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Polymeric drug carriers have traditionally been considered important for enhancing drug stability and
solubility, and improving transport properties of pharmaceutical molecules. Two polymers extensively
studied in this regard are poly(lactide) (PLA) and poly(ethylene oxide) (PEO). Nonetheless,
a systematic investigation of the main structural and physical factors influencing the ultimate
morphology and structure of these block polymer nanoscopic aggregates is still lacking. In this work we
report the results of a complete study on the self-assembly of (D-L)-PLA/PEO di/triblock copolymers
in aqueous environment and in the presence of a model drug based on a molecular simulation recipe. In
detail, atomistic molecular dynamics simulations were used to obtain dissipative particle dynamics
(DPD) input parameters, and this mesoscale technique was employed to derive the entire phase
diagrams for these systems. Scaling laws for micellar dimensions were applied, and micellar
characteristics (e.g., aggregation number) were derived accordingly. The effect of drug-loading on the
nanocarrier aggregated morphology was also investigated.

Introduction
Despite remarkable progress in the past century, acute and
chronic maladies such as bacterial and viral infections, cancer,
cardiovascular disease, and strongly debilitating central nervous
system afflictions continue to take a significant toll around the
world. Various types of drugs and gene therapy strategies are
currently employed for the treatment of diseases based on
differences between the normal and pathological tissues. These
differences can be subtle and in remote areas of the body at the
organ, tissue, cell, or sub-cellular levels. As pathological
knowledge is leading to the molecular distinction between
normal and abnormal tissue, it is predicted that more therapeutic
targets will emerge at all these levels. However, the use of
a specific carrier system that can overcome biological barriers
and provide optimum drug concentration at the disease target at
each level is required.
Nanoscale drug delivery systems – or nanovectors – are ideal
candidates to provide essential solutions to the time-honored
problem of optimizing the therapeutic index for a treatment
(i.e., to maximize efficacy while reducing health-adverse side
effects).1 Three main aspects neatly summarize the essential
breakthrough opportunities for nanovector delivery; (i) selective
cells and tissue targeting; (ii) ability to reach disease sites where
the target cells and tissues are located, and (iii) capacity to
deliver even multiple active agents on site. The use of nanoparticle-based pharmaceutical carriers has well established itself
over the past decade both in the pharmaceutical research and
clinical settings. Nonetheless, many issues are yet to be solved
before one new such material can reach the stage of clinical
routine.
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Soft materials, which have characteristic fluid-like disorder on
short scale and high order at longer length scale, are increasingly
drawing the attention of both scientists and engineers as possible
nanocarriers systems. Much of the interest in soft matter, which
includes colloids, surfactants, membranes, (bio)polymers and
their composites, stems from the inherent capacity for many of
these materials to self-assemble into nanostructures. Selforganization is a powerful mean to fabricate useful nanostructured materials and is currently heavily exploited by nature
in many of its systems.2 From the standpoint of pharmaceutical
technology, whose main goal is the design of technologically
optimal vehicles for the administration of drugs, self-assembly
represents a low-cost, fast, and easily scalable process.
Among the plethora of polymeric systems with promising
potential as nanoscale drug delivery systems,3 block copolymers
(BCPs) have been widely studied as long-circulating carrier for
hydrophobic drugs. BCPs are composed of two or more chemically distinct, and most frequently immiscible, polymer blocks
covalently bound together. In the myriad of ways in which blocks
can be linked to one another, the simplest and most
widely employed categories so far are the AB diblock copolymers
– composed of a linear chain of type A monomers bound to one
end to a linear chain of type B monomers – and the ABA triblock
copolymers, in which a linear chain of type B monomers is bound
to both ends to a linear chain of type A monomers (see Scheme 1
(left)). Thermodynamic incompatibility between the A and B
blocks drives a collection of AB or ABA copolymers to selforganize via microphase separation in which the contacts between
like and unlike entities tends to be maximized and minimized,
respectively. Macrophase separation is prevented by entropic
forces stemming from the covalent bonds between the A- and
B-blocks, and the system ultimately reaches a compromise
between mixing and separation. The tendency for microphase
segregation and the free energy cost of bringing into contact
unlike monomers are accounted for by the corresponding values
This journal is ª The Royal Society of Chemistry 2010
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Scheme 1 (left) A schematic representation of the AB (top) and ABA
(bottom) architecture of block copolymers. A-type monomers are
depicted as light blue spheres, whilst B-type monomers are shown as red
spheres. Note that in the particular AB type copolymer shown as
example, the A-block length is equal to the B-block length. In such case
the copolymer is symmetric, and fA ¼ fB ¼ 1/2. In the case of the illustrated triblock copolymer ABA, the fraction of A-type monomer is
double with respect to that of B-type monomers, that is fA ¼ 0.67 and
fB ¼ 0.33 (see text for more details). (right) A representative phase
diagram for conformationally symmetric diblock melts (top) and cartoon
of the corresponding microphase-segregated copolymer morphologies
(bottom). Phases are labeled as follows: L/LAM (lamellar), G/GYR
(gyroid), H/HEX (hexagonal cylinders), C/BCC (spheres), D (disordered). Dashed lines denote extrapolated phase boundaries, and the dot
denotes the critical point.

of the well known temperature-dependent Flory–Huggins
parameter cAB.4 Two additional parameters concur to determine
the ultimate morphology of a microphase segregated copolymer
system: the overall degree of polymerization N, and the
relative composition fractions, fA and fB, where fA ¼ NA/N and
fA + fB ¼ 1. In the case of a triblock copolymer ABA, a further
parameter, i.e., the relative length of the three blocks, must also
be considered.
Even in the simplest case, i.e., AB diblock copolymers in bulk,
a rich assortment of ordered phases has been documented (see
Scheme 1 (right)).4 For nearly symmetric diblocks (fA ¼ fB ¼ 1/2),
a lamellar (L) phase occurs. For moderate asymmetries,
a complex bicontinuous state, known as the gyroid (G) phase,
has been observed in which the minority blocks form domains
consisting of two interweaving threefold-coordinated lattices.
Another complex structure, the perforated lamellar (PL) phase,
may occur when the minority-component layers of the L phase
develop a hexagonal arrangement of passages. At yet higher
asymmetries, the minority component forms hexagonally packed
cylinders (C) and then spheres (S) arranged on a body-centered
cubic lattice. Eventually, as f / 0 or 1, a disordered phase
results. When a solvent component is added to the melt, and in
particular if the solvent is selective for one of the copolymer
blocks, the resulting system can have an extremely complicated
phase diagram that may differ entirely from that of the pure melt.
For instance, other phases, which include the micellar phase (M),
usually appear. On the other hand, if the solvent is a good solvent
of roughly equal affinity for all of the blocks, one can expect that
the copolymer system will have thermodynamics similar to that
of the pure melt.
This journal is ª The Royal Society of Chemistry 2010

