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ABSTRACT: In this paper we present the development and
validation of the “Computational Reverse-Engineering Analysis for
Scattering Experiments” (CREASE) method for analyzing scatter-
ing results from vesicle structures that are commonly found upon
assembly of synthetic, biomimetic, or bioderived amphiphilic
copolymers in solution. The two-step CREASE method takes the
amphiphilic polymer chemistry and small-angle scattering intensity
profile, Iexp(q), as input and determines the vesicles’ structural
features on multiple length scales ranging from assembled vesicle wall’s individual layer thicknesses to the monomer-level packing
and distribution of polymer conformations. In the first step of CREASE, a genetic algorithm (GA) is used to determine the relevant
vesicle dimensions from the input macromolecular solution information and Iexp(q) by identifying the structure whose computed
scattering profile best matches the input Iexp(q). Then in the second step, the GA-determined dimensions are used for molecular
reconstruction of the vesicle structure. To validate CREASE for vesicles, we test CREASE on input scattering intensity profiles
generated mathematically (termed as in silico Iexp(q) vs q) from a variety of vesicle sizes with known dimensions. We also test
CREASE on in silico Iexp(q) vs q generated from vesicles with dispersity in all relevant dimensions, resembling real experiments. After
successful validation of CREASE, we compare the CREASE-determined dimensions against those obtained from the traditional
approach of fitting the scattering intensity profile to relevant analytical model in SASVIEW package. We show that CREASE
performs better than or as well as the core−multishell analytical model’s fitting in SASVIEW in determining vesicle dimensions with
dispersity. We also show that CREASE provides structural information beyond those possible from traditional scattering analysis
using the core−multishell model, such as the distribution of solvophilic monomers between the vesicle wall’s inner and outer layers
in the vesicle wall and the chain-level packing within each vesicle layer.
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I. INTRODUCTION

Vesicles are spherical nanostructures with a characteristic
hollow-core−shell architecture enclosed by a wall membrane.
Owing to their hollow structure, vesicles make up an important
class of self-assembled nanostructures capable of encapsulating
materials that enable their use in a wide range of applications
such as nanoreactions and drug delivery.1−6 In particular, the
self-assembly of vesicles from amphiphilic molecules like
surfactants, synthetic block copolymers, and bioinspired
macromolecules (e.g., peptide−lipid and peptide−polymer
conjugates)4,7−14 pave the way for designing customizable,
smart nanocarriers with controlled functions. To facilitate
fundamental understanding for improved engineering of
vesicles from novel polymeric materials, accurate character-
ization of the assembled structure, from the macromolecular to
the microscopic length scale, is critical.
Experimental imaging techniques for assembled macro-

molecular structures include transmission electron microscopy
(TEM),15 cryogenic TEM,16−18 and atomic force microscopy
(AFM).19 With these microscopy techniques, the real space

shapes and distances are easily accessible, but the images in
most cases are limited to a two-dimensional slice of the
assembled structure and small length scales are often difficult
to resolve. In contrast, small-angle scattering (SAS) techniques
like neutron (SANS) and X-ray (SAXS) scattering can resolve
structural features over a wide range of length scales from
micrometers down to a few nanometers. In particular, SAS
techniques are powerful tools for polymers and protein
assemblies in solutions due to the length scales relevant to
these structures and the noncrystalline nature of these
materials under common conditions.17,18,20−32 These scatter-
ing experiments produce the scattering intensity I(q), as a
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function of wavevector q, from the collision of X-rays33 or
neutrons34−37 with the sample. Traditionally, the potential of
using SAS techniques to determine structural features is locked
behind the interpretation of I(q) vs q by fitting the I(q) vs q
data with relevant analytical models. While the existing
analytical models perform well for scattering profiles from
canonical assembled structures and conventional polymer
chemistries, they may not work in getting important
dimensions of the structure for novel polymer chemistries
and architectures and/or previously unseen assembled
structures. The molecular level information, like the distribu-
tion of polymer chain conformations, also might not be
accessible to models that tend to determine average chain
conformations. Lastly, given the advances in high-throughput
instrumentation for fast characterization of many samples,
there is also a need for alternate computational methods that
do not rely heavily on manual fitting of the scattering data with
analytical models. To address these existing limitations in the
analysis of SAS results, we recently developed the CREASE
approach to analyze scattering results without relying on
approximate analytical models for fittings to the scattering
profile. This approach has already been successfully applied to
analyze the scattering results for dilute amphiphilic polymer
solutions with spherical, cylindrical, fibrillar, and elliptical
cylinder micelles.38−40 In this paper we extend this CREASE
method to analyze scattering profiles from vesicle structures
and compare the results obtained from CREASE to those from
traditional fitting approaches to demonstrate that CREASE
works well and provides information about vesicle structure
beyond those obtainable from traditional approaches involving
fitting with existing analytical models.
CREASE is a two-step computational method that combines

a genetic algorithm (GA) in step one with molecular
simulations in step two to capture structural features from
the assembled aggregate to the chain- and monomer-level
packing. GA is an optimization method inspired by the natural
genetic evolution process where “fit” individuals in a
generation continue to exist in future generations and “unfit”
individuals do not, and eventually the best individuals survive.
GA has been used in science and engineering to generate the
“best” or “optimum” solutions to complex optimization
problems. In the context of CREASE, the first step involves
a GA to identify the “best” structure whose computed
scattering profile matches the input experimental scattering
profile. In this GA step, we take as input the polymer
chemistries, an approximate shape of the structure (e.g., from

imaging techniques), and the experimental scattering profile,
Iexp(q), and generate a series of potential vesicle configurations
to optimize toward the “best” vesicle configuration and its
dimensions (e.g., diameter of the vesicle and the layers’
thicknesses). Then in the second step, we reconstruct the
assembled structure using molecular simulations with either
coarse-grained or atomistic models of polymer chains of input
chemistry within the GA determined dimensions to under-
stand the microscopic details of the vesicle structure. We
extract the relative distribution of monomers in various
domains, the distribution of chain configurations, and
molecular packing information, which are not accessible
when fitting with analytical models.
In this study, we extend this CREASE approach to vesicles

