during the evolution of the ‘metastable

unduloid’ structure (Fig. 4) is of utmost interest. Fig. 5 demon-

strates the procedure to extract correlations between local

diblock concentrations at the interface and mean curvature, H.

For timescales during which undulations were significant, up

until timescales immediately preceding pinching and break-off of

the initial spherical micelle, we find the location of the interface

for each axial worm slice—defined by the average position of the

interfacial copolymer beads in each slice. The interfacial profile

between the hydrophillic PEO and hydrophobic PEE along the

worm axis is then fit with a polynomial of degree six. Next, we

calculate the interfacial polymer concentration (Npoly/A) along

Fig. 4 Effects of mixing on worm-like micelle stability. Radial undula-

tions that precede breakup and budding into spherical micelles, as

a function of concentration of PEO40–PEE7 (fEO ¼ 0.82) in a PEO40–

PEE32 worm. The hydrophobic blocks of the sphere and worm formers

are shown in orange and blue, respectively. (a) At 30 mol% PEO40–PEE7,

the worm assembly remains stable for the total length of the simulation of

20 ms. (b)–(d) At 40 mol% PEO40–PEE7 or higher, increasing undulations

and core thickness fluctuations, as observed here, lead to eventual

breakage of the worm morphology (as shown in Fig. 1) within the time of

the simulation. Also shown, average hydrophobic core radius, Rcore, and

worm contour length before breakup as a function of sphere-former

concentration.

Fig. 5 Sample polynomial fit and associated calculations for correlation

between concentration and mean curvature, H. From top to bottom: (a)

sample interfacial axial worm profile and associated polynomial fit at t ¼
789 ns for 40 mol% as shown in Fig. 4, (b) interfacial polymer concen-

tration, Npoly/A for PEO40–PEE7 and PEO40–PEE32 along the axial

worm profile at t ¼ 789 ns for 40 mol%, (c) mean curvature, H, and,

finally, cross-correlation between concentration and (d) mean curvature,

H, as a function of the axial distance along the worm.
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the worm axis for each of the diblocks. The mean curvature, H, is

then calculated as:

H ¼ 1⁄2 [(1/g)(1 + g02)�1/2 � (g00)(1 + g02)�3/2] (4)

where g is the polynomial fit to the interface and, lastly, the cross-

correlation between f and H is then calculated as:

cf;HðdÞ ¼

P
z

�
ðHz �HÞðfzþd � �fÞ

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

z

ðHz �HÞ2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

z

ðfzþd � �fÞ2
r (5)

A positive correlation between PEO40–PEE7 and mean

curvature is shown in Fig. 5 while PEO40–PEE32 is anti-corre-

lated with mean curvature. Moreover, the cross-correlation

function along the axis of the worm shows strong fluctuations.

The shorter chains thus prefer the more bulbous regions and the

end-caps, as opposed to the thinner radial regions of the worm.

We assume the local mean curvature is a linear superposition

of the two mean curvatures, H1 and H2, from the unmixed states:

H(f) ¼ fH1 + (1 � f)H2 (6)

H1 (1/3.87 nm�1) and H2 (1/14.4 nm�1) are spherical and cylin-

drical mean curvatures of single component micelles as obtained

by simulations as shown in Fig. 3. We plot the mean curvature,

H, vs. f (where f is the normalized interfacial concentration of

PEO40–PEE7), for a range of timescales during which undula-

tions were significant in Fig. 6. f is calculated for local axial

worm slices, excluding the tips of the worm micelle,{ assuming

a projected cylindrical surface area. At all interfacial concen-

trations of PEO40–PEE7, the behavior of f is clearly linear with

H, and supports a spontaneous curvature that depends as a linear

superposition of the two equilibrium mean curvatures, H1 and

H2. This linear relationship between interfacial concentration, f,

and mean curvature holds for both mole fractions, F ¼ 30 mol%

and 40 mol% simulations, one in which a kinetically stable worm

exhibits interfacial fluctuations, the other in which the fluctua-

tions lead to budding and breakup.

Sorting of lipids20 or membrane proteins, such as CTB (cholera

toxin subunit B), through curvature, is suggested to be dependent

on their ability to sense membrane shape.41 Theory suggests that

non-linear corrections are necessary near a critical demixing

point.42 Here we show that for a simple diblock copolymer

mixture in a kinetically evolving micelle, differing purely in terms

of the packing parameter of the chains, the micellar shape is

coupled to the local interfacial concentration in a simple linear

relationship.

Conclusions

Equilibrium properties and scaling behavior of polymer-based

worm-like micelles were elaborated together with analyses of the

kinetic stability of both monodisperse and mixed assemblies. The

scaling of an isolated worm micelle core with the length of

hydrophobic tail of the copolymer at constant hydrophilic frac-

tion, d z Nh
0.59, agrees well with experimental results, and is

consistent with scaling within the strong segregation limit. The

PEG corona swells with increased copolymer length, and an

increase in hydrophilic fraction to fEO ¼ 0.72 destabilizes the

worm-like micelle to Rayleigh-like budding from the end-caps.

In a mixture, the diffusive properties of the copolymers at the

interface suggest reptation dynamics (see ESI†), and we find that

the shorter copolymer localizes close to the interface and acts to

reduce the overall core density. Flexibility of the worm micelle

before breakup can be determined from careful modeling of

curvature-driven segregation and seems to be consistent with

experiment. A metastable mixed copolymer worm also disas-

sembles through dynamic undulation and budding, providing

novel insight into the type of breakup that has already been

exploited in delivery of anticancer drugs.10 Dissipative particle

dynamics simulations accurately capture many of the complex

processes and transformations across relevant time and length

scales, and so DPD seems to be a useful method for molecular-

scale investigations of the many PEG-based systems being

developed for a wide range of applications.
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Fig. 6 Mean curvature, H, vs. f (where f is the normalized interfacial

concentration of PEO40–PEE7) and fit, using calculated mean curvatures,

H1, spherical mean curvature, and H2, cylindrical mean curvature from

simulations of single component polymer assemblies as shown in Fig. 3.

We show that a concentration averaged mean curvature is a good

approximation for the local curvature. This plot is for the main body of

the worm micelle, excluding the end-caps, where higher interfacial

concentrations are found.

{ It is found that there are deviations from this behavior at high
concentrations of the minority component along the length of the
micelle, which is the end-cap region, that does not fit this linear
behavior, and may be subject to the finite size effects.
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