Poly(D-L lactide) (PLA) and poly(ethylene oxide) (PEO) are
two polymers which have both been extensively investigated for
applications as drug delivery systems (DDSs). Both are biodegradable, biocompatible, adapt well to biological environments,
and do not have severe adverse effects on blood and tissues. Due
to such unique properties, copolymers of PEO/PLA with an AB
and ABA architecture have generated broad interest for use in
biomedical applications.5 Also, depending on the volume ratio
between the less soluble (PLA) and soluble (PEO) blocks (the
so-called insoluble soluble ratio (ISR)) and independently of
whether the different hydrophilic and hydrophobic parts are
arranged as AB or ABA, these copolymer are expected to generate
the entire collection of allowed microstructures – spheres, cylinders, lamellas up to micelles – as a result of balancing the different
interactions between the two block types and the solvent.
Thermodynamically and kinetically stable copolymeric
microstructures, even when encapsulating an active payload,
may retain their integrity in the biological environment for long
periods and, more effectively, avoid uptake by the reticuloendothelial system (RES) and elimination through the kidney and
possibly change the normal organ distribution of an encapsulated drug the same way. At the same time, it can be easily
conceived that different microstructures can result in quite
diverse nanostructures which, in turn, can perform rather
differently in terms of, for instance, drug loading capacity,
cellular localization and uptake, cargo release efficiency, and
toxicity. The a priori knowledge of the phase diagram of a given
di/triblock copolymer-based nanocarrier, in particular in the
presence of water and/or of an active principle, would therefore
constitute an invaluable piece of information in the process
development of these DDSs.
For this purpose, it is essential to develop theoretical and
computational approaches sufficiently fast and accurate that the
structure and property of the materials can be predicted for
various conditions. A particular advantage of molecular simulation techniques is that the properties of new materials can be
predicted in advance of experiments. This allows the system to be
adjusted and refined (or designed) so as to obtain the optimal
properties before the arduous experimental task of synthesis and
characterization. However, there are significant challenges in
using theory to predict accurate properties for nanoscale materials, especially when (bio)macromolecules are involved. Indeed,
despite the tremendous advances made in molecular modeling
and simulation techniques, there remains a remarkable uncertainty about how to predict many critical properties related to
material final performance. The main problem lies in the fact that
most of these properties depend on the interactions and chemistry taking place at the atomic level, involving electronic and
atomic descriptions at the level of nanometres in the length scale,
and picoseconds in the timescale. Conversely, the pharmaceutical
technology designer needs answers from microscopic modeling
of components having scales of the order of tens/hundreds of
nanometres, and of phenomena taking place in a time range of
milliseconds or much larger. Thus, to achieve a dramatic
advancement in the skill of designing innovative, highlyperforming materials, it is mandatory that we link the atomistic
to the microscopic modeling.
Molecular modeling and simulation combine methods that
cover a range of size scales in order to study material systems. All
J. Mater. Chem., 2010, 20, 7742–7753 | 7743
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together, quantum mechanics (QM), molecular mechanics
(MM), molecular dynamics (MD) and Monte Carlo (MC)
methods, and mesoscale (MS) techniques cover many decades of
both length and time scale, and can be applied to arbitrary
materials: solids, liquids, interfaces, self-assembling fluids, gas
phase molecules and liquid crystals, to name but a few.6 There
are a number of factors, however, which need to be taken care of
to ensure that these methods can be applied routinely and
successfully. First and foremost of course are the validity and
usability of each method on its own, followed by their interoperability in a common and efficient user environment. Of equal
importance is the integration of the simulation methods with
experiment. Different-scale simulation can be defined as the
enabling technology of science and engineering that links
phenomena, models, and information between various scales of
complex systems. The idea of many-scale modeling is straightforward: one computes information at a smaller (finer) scale and
passes it to a model at a larger (coarser) scale by leaving out (i.e.,
coarse-graining) degrees of freedom. The ultimate goal of manyscale modeling is then to predict the macroscopic behavior of
a chemico-physical process from first principles, i.e., starting
from the quantum scale and passing information into molecular
scales and eventually to process scales. The MD level allows
prediction of the structures and properties for systems much
larger in terms of number of atoms than for QM, allowing direct
simulations for the properties of many interesting systems. This
leads to many relevant and useful results in materials design;
however, many critical problems in this field still require time and
length scales far too large for practical MD. Hence, the need to
model the system at the mesoscale (a scale between the atomistic
and the macroscopic) using information retrieved at the atomistic (lower) scale.
This linking through the mesoscale in which the microstructure can be described over a length scale of tens to hundred
nanometres is probably the greatest challenge to develop reliable
first principles method for practical material design applications.6 Only by establishing this connection from atomistic to
mesoscale it is possible to build a first principles method for
describing the properties of new materials. The problem here is
that the methods of coarsening the description from atomistic to
mesoscale is not as obvious as it is going from electrons to atoms.
For example, the strategy for polymers seems quite different
from that applicable to metals, which in turn differs from those
employed in the case of ceramics or semiconductors. In other
words, the coarsening from QM to MD relies on basic principles
and can be easily generalized in a method and in a procedure,
while the coarsening at higher scales is more system specific for
polymer materials due to the larger range of length and time
scales that characterize macromolecules.
Scale integration in specific contexts in the field of polymer
modeling can be done in different ways. Any ‘recipe’ for passing
information from one scale to another (upper) scale is based on
the proper definition of many-scale modeling which consider
‘objects’ that are relevant at that particular scale, disregard all
degrees of freedom of smaller scales, and summarize those
degrees of freedom by some representative parameters. As
mentioned above, mesoscopic simulations are performed using
a coarse-grained molecular model: the particle in mesoscopic
simulation is related to a group of several atoms in the atomistic
7744 | J. Mater. Chem., 2010, 20, 7742–7753