with a hollow-core and a three-layer shell morphology. We first
apply the CREASE approach on in silico Iexp(q) generated from
vesicles with known dimensions to quantitatively test the
predictive capabilities of CREASE against those from the
traditional approach of fitting using a core−multishell
analytical model. We also demonstrate that in addition to
capturing the relevant vesicle dimensions (e.g., core radius,
thickness of each of the three layers), CREASE determines
information important to the vesicle morphology that is not
readily available to traditional (e.g., core−multishell) analytical
models such as the ratio of molecules distributed in the various
layers of the vesicle shell. To demonstrate the potential of
applying this CREASE approach to samples prepared under
real experimental conditions where dispersity in dimensions
can be found, we extend the GA step to include dispersity in
various dimensions and test the GA step on in silico Iexp(q)
generated from disperse vesicles with known dimensions.
Finally, in the second step of CREASE, we reconstruct at the
molecular level a representative slice of the vesicle structure for
two cases of amphiphilic molecules and extract the chain- and
monomer-level information.
To the readers who have followed the previous publications

on CREASE38,40 we note the following new aspects of
CREASE presented in this study that were absent in those
previous studies: in the CREASE method extended to vesicles
in this paper we demonstrate the ability to (a) characterize the
level of dispersity present in relevant dimensions of the
assembled structure which was not demonstrated in the
previous implementation of CREASE on spherical38 and
cylindrical micelles40 and (b) obtain additional information
from the GA step of CREASE regarding the distribution of the
macromolecules between the two solvophilic layers of the

Figure 1. Schematic flowchart of the steps in the Computational Reverse Engineering Analysis for Scattering Experiments (CREASE).
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vesicle bilayer. This extension of CREASE to vesicles and the
additional new aspects of CREASE characterizing the
distribution of the molecules within the vesicle layers and
determination of the dispersity hold important insights for
scientists wishing to link molecular-level structural information
of assemblies to macroscopic properties of the assembled
structures (e.g., transport of drugs through the layers of the
vesicles). To enable broad dissemination and use of this
CREASE method, we have now made the code for the GA
portion of CREASE open source by sharing on github
[https://crease-ga.readthedocs.io] a step-by-step tutorial and
the entire code of the GA portion of the CREASE method as
applied to vesicles. In that tutorial, we also guide users who
may wish to adapt this CREASE-GA code to other assembled
shapes.

II. APPROACH

II.A. CREASE Method Overview

We present here the two steps of CREASE and provide details
of the key extensions made beyond the previous CREASE
work38−40 for interpreting the scattering intensity profiles of
vesicle structures that assemble from amphiphilic block
copolymers (BCPs) or peptide−peptide conjugates in solution.
This two-step computational method, as summarized in the
flowchart shown in Figure 1, interprets a small angle scattering
profile by determining the structural features on multiple
length scales from the assembled structure dimensions of
vesicle size and individual layer thickness within the vesicle
wall to the monomer packing and distribution of chain
conformations. As input, CREASE takes in the molecule design
information, the experimental scattering intensity (e.g., SAXS,
SANS), and the assembled structure shape, which can be
obtained from real-space imaging methods (e.g., TEM, cryo-
TEM). The first step of CREASE uses a genetic algorithm
(GA) to determine the relevant macroscopic vesicle
dimensions from the input information. Then in the second
step, we use the GA-determined dimensions to guide the
molecular reconstruction of the vesicle assembly by molecular

dynamics (MD) simulations to capture the chain conforma-
tions of the polymer or peptide chains within the assembly. In
this work, we apply CREASE to the scattering intensity profile
of spherical vesicles that have a hollow core enclosed by one
wall containing three distinct layers where a solvophobic B
layer is sandwiched between two solvophilic A layers.
The input to CREASE consists of the BCP or peptide−

peptide conjugate design, the experimental scattering intensity
profile, Iexp(q), and an approximate shape of the assembled
structure obtained using another imaging technique besides
scattering. The design information of the macromolecule (BCP
or peptide) with solvophilic A and solvophobic B blocks
includes the chemistries, sequence (e.g., AB, ABA), molar
masses (MA, MB), repeat unit’s contour length (lmono,A, lmono,B),
chain composition or fraction of A repeat units in the chain
( fA), and the total number of repeat units (N). Some of these
inputs are used in the GA step to determine the computed
scattering intensity, Icomp(q), of the individual structure that
best matches the input Iexp(q). Then in the second step, the
macromolecular design information (e.g., N, sequence, fA, A
and B chemistry, molar masses, contour lengths) guides the
molecular reconstruction step. For this study, we use in silico
Iexp(q) vs q of vesicles as the input scattering intensity profile to
facilitate testing and quantitative validation of each individual
step of CREASE. In real implementation, one would use
experimentally obtained Iexp(q) vs q, as demonstrated in earlier
implementation of CREASE on spherical and fibrillar
micelles.38,39 The last piece of input to CREASE is the
approximate shape of the assembled structure, which can be
specified using measurements from real-space characterization
techniques (e.g., microscopy).

II.A.1. Step 1: Genetic Algorithm (GA). The GA step is
used to determine the macroscopic dimensions of the vesicle
that will produce a computed scattering intensity profile,
Icomp(q), that best matches the Iexp(q). We initiate the
algorithm by creating a population with many candidate
vesicle configurations (individuals) in the population. Each
individual’s genetic information includes relevant vesicle