simulation. Dissipative particle dynamics (DPD)7 is one of the
best established mesoscopic simulation techniques, according to
which a set of particles moves according to Newton’s equation of
motion, and interacts dissipatively through simplified force laws.
In the DPD model, individual atoms or molecules are not
represented directly by the particle, but they are coarse-grained
into beads. These beads represent local ‘‘fluid packages’’ able to
move independently. DPD thus offers an approach that can be
used for modeling physical phenomena occurring at larger time
and spatial scales than some other coarse-grained methods as it
utilizes a momentum-conserving thermostat and soft repulsive
interactions between the beads representing clusters of atoms/
molecules. In their seminal work of 1997,7c Groot and Warren
made a fundamental contribution to this method by establishing
a relationship between the main parameter in DPD aij, i.e., the
maximum repulsion between beads of different material type i
and j, and the Flory-Huggins parameter cij.
In this work we present the results obtained from the application of an atomistic/mesoscale simulation procedure to the
prediction of the phase diagrams of racemic PLA and PEO
copolymers characterized by AB and ABA architectures in the
presence of water. It is important to observe here the choice of
the poly(D-L lactide) instead of one of the two pure enantiomeric
blocks (L or D), as it has recently been verified that DDSs in
which the ABA copolymers contain a racemic mixture of D- and
L-lactide are characterized by amorphous PLA domains.5b This,
in turn, results into systems with different, more tunable drug
delivery behavior. Also, as a proof-of-concept demonstration of
the utility of these techniques in the formulation of structure–
activity relationships for these DDSs, the self-assembly and
microsphere formation of PLA-PEO and PLA-PEO-PLA
carriers and a model drug (Nifedipine, a poorly soluble drug
widely used as calcium channel blocker) under defined compositions is presented and discussed. The DPD method is adopted
as the mesoscale modeling technique, and all necessary parameters of the mesoscopic model are estimated by a two-step
procedure involving i) the matching of the atomistic and
mesoscopic pair correlation functions to determine the best
mesoscopic topology for polymers, and ii) the estimation of the
DPD interaction parameters via the cij values obtained from
atomistic molecular dynamics simulations, as described below.

Results and discussion
PLA-PEO diblock copolymers
The entire phase diagram of aggregate morphology for the PLAPEO copolymer with AB architecture as a function of the PLA
fraction fPLA in the copolymer is shown in Fig. 1. Corresponding
to distinctly different structures and morphologies of the aggregates, the diagram is divided into nine, well defined regions. The
first one, spanning the entire range of fPLA and a copolymer
concentration in water F up to 0.2 v/v is characterized by the
presence of micelles, in which the interior core is constituted by
the hydrophobic portion of the copolymer (PLA) and the outer
corona is decorated by the hydrophilic PEO blocks (vide infra).
Interestingly, such morphology (particularly important in the
formulation of DDSs) is predicted to exist at all F values for fPLA
up to about 0.1. Moving along the fPLA-axis, as the copolymer
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Phase diagram of the PLA-PEO diblock copolymer of AB
architecture in water as obtained from the application of the molecular
simulation procedure developed in this study. Symbol legend: ,
micelles; , PLA, spheres; , PEO spheres; , PLA cylinders; , PEO cylinders; , PLA perforated lamellas or gyroid phase; , lamellas; , PEO
perforated lamellas or gyroid phase; , disordered phase. Phase
boundary lines are intended only as eye-guidelines.

concentration F increases above 0.3 v/v, the correct sequence of
phases is predicted progressively: PLA spheres (BCC), PLA
cylinders (HEX), and the PLA gyroid phase (GYR). In correspondence of fPLA ¼ 0.5, the phase diagram displays the
appearance of the lamellar phase, typical of symmetrical diblock
copolymers which, depending on F, can persist up to fPLA ¼ 0.8.
Finally, the right-hand side of the phase diagram shows the
region of existence of the reverse-phase morphologies, in the
order: PEO GYR, PEO HEX, and PEO BCC, as expected.
Interestingly, the ninth region in this phase diagram pertains to
what it is usually defined a disordered phase, that is a system for
which no canonical or well defined structures can be identified.
Fig. 2 and 3 show a selection of pictorial evidences for each of
the phases described above in the case of a PLA-PEO copolymer
of the AB type as a function of fPLA and at F ¼ 0.9 and 0.2 v/v,
respectively.
The formation of micelles is a process that minimizes the free
energy of an amphiphilic polymer solution through the formation of ordered structures. The free energy of a micelle is the sum
of the free energies of the core (Fcore), corona (Fcorona), and
interface (Finterface) between them. By forming micelles, the
diblocks are able to lower their free energy, since the insoluble
blocks aggregate and thus reduce their interface with the solvent.
However, formation of micelles results in extension of the core
and corona blocks raising their elestic free energy. As a result,
changing the size of the two blocks changes the balance of the
free energies and this, in turn, changes the micelle dimensions
and, hence, their aggregation number. Focusing attention on the
phase diagram region in which the self-assembled system is
characterized by a morphology most suitable for drug encapsulation and delivery – i.e., spherical micelles – several theories
have been proposed for two extreme cases, where either the coreor the shell-forming blocks dominate the micellar structure.8
Micelles in which the degree of polymerization for the insoluble
block is much smaller that the soluble block (e.g., fPLA  fPEO)
are called starlike or hairy micelles. In this limit, the micelle
This journal is ª The Royal Society of Chemistry 2010

Fig. 2 Predicted phase morphologies for a PLA-PEO diblock copolymer in water at F ¼ 0.9 v/v and different fPLA values: (a) fPLA ¼ 0.2; (b),
fPLA ¼ 0.4; (c), fPLA ¼ 0.5; (d), fPLA ¼ 0.8; (e), fPLA ¼ 0.9. Color legend:
red, PLA blocks; purple, PEO blocks. Water molecules not displayed for
clarity.

consist of a small core of collapsed PLA segments from which
PEO chains project to form a large, swollen shell. In the large
core limit, (i.e., fPLA [ fPEO), micelles with large insoluble
blocks in the cores and short soluble blocks in the coronas are
termed crew-cut micelles. When studying spherical micelles of
either type, there are several parameters which can be identified
to characterize the micellar morphology. Among this plethora,
the most useful include the overall micellar radius Rm, the core
radius Rc, the thickness of the corona H, the aggregation number
Nagg, and the number density of micelles z (i.e., the number of
copolymer micelles per unit volume). Taking the PLA-PEO
copolymer at F ¼ 0.2% v/v illustrated in Fig. 3 as a proofof-concept, all parameters that characterize the relevant micellar
associates as extracted from our DPD simulations are reported in
Table 1.
The total radius of a micelle is the sum of the radius of the
core Rc and the thickness of the corona H. General theory
predicts that the individual components Rc and H should
exhibit opposite behavior as a function of the degree of polymerization of the insoluble block. Indeed, while the corona
thickness should decrease with the degree of polymerization of
the insoluble monomer (e.g., fPLA), the core radius is predicted
J. Mater. Chem., 2010, 20, 7742–7753 | 7745
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decreases, in harmony with theory. Interestingly, if compared
with the corresponding extended (all trans) lengths of PLA
chains of equal degree of polymerization (calculated to range
from 4.6 to 414 nm using the length of a lactic acid unit equal to
 as derived from the MD simulations), the mean Rc values
4.6 A
are considerably lower. This clearly indicates that, as for many
similar AB copolymer architectures in B-selective solvents, the
PLA blocks of the PLA-PEO copolymer adopt a rather
collapsed conformation in the core. Also, the greater fPLA, and
the greater the degree of compactness of the PLA-block within
the core. Simple calculations shown that, for instance, the PLA
chains in the fPLA ¼ 0.1 micellar-like assembly are much more
linearly extended (60% of the fully extended length) than those
for which fPLA ¼ 0.5 (40%) or fPLA ¼ 0.9 (33%). This
evidence is a direct consequence of the balance between PEO/
PEO and PLA/PLA interactions: as fPLA increases, the
augmented number of hydrophobic interactions among the
PLA segments draw the PEO segments closer to one another
(corresponding to a decrease of H), and allow for a more
compact arrangement of the PLA monomers is the core.
An overall plot of Rm and Rc as a function of NPLA (not
shown) indicates a sharp morphological transition from
a starlike to a crew-cut regime for the PLA-PEO copolymer at
F ¼ 0.2% v/v, the cross-over being located at fPLA ¼ fPEO
(Fig. 4a). Applying simple scaling concepts,8 for the hairy
micelles Rc and Rm are found to increase with NPLA according to:
3
5
Rc zNPLA
a

(1)

and
4

3

5
25
NPEO
a
Rm zNPLA

Fig. 3 Predicted phase morphologies for a PLA-PEO diblock copolymer in water at F ¼ 0.2 v/v and different fPLA values: (a) fPLA ¼ 0.3; (b),
fPLA ¼ 0.4; (c), fPLA ¼ 0.6; (d). Panel (d) is a zoomed in view of the
micelles for the system with fPLA ¼ 0.6. Color legend: red, PLA blocks;
purple, PEO blocks. Water molecules not displayed for clarity.

Table 1 Values of micellar radius Rm (nm), core radius Rc (nm),
corona thickness H (nm), aggregation number Nagg, micelle number
density z ( 1017 cm3), surface area available per copolymer unit at the
core/corona interface Sc/Nagg (nm2) and at the outer boundary of the
micelle St/Nagg (nm2) for the PLA-PEO copolymer at F ¼ 0.2% v/v in
water at different fPLA values
fPLA

Rm

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

10.4 
11.6 
12.7 
13.2 
14.8 
15.4 
15.9 
16.4 
17.0 

0.3
0.2
0.3
0.3
0.4
0.1
0.3
0.2
0.2

Rc

H

Nagg

z

Sc/Nagg

St/Nagg

2.79  0.4
4.22  0.3
5.39  0.3
6.40  0.4
9.30  0.5
10.5  0.3
11.6  0.2
12.7  0.2
13.8  0.1

7.60
7.35
7.33
6.79
5.49
4.89
4.30
3.71
3.17

12
21
29
36
80
192
248
289
366

17
9.8
7.1
5.6
2.6
1.1
0.83
0.71
0.56

8
11
13
14
14
7
7
7
7

113
81
70
60
35
16
13
12
10

to increase. The latter prediction is also consistent with an
increase of the aggregation number Nagg with fPLA, on the
(sensible) assumption that the density inside the core remains
constant. As can be seen from Table 1, the micelle radius Rm
increases with increasing fPLA, and so do Rc and Nagg, while H
7746 | J. Mater. Chem., 2010, 20, 7742–7753

(2)

where a is a typical monomer size (Fig. 4a). In the crew-cut
regime, the corona thickness is negligible in comparison to Rm, so
that Rc  Rm and Rm scales with NPLA as (Fig. 4b):
2
3
a
Rm zNPLA

(3)

The aggregation number Nagg for the same PLA-PEO system is
also found
to scale in the starlike and crew-cut regimes as
4
5
Nagg zNPLA
and Nagg z NPLA, respectively. Accordingly, for
small fPLA values, when the hydrophobic interactions between
the low molecular weight PLA chains are weak, the corresponding starlike micelles are expected to form loosely packed
micellar assemblies with a lot of solvent within the shell region.
On the contrary, when strong, net hydrophobic (enthalpic)
interactions between higher molecular weight PLA blocks