Figure 2. Generation of in silico Iexp(q) from vesicles with known target dimensions in the solvophilic A (blue) and solvophobic B (red) layer. (a)
Relevant dimensions of the vesicle comprised of the inner (tAin) and outer (tAout) solvophilic A layers and a middle solvophobic B layer (tB). (b)
Placement of scatterers (dots) within the target dimensions (solid lines) of the solvophilic A and solvophobic B layers visualized for the complete
vesicle (left) and a slice from the vesicle center (right). These scatterer positions are used to obtain the in silico Iexp(q) using eqs 1−4 as described in
the text.
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dimensionscore radius (Rcore), inner A layer thickness (tAin),
B layer thickness (tB), and outer A layer thickness (tAout). In
the GA step, the vesicle configurations do not hold or optimize
any A−B chain-level information, and the relevant structural
dimensions are obtained purely using scatterers (as described
in the next paragraph and shown in Figure 2). Besides the
vesicle dimensions, the split of the A scatterers occupying the
inner (sAin) and outer solvophilic layers of the vesicle’s wall,
which corresponds to the distribution of the solvophilic
monomers in the inner and outer layers, is also optimized
during the GA search. Additionally, we include Ibackground for
each individual to determine the experimental background
scattering intensity. Initially, the values for each of these
parameters holding the genetic informations are randomly
assigned for each individual from a set range of values for each
parameter that is selected based on the input information
about the macromolecules. We direct the reader to the
Supporting Information (SI) Section I.A, where some of the
details of the implementation of the genetic information in the
GA are provided.
Each generation of the GA consists of a certain number of

individuals (i.e., the population size) which is a choice that the
user must make to balance between choosing a large number of
individuals per generation to improve the genetic diversity in
the population and choosing a smaller number of individuals
per generation to keep it computationally feasible. For our
system, we find that using 80 individuals per generation
provides enough diversity in the population to arrive at a
consistent optimal answer across 10 independent GA trials for
a given input Iexp(q) and correctly reproduces the target
dimensions within reasonable computational time.
Next, we calculate the Icomp(q) for each individual in the

population by randomly placing A and B type scatterers within
its vesicle layer boundaries. The ratio of A and B scatterers
matches the composition of the amphiphilic macromolecule
( fA) given as an input to CREASE. These A and B scatterers
could be point scatterers or scatterers with a specified
diameter. Regardless of the choice, the total number of A
and B scatterers is another choice the user must make to
balance the accuracy of the output vesicle dimensions from GA
and the computational intensity of the Icomp(q) calculation
which involves computations over all pairs of scatterers.
Typically for the vesicles presented in this study, the total
number of scatterers ranges from 500 to 5000 per individual
and is highly variable due to the range of different individual
vesicle candidate sizes. Using the placements of the NA number
of solvophilic A and NB number of solvophobic B scatterers,
the intravesicle structure factor, ω(q), is calculated as

∑ ∑ω =
+ =

+

=

+

q
N N

qr

qr
( )

1 sin( )

B i

N N

j

N N
ij

ijA 1 1

B BA A

(1)

where rij is the distance between the pair of scatterers i and j.
For each individual, we calculate its ω(q) on seven different
configurations of random scatterer placements and use the
averaged ω(q) to produce its Icomp(q). Having multiple
configurations of scatterer placements mitigates the chance
of any one configuration of scatterer placements within the
vesicle dimension biasing the computed scattering intensity.
One could also choose to replace the use of multiple (seven in
our case) placements of fewer scatterers with just one
placement using a significantly higher total number of
scatterers per unit volume (i.e., scattering density); the latter

case may reduce the biases one may introduce with placements
of few scatterers or at smaller scatterer density. However, at
higher number of scatterers, the associated computational time
for performing the ω(q) calculation also rises significantly.
Another reason we choose to use multiple (seven) different
configurations of random scatterer placements is to incorpo-
rate the ability to capture dispersity in vesicle dimensions as
described in later paragraphs.
Using the averaged intravesicle structure factor ω(q), we

then calculate the form factor as

∑ ∑ ω=
α β

α β α β
∈{ } ∈{ }
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where bA and bB are the scattering length densities of A and B
scatterers, respectively. The values of bA and bB are set to 1 in
our code as we are using hypothetical scatterers. When using
scatterers with a defined diameter, the sphere form factor
amplitudes FGA,A and FGA,B for the A and B scatterers are given
by

σ σ σ
σ
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α
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( )
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( 0.5 )GA,
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GA,
3
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where α is A or B and σGA,α is the corresponding scatterer
diameter. When using point scatterers (i.e., infinitely small
diameter), FGA,α(q) = 1.
Using FM

2(q), we then calculate the computed scattering
intensity, Icomp(q), as

= +I q F q S q I( ) ( ) ( )comp M
2

MM background (4)

where SMM(q) is the intervesicle structure factor and Ibackground
is the background scattering intensity. As the vesicle assemblies
of interest to most applications are in dilute solutions with
negligible interaction between vesicles, we use SMM(q) = 1.
The range of q values (0.003−0.1 Å−1) that we use for the
calculation of Icomp(q) spans the diameter of the whole vesicle
on the low q side to the thinnest layer dimension within the
wall of the vesicle on the high q side. Besides choosing the
range of q values via guidance from the likely vesicle dimension
based on real-space measurements of the vesicle from methods
like microscopy, it is best to test the sensitivity of the GA
results to the range of q values used to calculate Icomp(q) for
comparison with Iexp(q).
Having calculated the Icomp(q) for each individual in the

population, the GA determines how well a particular
individual’s Icomp(q) matches the input Iexp(q) through the
fitness of that individual. A quantitative measure of the
difference between Icomp(q) and Iexp(q) can be calculated
through the weighted sum of the squared log difference
between Iexp(q) and Icomp(q) as given by

∑=

Ä
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ÅÅÅÅÅÅÅÅÅÅÅÅ
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( )
exp

comp

2
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where the weighting factor w is defined as w = log(|qi+1 − qi|)
which assigns weights to I(q) considering the log-scale spacing
of the q values. We then obtain the fitness function as

= − +X YFitness (sse sse)max (6a)

where ssemax is the maximum value of the sse for an individual
in the generation and X and Y are scaling factors that prevents
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low fitness solutions from being eliminated prematurely in the
GA. X and Y take on the expressions

= −
−

− − −
X (cs 1)