Fig. 4 (a) Scaling behavior of Rc (B, left axis) and Rm (D, right axis) in
the starlike micelle regime and (b) scaling of Rm (C) in the crew-cut
micelle regime a PLA-PEO diblock copolymer in water at F ¼ 0.2 v/v.
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overcome the repulsive (entropic) forces between neighboring
PEO chains in the corona, micelles with large Nagg can be
formed.
This concept is clearly illustrated by considering the surface
area available per copolymer unit at the outer boundary of the
micelle (St/Nagg), and at the core/corona interface (Sc/Nagg)
(Table 1). St/Nagg and Sc/Nagg can be easily obtained by
calculating the external and core surface areas of each micelle as
St ¼ 4pR2m and Sc ¼ 4pR2c , respectively, using the values listed in
Table 1. Taking the copolymer with the lowest fPLA as an
example, the surface area available per PEO block in the micelle
is approximately 113 nm2. This value can be aptly compared to
the surface area that would be occupied by a PEO chain of
equal molecular weight (i.e., 6336 kDa) in free solution.
Resorting to the relationship derived by Devanand and
Selser for the radius of gyration Rg of PEO as a function of
the molecular weight in a good solvent,9 a PEO chain of
NPEO ¼ 144 would be characterized by an Rg value of 3.2 nm.
Accordingly, such a chain in free solution would occupy
a sphere with a maximum cross-sectional area (pR2g) of
32.9 nm2. If compared to this value, St/Nagg appears to be very
high, implying that the PEO soluble blocks are quite spread out
into the solvent with a considerable degree of conformational
freedom at the periphery of the micellar corona. As fPLA
increases, the number of attractive hydrophobic interactions
leads to a tighter association between the PLA blocks in the
micelle core. As a consequence, the PLA chains more forcibly
draw together the solvated PEO blocks, resulting in a substantial increase of Nagg and, hence, a decline in St/Nagg. The
increase of Nagg and the concomitant decrease of the surface
curvature (i.e., the gradual transition between starlike and crewcut micelles) result in a considerable reduction of H, and hence
of the volume available to each of the PEO chains in the corona.
To alleviate entropically unfavorable overlaps upon between
overcrowded segments, the PEO chains may then change their
conformation from swollen to stretched coils in the outer shell.
Finally, in the crew-cut regime, a balance between the growth of
Nagg and the corresponding increase of Rc and Rm seems to lead
to an almost constant value of St/Nagg.
Similarly, the surface area available per PEO chain at the core/
corona interface Sc/Nagg increases with fPLA, revealing a higher
grafting density for the more hydrophilic copolymers with
respect to the more hydrophobic counterparts. However, at all
copolymer composition, Sc/Nagg remains considerably lower
than that pertaining to isolated PEO chains of analogous
molecular weight in free solution (e.g., compare the value of
8 nm2 with 30 nm2 for the 6336 PEO chain discussed above).
This, in turn, means that the PEO hydrophilic blocks in this
PLA-PEO copolymer tend to adopt a brushlike configuration.10
De Gennes scaling theories for grafted polymer brushes predicts
that the layer thickness of a grafted polymer brush should exhibit
an inverse dependence on the distance between the grafting
points.10 This is indeed the case for the micelles in the starlike
regime, with the copolymers having the lowest fPLA being characterized by higher PEO chain grafting density Nagg/Sc and,
correspondingly, thicker PEO layers H.
As a last, yet very important comment, all micelle
morphological parameters obtained for the PLA-PEO system
shown in Table 1 are in full agreement with the corresponding
This journal is ª The Royal Society of Chemistry 2010

experimental values and trends exhibited by closely PLA-PEO
diblock copolymer systems in water.11
PLA-PEO-PLA triblock copolymers
In the case of the triblock copolymer PLA-PEO-PLA with the
linear architecture ABA sketched in Scheme 1 (left),
the corresponding phase diagram is more complicated, with the

Fig. 5 Predicted phase morphologies for a PLA-PEO-PLA triblock
copolymer in water at fPLA ¼ 0.57 and different F values: (a), F ¼ 0.1 v/v;
(b), F ¼ 0.15 v/v; (c), F ¼ 0.22 v/v; (d), F ¼ 0.35 v/v; (e), F ¼ 0.50 v/v; (f),
F ¼ 0.60 v/v. Color legend: green, PLA blocks; purple, PEO blocks.
Water molecules not displayed for clarity. In panel (a) a cut-plane is
highlighted for graphical purposes.
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appearance of a hydrogel phase for intermediate values of
polymer concentration F. As an example, Fig. 5 illustrates the
aggregate morphologies obtained from the application of the
simulation procedure developed in this work to ABA copolymer
characterized by an fPLA of 0.57. As can be readily seen from the
images, for this system the simulation reveals the existence of well
separated micelles, with an inner PLA core surrounded by
a corona of the hydrated PEO block only in a narrow range of F.
Upon increasing F, the transition to a flowerlike micellar
morphology is observed, which persist up to F 0.15 v/v. At still
higher values of F, bridging between micelles takes place, leading
to formation of a three-dimensional network and gelation. The
junction points formed are temporary and reversible, and
therefore, they break and re-form frequently over the time scale
of the simulation. For a polymer concentration of 0.5 the
hexagonal geometry characterizes the predicted morphology
which, upon further increasing of F, undergoes a phase transition to the lamellar one.
Importantly, this predicted behavior is in excellent agreement
with the recent experimental results obtained by Agrawal and his
group,5a,b,d,f,g and thus deserves a deeper comment. In the last of
a series of elegant and thorough studies,5b these authors have
verified that PLA-PEO-PLA triblock copolymers characterized
by amorphous PLA domains form spherical micelles at very low
concentration in water solution. The end PLA blocks, which are
poorly compatible if at all with the solvent, make up the micellar
core, whilst the hydrophilic midblock generated the micellar
corona (see Fig. 6 (top left panel)). As the polymer concentration
increases, the micelles begin to interact by virtue of the intensive