(sse sse)
max(sse sse) average(sse sse)

max

max max
(6b)

and

= − −Y x(1 )average(sse sse)max (6c)

where cs = 10 is a scaling constant.
We note here that the user may choose to use a different

form of error as long as the choice of error function ensures
appropriate error weighting in the range of q explored. For
studies where the target Iexp(q) comes from experimental
scattering with an associated uncertainty at each q, a
commonly used formulation is χ2 to account for the intrinsic
uncertainties in Iexp(q) during fitting optimization. For
example, in SASVIEW one uses χ2 to quantify the goodness
of fit by taking the direct difference squared between the
computed and target data set over the fitted q range weighted
by the squared error in Iexp(q) at each q.41 If the error
associated with each q is known, χ2 can similarly be
implemented into the fitness function in CREASE to account
for uncertainty in I(q) at each q.
Based on the calculated fitness, the GA selects the

individuals in the population that get to move on to the next
generation in the GA. The best individual, identified as having
the highest fitness value in the current generation, always gets
selected for the next generation. The rest of the individuals are
selected with a probability proportional to the fitness of the
individual. The selected individuals additionally have a chance
to undergo crossover and/or mutation. With crossover, two
desirable parent individuals’ features are combined to produce
an offspring that can improve the solution set. Mutation brings
diversity to the population by changing random features of the
individuals. We direct the reader to the SI Section I.B where
the details of the implementation of crossover and mutation in
the GA are provided. The GA continues the selection process
until the best individual’s fitness and the average population
fitness have converged over multiple generations. The relevant
dimensions (Rcore, tAin, tB, and tAout) of the individual with the
highest fitness in the last generation are reported for the 10
independent GA trials.
II.A.1.1. Incorporation of Dispersity in Vesicle Dimensions

in the GA Step. Dispersity in dimensions is commonly seen in
experiments of assembled vesicles. Hence, we extend CREASE
to account for dispersity by incorporating a feature to handle
multiple contributions to the vesicle core dimension into the
GA during the search for the best individual. In the calculation
of ω(q) for a given individual with core radius Rcore, each of its
seven different configurations of random scatterer placements
is created using a core radius sampled from a distribution of
Rcore values centered about the averaged core radius value with
a standard deviation of σcore. The averaged ω(q) used for
obtaining the computed scattering intensity for an individual
thus incorporates dispersity in the vesicle core dimensions. The
GA searches for the value of the σcore parameter along with the
different vesicle dimensions when determining the best
individual. In the results section we show results from two
versions of CREASE, one that does not account for dispersity
and one that incorporates dispersity during the GA step, on in
silico Iexp(q) created with dispersity in the target dimension(s).

II.A.2. Step 2: Molecular Reconstruction. Having
determined the relevant vesicle dimensions from the GA in
step 1, we use molecular dynamics (MD) simulations to
reconstruct the vesicle assembly. To retain the important
features of a vesicle enclosed by a wall membrane while
maintaining computational feasibility, we choose to model the
vesicle wall as a slice of the vesicle from its equator instead of
simulating the entire vesicle. This gives a cylindrical slice
geometry that retains the same core radius, individual layer
thickness, and curvature in the slicing plane direction as the
whole vesicle itself (Figure S1). For the reader to appreciate
the computational speed of the MD simulations of a narrow
slice of the vesicle containing 194 400 particles, we note that it
requires 140 h to run 10 000 000 steps (including equilibration
of chains in the vesicle to collapsed conformation, collection of
configurations for analysis) using 1 compute node (with 20
cores) on the University of Delaware Farber supercomputing
cluster that contains hundreds of compute nodes with dual
Intel E5-2670v2 (Ivy Bridge) processors, 20 cores per node, 64
GB RAM (1866 MHz), an FDR InfiniBand network fabric, and
a 256TB Lustre filesystem. While the vesicle slice can maintain
computational efficiency compared to simulating an entire
vesicle and sufficiently capture the most important features of
the complete vesicle, an infinitely long cylindrical geometry
may give rise to differences in amphiphile conformations as
compared to a cylindrical shell. In cases where it would be
feasible to simulate the entire sphere (e.g., small vesicle
systems), one could perform the reconstruction step to capture
the complete vesicle.
In principle, one could use an atomistic or any relevant

coarse-grained (CG) model for the reconstruction, but in this
study, to demonstrate the types of information one can obtain
from molecular reconstruction in CREASE, we use CG models
of two types of amphiphilic polymers (Figure S1): (1)
amphiphilic, linear BCP, A18-b-B36, modeled with a flexible
CG bead−spring model42 with A being the solvophilic
chemistry and B the solvophobic chemistry and (2)
solvophobic (B) elastin-like polypeptides (ELP) conjugated
to solvophilic (A) collagen-like polypeptides (CLP) repre-
sented with the CG model of Condon et al. that captures the
stiff CLP triple helix as a rigid rod and three ELP strands each
as a flexible, bead−spring chain.43

The bonded interaction between beads on either CG
polymer chain (A or B block of the linear diblock or ELP
chain) is governed by the harmonic spring potential Ubond(r) =
kbond(r − rij

0)2 with an equilibrium bond length rij
0 = 1.0σ, where

σ is the bead diameter, and a bond stretching force constant
kbond = 500kT/σ2, where k is the Boltzmann constant and T is
the simulation temperature in reduced Lennard-Jones (LJ)
units.44 For the ELP-CLP model, we fix the beads in the CLP
chains at a constant bond length of 1.0σ with a rigid-body
integrator.45,46 We model the solvent implicitly in our
simulations using the pairwise, nonbonded interaction between
the beads to capture the solvophilic and solvophobic nature of
the CG chains. For the solvophobic beads (B or ELP) in a
poor implicit solvent, the B−B interactions are modeled with
an attractive Lennard-Jones (LJ) potential with a cutoff of 2.5σ.
To capture the effect of an implicit good solvent for the
solvophilic beads (A or CLP), we model the A−A and A−B
interactions using the purely repulsive Weeks−Chandler−
Andersen (WCA) potential with a cutoff of 21/6σ.47 We
capture the solvophobicity of the B (or ELP) chains in the
assembled state of the vesicle by setting the B−B interaction
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strength (εBB) to 0.8ε. We perform CG MD simulations using
the LAMMPS package in the NVT ensemble with the Nose−́
Hoover thermostat at T = 1.45 After placing the linear BCP
chains or the ELP-CLP trimers within the cylindrical slice
geometry shown in Figure S1, we relax the system (typically
consisting of 100 000 to 200 000 particles) for 1 000 000
timesteps to allow the solvophobic chains to equilibrate to
their collapsed conformation state. We then sample config-
urations every 100 000 timesteps after equilibrium has been
reached for determining the distribution of radius of gyration
and the monomer concentration profile as a function of the
radial distance from the center of the vesicle.
II.B. Generating In Silico Iexp(q) with Known Dimensions