Fig. 6 Evolution of micellar aggregation for the PLA-PEO-PLA
copolymer as a function of polymer concentration F at constant PLA
fraction fPLA ¼ 0.57. (a), F ¼ 0.02 v/v; (b), F ¼ 0.22 v/v; (c), F ¼ 0.35 v/v.
Color legend: green, PLA blocks; purple, PEO blocks. Water molecules
not displayed for clarity. In panel (b) a volume representation in a plane
cut along the simulation cell is shown. In panel (c) a three-dimensional
volume representation is chosen to highlight the percolating connectivity
in the hydrogel.
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hydrophobic attraction among the core phases: the intermicellar
spacing progressively decreases while the flowerlike micelles
become more closely packed and the bridges of PEO blocks among
them increase in number (see Fig. 5 (top right panel)). Further
increasing the bridging density eventually leads to the point where
all micelles are connected into a network in solution, namely the
percolation threshold, thereby resulting in the formation of a gel at
high concentration (see Fig. 5 (bottom panel)).
Another interesting piece of evidence of a good match between
simulated and experimental results stems from the estimation of
the micelle dimensions for the PLA-PEO-PLA copolymer.
Taking the systems with F ¼ 0.22 v/v as a proof of principle, the
average estimated values of the micelle PLA core radius Rc as
extracted from the DPD simulations is 6.4  0.3 nm whilst the
average radius of an entire micelle Rm amounts to 9.7  0.2 nm.
Accordingly, the thickness of the PEO shell H is equal to 3.3 nm.
These values are in utter agreement with previously reported
experimental studies on closely related PLA-PEO-PLA water
systems.5b,11g Beside the aggregation number discussed above for
the AB diblock case, another parameter can be used to further
characterize these micellar structures the degree of the hydration
shell, 4sh. This quantity can be calculated, at first approximation,
using the following relationship:
4sh ¼ 1 

Nagg VPEO
4

!

(4)



3p R3m  R3c
in which VPEO is the molecular volume of PEO. Applying eqn (4)
to the PLA-PEO-PLA systems with F ¼ 0.22 v/v as an example,
using the estimated value of the aggregation number Nagg ¼ 179,
yields a value for 4sh ¼ 0.32, again in agreement with the
corresponding estimates reported in the literature for analogous
systems.5b,11g It is worth noting that the substantial value of Nagg
is in harmony with the morphological evidences that, also for the
ABA PLA-PEO-PLA copolymers, the big PLA domains tend to
be strongly phase-separated in the micellar core and, also,
supports that fact that these large segregated hydrophobic
domains tend to interact strongly among themselves, ultimately
leading to the formation of the micellar network. Under this
condition, where the micelles are expected to be densely packed,
the center-to-center distance between any two adjacent micelles
should in principle be equal to the micelle diameter. This seems to
be almost the case for the PLA-PEO-PLA systems with F ¼ 0.35
v/v and fPLA ¼ 0.57, (see Fig. 5 (center right panel) and 6 (bottom
panel)). On the other hand, at lower copolymer concentrations
the intermicellar radii are mostly seen to be larger than Rm (see,
for example, Fig. 5 (top left and right panels)), indicating that the
close-packing condition and, hence, the percolation threshold, is
far from being reached for these systems. In passing, we also note
that calculated degree of hydration of 32% for the above
mentioned system is in line with the expected balance between
a good hydration level and the partial engagement of these
blocks in bridging the flowerlike micelles through the solution.

Micelle loading with a model drug
To test the ability of the adopted methodology to account for
the effect of drug-loading on the nanocarrier aggregated
This journal is ª The Royal Society of Chemistry 2010
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Fig. 7 Evolution of the micellar aggregate morphology for the PLAPEO copolymer at F ¼ 0.15 v/v and fPLA ¼ 0.3 as a function of Nifedipine
loading (% v/v). (a), no drug loading; (b), 4%; (c), 12%; (d) 22%. Color
legend: purple, PEO blocks; red, PLA blocks, orange, drug. Water
molecules not displayed for clarity.

morphology, further simulations were performed both on the
di- and tri-block copolymer systems containing the model drug
Nefidipine in concentration and composition intervals of pharmaceutical technology interest. The first three panels of Fig. 7
show the evolution of the morphology for the system PLA-PEO
characterized by F ¼ 0.15 v/v and fPLA ¼ 0.3 upon different drug
loading as an example. As can be seen from these figures, upon
addition of the active principle up to 12% v/v, the micellar
morphology, although characterized by bigger dimensions, can
still be observed, with the drug fully and well dispersed into the
PLA hydrophobic core (Fig. 7 (top right panel)). A further
increase in drug loading up to 22% v/v leads to the formation of
columnar micelles (Fig. 6 (bottom left panel)). This concentration threshold seems then to mark the maximum payload the
considered copolymer nanocarrier can take on under the selected
conditions.
Considering now the triblock PLA-PEO-PLA copolymer, an
analogous morphology evolution upon drug loading is envisaged. As illustrated in Fig. 8 for the ABA copolymer system with
This journal is ª The Royal Society of Chemistry 2010

Fig. 8 Evolution of the micellar aggregate morphology for the PLAPEO-PLA copolymer at F ¼ 0.22 v/v and fPLA ¼ 0.57 as a function of
Nifedipine loading (% v/v). (a), 1%; (b), 2%; (c), 3%, (d) 4%; (e) 7%. Color
legend: green, PLA blocks; purple, PEO blocks, orange, drug. Water
molecules not displayed for clarity.

F ¼ 0.22 v/v and fPLA ¼ 0.57 as an example, the nanocarrier is
able to accommodate the drug within the PLA core and without
an appreciable alteration of the micellar morphology up to
a concentration of 3% v/v. At 4% v/v a transition to columnar or
wormlike micelles is observed and, finally, in correspondence to
a drug load of 7% v/v, the fusion of the micelles into a bilayer
membrane is predicted. In other words, as the drug concentration increases, the local packing of the hydrophobic entities (i.e.,
PLA blocks and drug molecules) changes, and progressively
leads to a decrease of the local curvature. Thus, those systems
which at low drug concentrations still form spherical aggregates
will rearrange their assembly into cylindrical or eventually
membrane-like aggregate (consisting of two monolayers of block
copolymers aligned so as to form a sandwich-like membrane:
soluble block-insoluble block with interspersed drug-soluble
blocks) as the payload amount increases.