We create a set of in silico Iexp(q) for vesicles that have varying
dimensions in the core radius (Rcore), inner A layer thickness
(tAin), B layer thickness (tB), and outer A layer thickness (tAout)
to test the performance of CREASE in determining the
relevant features in a vesicle structure (Figure 2a). We choose
these cases of vesicle dimensions to cover a variety of
combinations in the relevant features:

1. Small core (Rcore = 10 nm), thick A layers (tAin = tAout =
12 nm), thin B layer (tB = 6 nm)

2. Small core (Rcore = 10 nm), thick A layers (tAin = tAout =
12 nm), thick B layer (tB = 12 nm)

3. Medium core (Rcore = 20 nm), thin A layers (tAin = tAout
= 6 nm), thick B layer (tB = 12 nm)

4. Large core (Rcore = 30 nm), thick A layers (tAin = tAout =
12 nm), thin B layer (tB = 6 nm).

We then generate Iexp(q) for each vesicle by placing
scatterers within the target dimensions that we have chosen
for the vesicle (Figure 2b) and calculating in silico Iexp(q) using
eqs 1−4. To describe the sample under real conditions where
there is dispersity in the vesicle size, the in silico Iexp(q) is
created with dispersity in the target dimension of the core
radius first assuming the major contribution to the variance in
vesicle sizes comes from the core dimension. We take the in
silico Iexp(q) of seven vesicles with varying core sizes and use
their averaged dimension as the target vesicle dimension. The
dimensions of the seven vesicles are chosen such that the
standard deviation in the core radius is 20% of the target value
for the core radius. Lastly, using vesicle cases 1−3 where the
total vesicle diameters are similar, we also generate a highly
disperse sample in which the in silico Iexp(q) is taken as the
averaged I(q) from the three vesicle cases. This creates an
input scattering intensity profile where the target value in all
vesicle dimensions (Rcore, tAin, tB, tAout) has an associated
uncertainty, with the biggest variance in the Rcore. We then
perform CREASE and compare the result to core−multishell
model fit to this set of in silico Iexp(q).

III. RESULTS AND DISCUSSION

III.A. Analysis of In Silico Scattering Profiles for Vesicles
with Dispersity in Dimensions

We select three vesicle systems with similar total vesicle
diameter and varying dimensions in the core radius, inner and
outer solvophilic layers, and middle solvophobic layer to
demonstrate CREASE’s ability in determining and distinguish-
ing each of the four target dimensions (Rcore, tAin, tB, and tAout).
For each of the three vesicle cases of (1) small core with thick
A layers and thin B layer (Figure 3a,b), (2) small core with
thick A and B layers (Figure 3c,d), and (3) medium core with

thin A layers and thick B layer (Figure 3e,f), we use the GA
component of CREASE to determine the vesicle dimensions
from the input in silico Iexp(q) generated from vesicles with 20%
dispersity in the core radius (Rcore) dimensions. This captures
the kind of dispersity seen in experimental samples of vesicle
assemblies from solutions or amphiphilic polymer or peptide
materials.9,11 First, we observe how well the computed
scattering intensity Icomp(q) of the best individual from
successive generations in the GA matches the Iexp(q) in the
range of q values that span from a lower bound of 0.003 Å−1,
corresponding to a real-space length scale greater than the
vesicle diameter of the target assembly, to the higher bound of
0.1 Å−1, corresponding to the real-space length scale of the
smallest dimension of interest in the vesicle (i.e., the individual
layer thickness). We note once more that the choice of the
range of q values may not be obvious when working with real
experimental Iexp(q), and thus, it is best to compare the GA
results for multiple ranges of q values. As shown in Figure

Figure 3. CREASE’s analysis on three cases of vesicles shown
schematically with the target dimensions: (a, b) small core with thin B
layer, (c, d) small core with thick B layer, and (e, f) medium core with
thick B layer. (a, c, and e) Icomp(q) of the best individuals (colored
lines) from all generations in one example GA run (with dispersity)
compared with the input in silico scattering intensity Iexp(q) (open
circles). Progression from the initial generation to the final generation
is shown with increasingly warmer colors. (b, d, and f) GA-
determined dimensions of relevant vesicle features for the cases where
dispersity in dimensions is not accounted for in the GA step (blue
triangles) and when dispersity is incorporated into the GA (orange
squares). The target dimensions of the in silico Iexp(q) are shown as
open circles with 20% dispersity in the core radius (Rcore) dimensions.
SASVIEW fitting results using the core−multishell model (gray stars)
are offset to the right of the target dimensions.
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3a,c,e, in early generations the Icomp(q) of the best individual
cannot accurately capture all features in the Iexp(q), but with
increasing generations, as the GA refines the population during
the search for the best candidate in subsequent generations, we
see improved agreement in the best individual’s Icomp(q) with
Iexp(q) as shown by the corresponding sse value that typically
decreases from 1 in early generations to around 0.1−0.01 in
later generations (Figure S2). For all three vesicle cases
(Figures 3a,c,e), the best individual’s Icomp(q) converges to the
in silico Iexp(q) within 50 generations of the GA.
The best individual in the GA’s final generation holds the

values of the vesicle dimensions that produce an Icomp(q)
closely matched with the input in silico Iexp(q). As we know the
target vesicle dimensions that gave rise to the in silico Iexp(q),
we can compare the GA-determined dimensions to the target
vesicle dimensions to validate the GA, and we summarize the
relevant target and determined dimensions in Table S1. Since
the in silico Iexp(q) incorporates dispersity in the vesicle Rcore
dimension, we test the capability of CREASE in identifying the
correct dimensions of the target vesicle structure when there is
a distribution in the size of the vesicles contributing to the
input scattering intensity. For each of the three vesicle cases,
we perform two sets of GA runs, one where we do not account
for dispersity in the vesicle dimensions during the GA’s search
for the best structure and one where the GA incorporates
dispersity into the calculation of the Icomp(q) for each
individual in the population. In the GA runs without dispersity
considerations, we find that the GA-determined dimensions
(blue triangles in Figure 3b,d,f) agree well with the individual
layer thicknesses and can distinguish the different relative
ratios of solvophilic to solvophobic layers for the two target
vesicle cases with a thick solvophobic layer (Figure 3d,f).
While GA-determined dimensions for the vesicle with the thin
B layer case (Figure 3b) cannot resolve the differences in the
individual layer thickness as well as the other two cases, all GA-
determined dimensions are still within the range of errors
coming from multiple runs of GA for each case. This
demonstrates the capability of CREASE in correctly identifying
the relevant features within a vesicle wall structure. As there is
no dispersity in any of the layer thickness dimensions (i.e., tAin,
tB, and tAout) during the in silico Iexp(q) creation, it may not be
surprising to see that even when CREASE does not account for
any dispersity it still agrees well with the monodisperse target
dimensions.
Next, focusing on the vesicle core radius with disperse

dimensions, we see that the GA without dispersity still comes
close in reaching the target dimension. In the case of the small
core radius with thin solvophobic layer (Figure 3b), the GA-
determined Rcore matches the target value, although there is
high variation in the GA-determined Rcore across the 10 GA
runs as shown by the large error bar. For the other two cases of

vesicle comprised of small core radius with thick solvophobic
layer (Figure 3d) and large core radius with thick solvophobic
layer (Figure 3f), we see that while the GA runs without
considering dispersity give dimensions that come close to the
target Rcore values for the small and large core radii, the GA
cannot get an exact match for these systems. The variation in
the GA-determined Rcore across the 10 runs indicates that no
one unique solution can describe the disperse vesicles that
contribute to the Iexp(q). However, the use of multiple GA runs
and the associated error is extremely useful information for the
user to understand this degeneracy in vesicle dimensions
corresponding to a given Iexp(q).
In all cases, using the GA with dispersity (orange squares),

we can determine the monodisperse target dimensions of layer
thicknesses as well as or better than the GA without dispersity
runs. In the vesicle with the thin B layer case (Figure 3b),
where the GA without dispersity is unable to distinguish the
different layer thicknesses, the GA with dispersity can capture
the difference in the dimensions for the solvophilic A and
solvophobic B layers. As the dispersity in the in silico vesicle
used to generate the Iexp(q) lies in Rcore, the main improvement
of the GA with dispersity over the GA without dispersity is
seen in the determined core radius dimensions (Figure 3b). In
all three vesicle cases, the average core radius determined over
10 GA runs with dispersity more closely captures the target
value and with less variation in the core dimensions across the
different GA runs when compared to the GA without dispersity
runs. The significantly lower values of sse for GA with
dispersity vs GA without dispersity (shown in Figure S2)
further confirm the above conclusions. The best structures
found by the GA without dispersity have sse converging to
higher values, in the range of 0.1−0.9, than that for the GA
with dispersity where sse at the end of the GA runs converges
to values in the range of 0.01−0.1.
Additionally, the GA with dispersity determines the

magnitude of dispersity in the core radius dimension (σcore)
used to generate the target vesicle scattering profile during the
search for the best structure. For the three cases of vesicles
with a 20% dispersity in the target in silico vesicle structure
(Table 1), the GA-determined dispersity in the core radius
gives 24 ± 3%, 18 ± 3%, and 24 ± 2%, which closely follows
the variation of 20% in the target core radius dimension.
Finally, we compare our GA-determined results to the

corresponding dimensions obtained from traditional analysis
involving fits with the core−multishell analytical model of
vesicles using the SASVIEW package.41 The core−multishell
analytical model available in SASVIEW48,49 can capture the
individual layer thicknesses in the vesicle wall as shell
dimensions (shell 1, 2, and 3), allowing for direct comparison
to the GA-determined dimensions for each layer (tAin, tB, and
tAout). We note that the analytical model is fit to the in silico

Table 1. GA-Determined Parameters Describing the Split of Solvophilic A Chains on the Inside of the Vesicle Wall (sAin) and
Dispersity (σcore) in the Core Radius Dimensiona

sAin σcore (%)

vesicle case target GA no dispersity GA with dispersity target GA no dispersity GA with dispersity

small core thin B layer 0.2 0.28 ± 0.04 0.28 ± 0.03 20 N/A 24 ± 3
small core thick B layer 0.2 0.26 ± 0.03 0.34 ± 0.03 20 N/A 18 ± 3
medium core thick B layer 0.2 0.30 ± 0.03 0.24 ± 0.04 20 N/A 24 ± 2
highly disperse 0.2 0.26 ± 0.04 0.25 ± 0.04 30 N/A 33 ± 3

aThe mean and error of sAin from 10 GA runs are given for each case. The dispersity σcore is quantified by the standard deviation in the determined
core radius and is presented as a percentage of the averaged core radius size.
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Iexp(q) over the same range of q values used in the GA (see
SASVIEW fits in Figure S3a−c). Both versions of the GA (with
and without dispersity) perform as well as or better than the
core−multishell analytical model fit in determining the
different vesicle dimensions (Figure 3b,d,f), and in the cases
where CREASE outperforms SASVIEW fitting results, the
target dimensions all lie well within the standard deviation of
the 10 independent GA trials that are performed for each case
(Table S1). We also test CREASE on a larger vesicle system
(large core with thick A and thin B layers) and like the cases in
Figure 3 we observe the enhanced performance of the GA with
dispersity over both the GA without considering dispersity and
the core−multishell analytical model fitting results (Figure S4).
Figure S2a−d presents the comparison of sse calculated

using the log form in eqs 5 for the best SASVIEW fit and best
GA fit for all four cases. Comparing the sse values of the best
structures determined by SASVIEW and GA, we see that the
lowest calculated error does not always correspond to getting
the most accurate dimensions. For example, in the case of the
vesicle with medium core and thick B layer the GA with
dispersity performs the best in obtaining the target dimensions
(Figure 3f), but the best structures found by the GA with
dispersity all converge to higher sse values of around 0.1 when
compared with the calculated sse of 0.01 for the SASVIEW
fitting (Figure S2c). The error between the target Iexp(q) and
the computed or fitted I(q) can guide the search for a better
matching candidate within a given method as seen for the GA
runs where the sse decreases over generations as the best
individual’s dimensions approach the target dimensions.
However, the sse value is calculated based on fit over an
entire q range, and lowering the sse by improving the fit
between the target Iexp(q) and the computed or fitted I(q) at q
values that contribute least to the dimensional information
does not improve the accuracy of the predicted dimensions.
It is important to note that regardless of how good the