Conclusions
In this work we report the results of a complete study on the selfassembly of (D-L)-PLA/PEO di/triblock copolymers in aqueous
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environment and in the presence of a model drug based on
a molecular simulation recipe. In detail, atomistic molecular
dynamics simulations were used to obtain dissipative particle
dynamics (DPD) input parameters, and this mesoscale technique
was employed to derive the entire phase diagrams for these
systems. Scaling laws for micellar dimensions were applied, and
micellar characteristics such as micellar dimensions, aggregation
numbers, micelle number density, and degree of hydration of the
outer corona were derived accordingly. Further, the effect of
drug-loading on the nanocarrier aggregated morphology was
also investigated, highlighting a critical drug payload for each
copolymer system.
Novel approaches to drug delivery and formulation using
nanotechnology are revolutionizing the future of medicine. At
the time of writing, nanomedicine – the medical application of
nanotechnology – offers the promise of an endless range of
applications from biomedical imaging to drug delivery and
therapeutics which, coupled to genomic tailoring, may soon
spawn the much-anticipated and highly-pursued individualized
medicine. The specific area of nanoformulations includes the
creation of many different nanoscale DDSs such as those discussed in the present paper, which can be created from a countless combination of materials and active principles. These
nanovectors can be tailored for working in specific tissues or
individual patients, and may eliminate the need for conditional
administration of drugs, thereby promoting patient compliance
and maximizing therapeutic effects.
Being able to formulate an a priori quantitative structureproperty or structure–activity relationship for a novel nanocarrier in a given solvent and in the eventual presence of a drug
cargo – possibly even before the nanoformulation preparation is
attempted in the laboratory – would constitute a giant leap
towards an advancement in pharmaceutical technology. Time,
economical resources, and human efforts could then be minimized and focused on the most promising DDS systems designed
on the basis of the application of these computer-assisted
QSPRs/QSARs. The procedure and the results presented in this
work, based on the application of a multiscale molecular
modeling recipe for the phase diagram prediction for block
copolymers in water and in the presence of a model drug,
represent one example of this grand challenge. Hopefully, the
outstanding agreement between predicted and experimental
morphologies obtained for these DDSs may pave the way for
these in silico approaches to become part of the arsenal of techniques used every day in pharmaceutical technology, the only
limitation being human creativity.

Computational methodology
Fundamentals of DPD theory
An important concept of dissipative particle dynamics (DPD)
simulation7 is that a number of atoms (or a volume of fluid) is
coarse-grained onto a single DPD bead according to their
chemical identity and their environment. The beads interact with
each other by pairwise additive forces that locally conserve
momentum and lead to the correct thermodynamics.12 A given
particle i at position ri surrounded by particles j s i at rj (distance
7750 | J. Mater. Chem., 2010, 20, 7742–7753

rij
vector rij ¼ ri  rj, and unit vector r^ij ¼
) experience a force
jrij j
with components:

X
fi ¼
FijC þ FijR þ FijD
(5)
isj

where the sum runs over all the particles within a cutoff radius rc.
The conservative force FCij is a soft repulsive term that act along
the line connecting two bead centers, and is given by:

8 


rij
<
^
rij $ rc
1

rij
a
ij
FijC ¼ f ðxÞ ¼
(6)
rc


:
0
rij $ rc
where aij is the maximum repulsion between particles i and j. The
second term on the right hand side of eqn (5) is a random force,
given by:


rij
r^ij zij
s 1
rc
pﬃﬃﬃﬃ
(7)
FijR ¼
dt
whilst the third represents a dissipative force:
2


rij 
D
Fij ¼ g 1 
r^ij ,nij r^ij
rc

(8)

The velocity-dependent dissipative force FDij provides a viscous
drag to the particles, whereas the random component FRij counteracts the system cooling by applying random kicks to the
particles that tend to increase the relative velocities of adjacent
pairs. Accordingly, the coupling of FDij and FRij acts as a thermostat for the DPD particle system. The term zij in eqn (7) is
a randomly fluctuating variable that has a Gaussian statistic with
a zero mean and a variance of 1. In eqn (8), the relative velocity of
two DPD particles nij ¼ ni  nj and the friction coefficient g are
related to the magnitude of the random force s by s ¼ 2gkBT.
The entire set of DPD beads is evolved in time according to
Newton’s equation of motion. For the sake of simplicity, each
bead mass mi is assumed to be the same and set equal to unity;
also, the cutoff radius is set rc ¼ 1, which is the basic unit length
of the system. With kBT ¼ 1 defining the unit of energy, the DPD

1
m 2
.
time units then becomes s ¼ rc
kB T
As anticipated, DPD particles represent groups of real atoms
or polymer monomers; thus, atomistic level details are lost while
interactions between different bead types become the main
parameters governing the mesoscopic system behavior. The aij
parameter in eqn (6) is the main DPD interaction parameter,
with the dimension of a force. As a consequence of the purely
repulsive nature of the conservative force FCij defining aij, only
liquid–liquid or solid–liquid interfaces can be simulated in
constant volume DPD ensembles. In this respect, the DPD
theory is similar to the Flory-Huggins therory of lattice polymers
and, indeed, the interaction parameter aij of the DPD conservative force can be mapped onto the Flory-Huggins parameter cij
by assuming that, for a polymer, the beads are connected in
a chain by springs.7c Assuming that the interactions for similar
beads are equal (i.e., aii ¼ ajj), in this work we used the following
relationship recently proposed by Glotzer et al.13 as a modification of the original equation of Groot and Warren6c to better
account for the polymer chain length to relate cij to aij and aii:
This journal is ª The Royal Society of Chemistry 2010
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3:9
aij ¼ aii þ 3:27  1 þ 0:51 cij
NDPD