core−multishell analytical model fit is, there is one piece of
information that cannot be obtained from the core−multishell
analytical model fit that the GA method can determine from
the input scattering profile. This is the split in the number of
scatterers in the inner vs outer solvophilic layers of the vesicle

wall. We note that in the GA step the ratio of number of
scatterers in the solvophilic A regions and solvophobic B
region is related to the input information about the relative
amount of solvophilic to solvophobic chemistry in the polymer
solution (see SI Section I.A); however, the relative split of the
scatterers in solvophilic A inner and outer layers of the wall is
not an input into CREASE and is determined by the GA
without prior knowledge of the split fraction. The fraction of
scatterers occupying the inner layer of the wall (sAin) offers
additional insight into how solvophilic blocks of the macro-
molecules are arranged in the assembled structure; this
information is currently not available when one fits with the
core−multishell analytical model but is very useful to scientists
who wish to understand transport of molecular cargo from the
core outward through the layers of the vesicle. It is worth
noting that a more sophisticated analytical model like the one
developed by Brzustowicz and Brunger50 can determine
asymmetric electron densities in the inner and outer
solvophilic layers; however, their inherent assumption of
Gaussian forms for representing lipid moiety or a region
leads to the average molecular density differences between the
inner and the outer layers without clear distinction of number
and packing of the molecules in those layers. Regardless, it is
worth noting that the GA-determined sAin for the three vesicle
cases, incorporating dispersity or not, captures the target sAin
value used to generate the input in silico Iexp(q) (Table 1).
While the target dimensions in Figure 3 and Figure S4

include dispersity in the core radius for each of the three
vesicle cases, the magnitude of the dispersity is limited to 20%
of the core radius, and there is no dispersity in the layer
thicknesses in the wall. We push the limits of the GA in
working with samples with dispersity in all vesicle dimensions,
as one may find in realistic experimental samples. We use an
averaged Iexp(q) created from all three individual disperse
Iexp(q) from each of the vesicle cases described in Figure 3 (see
schematic of this sample with disperse dimensions in Figure
4a). This highly disperse Iexp(q) encompasses a large range of
values in the core radius and layer thicknesses being sampled,
and as such, all target dimensions include uncertainty (Rcore:

Figure 4. GA analysis on (a) a sample of highly disperse vesicles created using target dimensions that encompass a small core with a thin B layer, a
small core with a thick B layer, and a big core with a thick B layer. (b) Icomp(q) of the best individual (colored lines) for all generations in one
example GA run (with dispersity) compared with the input in silico scattering intensity Iexp(q) (open circles). Progression from the initial generation
to the final generation is shown by increasingly warmer colors. (c) GA-determined dimensions of relevant vesicle features for the cases where
dispersity is not accounted for in the GA step (blue triangles) and when dispersity is incorporated into the GA (orange squares). The target
dimensions of the in silico Iexp(q) are shown as open circles. SASVIEW fitting results using the core−multishell model (gray stars) are offset to the
right of the target dimensions.
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13.3 ± 4.8 nm, tAin: 10.0 ± 2.9 nm, tB: 10.0 ± 2.9 nm, tAout:
10.0 ± 2.9 nm, Dvesicle: 86.7 ± 13.9 nm).
We see that for this highly disperse sample, the GA’s best

individual’s Icomp(q) gradually evolves toward the target Iexp(q)
within 100 generations of the GA (Figure 4b). The best
individual’s Icomp(q) at the end of the GA correctly captures the
detailed features in the target Iexp(q), such as the small bump at
0.03 Å−1, which the fitting using the analytical model fails to
pick up (Figure S3e). Most strikingly, for almost all dimensions
the GA (with and without dispersity in the core radius)
performs significantly better than the analytical model fitting
result (Figure 4c), and we see that the SASVIEW results often
fall outside of the uncertainty in the target dimensions for the
individual layer thicknesses while the CREASE for vesicle
results all fall within the uncertainty in the target dimensions
(Table S1). The corresponding sse of the best structure for the
GA (with and without dispersity in core radius) and SASVIEW
fit are shown in Figure S2e. As seen before, the GA that
incorporates dispersity in the core dimension shows an
improvement in the determined core radius dimension over
the GA without any dispersity consideration. The GA, once
again, can capture the split of the solvophilic molecules
between the inner and outer solvophilic layers of the vesicle
wall and the increased dispersity value of 30% in the core
radius dimension (Table 1).

III.B. Molecular Reconstruction of Vesicle Assemblies

Once we have obtained the vesicle dimensions from the first
step of CREASE, we use the second step of CREASE to
reconstruct the vesicle to determine the molecular level
features of concentration profile within the wall and the
polymer chain conformations. The reconstruction based on the
average dimensions and the split of solvophilic components
between the inner and the outer layers of the wall maintains
the circular, enclosed wall structure in the cylindrical geometry
while retaining the appropriate curvature for the determined
size of the vesicle (Figure 5a,d). We simply demonstrate this
reconstruction step of CREASE for two representative GA
outputs: (i) small core (Rcore = 10 nm) with thin solvophobic B
layer (tB = 6 nm) and thick solvophilic A layers (tAin = tAout =
12 nm) (Figures 5a−c) and (ii) medium core (Rcore = 20 nm)
with thick solvophobic B layer (tB = 12 nm) and thin
solvophilic A layers (tAin = tAout = 6 nm) (Figure 5d−f), using
two example amphiphilic molecules, peptide−peptide con-
jugates (Figure 5a) and linear diblock copolymers with a
solvophilic-to-solvophobic ratio of A18-b-B36 (Figure 5d). For
this demonstration we use the coarse-grained (CG) model
developed for elastin-like-peptide chains conjugated to a
collagen-like peptide triple helix (in short ELP-CLP)43 and a
simple bead−spring CG polymer model42 for the linear
diblock copolymer (BCP) chains as described in Molecular
Reconstruction step in section II.A.2.
One of the outputs of CREASE’s reconstruction step is the

monomer concentration profiles as a function of the radial
distance from the vesicle center, C(R) (Figure 5b,e), which
also confirms that the dimensions output from the GA step are
retained after the reconstruction. The GA-determined
solvophilic content split between the inner and the outer
solvophilic layers in the wall is reflected in the magnitude of
the concentration profiles across the two solvophilic and one
solvophobic domains. For the ELP-CLP model, the shape of
C(R) captures the stiff, rod-like conformation of the solvophilic
CLP group in the flattened plateau near the midsections of the