(9)

in which NDPD is the number of DPD beads making up the
polymeric chain.
In order to calculate aij, both aii and cij should be determined.
The repulsion parameter between like-particles aii can be chosen
according to14 aiir ¼ 75kBT. Setting r ¼ 3 leads to aii ¼ 25.6c The
Flory-Huggins parameter can, in turn, be estimated from the
Hildebrand solubility parameter d as:
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cij ¼

2
V 
di  dj
kB T

(10)

where V is the average volume of the beads i and j, and di and dj
are the solubility parameters of bead i and j, respectively.
The solubility parameters are material-specific numbers which
can be obtained from experiments of simulations. Om this study,
we performed atomistic molecular dynamics (MD) simulations
to calculate the cohesive energy densities (CED) from the
nonbonded interaction energies and the molar volumes (vide
infra). The values of d for a given species i, di, can then be estimated using the following relationship:
1

1
DHn;i 2
di ¼
¼ ðCEDi Þ2
(11)
Vm;i
in which DHv,i is the molar enthalpy of vaporization and Vm,i is
the molar volume of the molecular species i.
DPD parameter determination
With the purpose of simulating AB and ABA copolymers of PLA
and PEO of practical interest for the pharmaceutical technology,
the following macromolecules were chosen as proof-of-concept
systems: PLAxPEOy with x ¼ 720–6480 and y ¼ 704–6336 for the
diblock, and PLA5875PEO8448PLA5875 for the triblock copolymer, respectively.
The first step in the computational recipe applied in this work
then consisted in the determination of the coarse-grained
models for the PLA and PEO polymers, respectively. Following
our previous work on different systems,6 at first atomistic
molecular dynamics (MD) simulations were performed on the
di- and triblock copolymer chains. The amorphous polymer
models for PEO and (D-L)PLA chains were built with the
rotational isomeric state (RIS) method developed by Theodorou
and Suter.15 Each polymeric structure was then relaxed and
subjected to our well-validated combined molecular mechanics/
molecular dynamics simulated annealing (MDSA) protocol,16 in
which the relaxed molecular structure is subjected to five
repeated temperature cycles using constant volume/constant
temperature (NVT) MD conditions. At the end of each
annealing cycle, the structure is again energy minimized, and
only the structure corresponding to the minimum energy is used
for further modeling. Each final chain structure was assigned
atomic charges using the charge scheme proposed by Li and
Goddard.17 In the generation of the polymer simulation cells,
the PCFF force field as modified by Blomqvist et al.18 was
employed, as this force field was shown to accurately reproduce
the torsional statistics for the dihedral angles of the added
bonds of the polymers considered in this study.19 To obtain
This journal is ª The Royal Society of Chemistry 2010

sufficient statistics for averaging the computed properties of
interest, 10 amorphous cells containing 5 chains with a chain
length with a degree of polymerization of 90 and 192 for PLA
and PEO, respectively, at a density lower than the corresponding experimental value were built and relaxed via an
alternation of molecular mechanics (MM) minimization (using
the conjugate gradient method) and isochoric-isothermal (NVT)
MD equilibration at 600 K to avoid trapping the system in
high-energy minima. Typically, 5000 MM and 50000 MD steps
(using the Verlet algorithm with an integration step of 1 fs) were
employed in one cycle, and 5 to 10 steps were needed to achieve
statistically stable configurations. After system relaxation, the
densities of the cells were increased to the corresponding
experimental values (i.e., 1.07 g cm3 for PEO and 1.25 g cm3
for (D-L)PLA), and 3 ns isobaric-isothermal (NPT) simulations
at 308.15 K were performed to equilibrate the system at the
proper densities, followed by 5 ns NVT simulations necessary
for CEDi and, hence di. and ultimately cij calculations according
to eqn (10) and (11).6 A similar procedure was applied to
calculate the same quantities for Nefidipine and water.
The coarse-graining of the copolymer atoms into DPD beads
were then obtained as follows.6a,20 Using the equilibrium NVT
MD production runs, the pair correlation functions were calculated using the following formula:
XX



PIJ ðrI rJ Þ ¼
(12)
qIi qJj dðrI  Ri Þd rJ  Rj
i

j

where the sum runs over all atoms i and j in the molecular
fragments I and J, and the square brackets indicate a thermal
average. qIi is a simple step function defined as:
qIi

1 if i is of type I
0 if i is not of type I

(13)

DPD simulations were then performed for each polymer using
a repulsion parameter aij of 25 for all bead-bead interactions and,
similarly to MD, the corresponding pair correlations between the
different beads were computed. The optimal overlap of the pair
correlation functions obtained from the MD and the coarsegrained models was achieved with 10 PLA monomers and 16
PEO monomers per each PLA and PEO DPD bead, respectively.
This mapping in turn resulted in the following mesoscopic
copolymer architectures: PLAnPEOm with n + m ¼ 10 for the AB
copolymer, and PLA8PEO12PLA8 for the ABA copolymer. Once
these models were defined, the basic DPD assumption that all
bead-types should be of comparable volume ultimately led to the
coarse-graining of the entire molecule of Nefidipine into one
DRUG bead, and 48 water molecules in each SOLVENT bead,
respectively.
Lastly, the main DPD interaction parameter aij for all DPD
bead types were obtained using the cij determined from the MD
simulations via eqn (9). The values of the resulting interaction
parameters aij for all DPD species defined above and used for the
mesoscale simulations are listed in Table 2.
All simulations were performed in a 203  rc box and in
a 303  rc box for the AB and ABA systems, respectively. In all
cases, including the di(tri)-block copolymer + solvent + drug
systems, the DPD simulations started from homogeneously
mixed configurations. A density value r ¼ 3 was considered, and
periodic boundary conditions were applied in all directions. The
J. Mater. Chem., 2010, 20, 7742–7753 | 7751
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Table 2 DPD interaction parameters aij used in the mesoscale simulations

PLA
PEO
SOLVENT
DRUG

PLA

PEO

Solvent

Drug

25
50.2
69.1
25.3

50.2
25
25
34

69.1
25
25
66.3

25.3
34
66.3
25
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dimensionless time step of 0.05 was employed and 106 steps have
been adopted to get a steady state at a constant temperature of
308.15 K.
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