CLP layers (Figure 5b), in contrast with the flexible linear BCP
model that shows a gradual transition from low to high
polymer concentration regions within each solvophilic layer
(Figure 5e). Furthermore, one can also see the interfaces of the
solvophilic and solvophobic layers through the overlapping
regions of the solvophobic (red) and solvophilic (blue)
concentration profile curves. The roughness of the interface
and the interfacial area between the solvophilic and
solvophobic layers can also be quantified using iso-surface
analysis51,52 on the configurations obtained from the
reconstructed vesicle.
Another output of CREASE’s molecular reconstruction is

the distribution of chain conformations, such as the
distribution of the radius of gyration, P[⟨Rg

2⟩1/2] (Figure
5c,f) that is difficult to obtain from analytical model fits which
output the average Rg

2. We note that since we use a rigid rod
model for the solvophilic CLP block, there is only one fixed Rg

Figure 5. Molecular reconstruction results of a vesicle with a small
core with a thin solvophobic layer using the ELP-CLP model (a, b,
and c) and a large core with a thick solvophobic layer using a linear
diblock copolymer (BCP) model (d, e, and f). (a, d) Visualization of
the wall membrane slice from MD simulations. (b, e) Monomer
concentration profile of the wall as a function of radial distance from
the vesicle center. The solvophilic and solvophobic blocks are shown
in blue and red, respectively. (c, f) Distribution of fully flexible chain
conformations in the solvophilic and solvophobic layers (blue and red,
respectively). Note that for the rigid-rod model of the solvophilic CLP
block on the left, the distribution of Rg is meaningless and, thus, not
calculated.
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value for the CLP molecules (Figure 5c). In contrast, for the
linear diblock copolymers, the reconstructions demonstrate the
shift in the average Rg

2 and change in shape of the distribution
of the radius of gyration of the solvophilic (blue) and
solvophobic (red) blocks (Figure 5f).
With the configurations obtained from the molecular

reconstruction, one can characterize additional information
beyond the concentration profiles and distribution of chain
conformations in each region of the vesicle shown in Figure 5.
For example, one can also calculate the orientational order
parameter (e.g., S2) for the semiflexible/stiff polymer
blocks53,54 or liquid crystalline entities in the amphiphilic
macromolecules within the different layers of the vesicle. One
can expect that the smaller curvature of the outer solvophilic
layer as compared to the inner solvophilic layer could impose
different confinement effects and bending constraints on such
semiflexible/stiff molecules. Further, in the ELP-CLP systems,
if we use the more sophisticated coarse-grained model of CLP
triple helix that can capture the melting of CLP triple helix into
CLP single strands,55,56 we can also quantify the extent of
melted CLP helices in the inner vs outer solvophilic layers.
Lastly, the reconstructed equilibrated structure can also
provide insight into the membrane bending rigidity and
associated thermal fluctuations of the vesicle structure.57

The above pieces of information, that are useful in designing
vesicles for delivery, are not available to a researcher who is
using traditional fitting of the scattering profile with analytical
models to interpret structure of vesicles formed in amphiphilic
polymer solutions.

IV. CONCLUSION
In this study, we develop and validate the CREASE
(computational reverse-engineering analysis for scattering
experiments) method for analyzing scattering profiles obtained
from macromolecular solutions that exhibit vesicle structures.
CREASE is a two-step approach that combines the genetic
algorithm (GA) with molecular simulations to capture features
in assemblies not easily obtainable through traditional analysis
techniques for scattering experiments. We demonstrate how
CREASE determines the relevant features and structural
dimensions on length scales that range from 100 nm down
to a few nanometers for a given scattering profile using a
genetic algorithm. The successful molecular reconstruction of
vesicles with varying dimensions in the second step of
CREASE using molecular simulations and models for two
types of macromolecules demonstrates the type of information
related to chain-conformation and monomer-level packing that
may not be readily available with traditional analysis of
scattering results.
Using as input in silico Iexp(q) created from vesicle structures

with known target dimensions, we demonstrate that the GA
step of CREASE can determine dimensions that match the
target values. By incorporating dispersity during the GA
implementation, we can further improve the determined
dimensions when the input Iexp(q) is created from disperse
vesicle dimensions. In all vesicle cases that differ in core radius
and layer thicknesses in the vesicle wall that are considered in
this paper, CREASE performs as well as or better than the
traditional fitting to the Iexp(q) using analytical model of
vesicles. In the case of disperse samples that have significant
variability in core radius and layer thicknesses, CREASE
outperforms a traditional analytical model fit in correctly
reproducing the target dimensions. Additionally, CREASE

quantifies the distribution of the solvophilic block chemistry
between the inner and outer layers of the three-layer wall of
the vesicle, giving further insight into the morphology of
vesicles than possible with traditional analytical fits.
As shown by this study and our previous works,38−40 the

adaptability of CREASE to different assembly shapes makes it a
promising technique for studying a wide range of polymer
solution assembly structures. The next set of developments for
CREASE includes analysis of solvent-processing induced
kinetically trapped noncanonical assemblies in polymer
solutions58,59 and temperature-induced anisotropic assemblies
of biopolymers,60 which have no existing analytical models.
Furthermore, extension of CREASE to concentrated solutions
of such assemblies will also include the calculation of SMM(q)
(where M is a “micelle”) to account for interaction between
assembled micelles; in such cases CREASE will include two
optimization loops, one for form factor and one for structure
factor. We direct readers who are interested in using CREASE
for their scattering analysis to visit the page [https://github.
com/arthijayaraman-lab/crease_ga], which holds the open-
source CREASE-GA code and a step-by-step tutorial for
CREASE-GA applied to vesicles.
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