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A B S T R A C T   

Targeted drug delivery has become one of the key fields of personalized medicine. Developing candidate drug 
delivery agents requires a thorough understanding of the drug carrier materials by means of structure, drug 
encapsulation and release properties. To this aim, coarse-grained DPD simulations are employed to study the 
morphology, drug encapsulation and release of a particular amphiphilic block copolymer system. Extent of the 
drug encapsulation and release are observed to be mainly affected from copolymer concentration in the mixture. 
Mean aggregation number and average micelle volume are observed to increase as drug is encapsulated in the 
micelles. In addition, the shape of micelles is characterized as mainly spherical. It is observed that the drug 
release follows a pseudo-Fickian diffusion model and can be represented by the Korsmeyer-Peppas model. 
Furthermore, the diffusion rate of the drug molecules is observed to increase mainly in the release-phase. Our 
simulations can be viewed as a computational attempt to model the drug encapsulation and release by mimicking 
real experimental conditions, while yielding results on the structure and dynamics of the polymeric carrier. The 
results can be anticipated to find applications in understanding and controlling the parameters to design 
candidate drug delivery micelles at the molecular level.   

* Corresponding author at: Department of Genetics and Bioengineering, Faculty of Engineering, Trakya University, 22030 Edirne, Turkey. 
E-mail address: gokhankacar@trakya.edu.tr (G. Kacar).   

1 These authors contributed equally to the manuscript. 

Contents lists available at ScienceDirect 

Colloids and Surfaces A: Physicochemical and  
Engineering Aspects 

journal homepage: www.elsevier.com/locate/colsurfa 

https://doi.org/10.1016/j.colsurfa.2021.127445 
Received 30 July 2021; Received in revised form 21 August 2021; Accepted 23 August 2021   

mailto:gokhankacar@trakya.edu.tr
www.sciencedirect.com/science/journal/09277757
https://www.elsevier.com/locate/colsurfa
https://doi.org/10.1016/j.colsurfa.2021.127445
https://doi.org/10.1016/j.colsurfa.2021.127445
https://doi.org/10.1016/j.colsurfa.2021.127445
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfa.2021.127445&domain=pdf


Colloids and Surfaces A: Physicochemical and Engineering Aspects 629 (2021) 127445

2

1. Introduction 

Delivery of drugs to the targeted zone in the physiological environ
ment has become one of the widely studied areas in nano-medicine 
research [1–5]. To achieve a proper drug delivery process, a huge va
riety of materials are being used from liposomes [6] to hydrogels [7], 
and from inorganic particles [8,9] to polymeric micelles [10–13]. The 
crucial points in designing prospective drug delivery micelles can be 
summarized as, to achieve the proper encapsulation of the drug, to 
properly release the cargo upon stimuli such as change in pH, enzyme 
concentration or redox gradients [14,15] and maintaining the stability 
of micelles [16,17]. In line with these objectives, polymeric micelles as 
drug delivery materials have gained tremendous attention due to their 
unique properties such as biocompatibility, high encapsulation effi
ciency, ability to be functionalized and increased solubility in water 
[18–23]. The presence of hydrophilic and hydrophobic units in a block 
copolymer chain leads to formation of spherical micelles at concentra
tions above their critical micelle concentration (CMC). These micelles, 
based on their chemical nature, have the ability to encapsulate hydro
phobic drugs at their hydrophobic core or hydrophilic drugs at their 
hydrophilic core. 

Investigation of the drug encapsulation and drug release properties 
of micelles is of utmost importance to improve the drug solubility, in
crease the drug circulation time, extend the drug residence time and 
finally to lead to the enhanced permeability and retention (EPR) effect 
[24,25] associated with the candidate drug delivery micelle. Therefore, 
studying micelle structure, and its relation to drug encapsulation and 
release properties are prominent in understanding the intrinsic proper
ties in order to develop new drug delivery materials. Besides, a thorough 
understanding of the drug release process is required to evaluate the 
stability and drug carrying ability of a particular polymeric micelle. 
Recently, a great emphasis is given to design and develop drug delivery 
block copolymer systems with the ability to encapsulate and release 
drugs upon environmental stimuli [26–28]. 

In this work, we strive to perform dissipative particle dynamics 
(DPD) simulations to study the morphology, drug encapsulation and 
stimuli-responsive drug release properties of poly(ethylene glycol)-poly 
(lactic acid)-poly(ethylene glycol) (PEG-PLA-PEG) triblock copolymer 
micelles. The amphiphilic nature of the PEG/PLA system leads to the 
formation of spherical micelles [29]. Due to the biocompatibility, water 
solubility, nontoxicity and non-immunogenicity PEG is used as the hy
drophilic block [30]. On the other hand, PLA is being used as the hy
drophobic block in many cases due to its superior mechanical properties, 
low immunogenicity, biocompatibility and biodegradability [31]. 
Often, PEG and PLA are combined such that the hydrophobic groups 
form the head and tail sections of the block copolymer [32,33] or in 
diblock structures [34,35]. The morphologies of their diblock co
polymers are investigated by Posocco et al. via mesoscopic simulations 
[36] and the self-organization of the former case is studied by Dolgov 
et al. [37]. In our case, the middle PLA block forms the hydrophobic core 
and has the ability to encapsulate the drug, ibuprofen. Ibuprofen is 
selected as the model hydrophobic drug to demonstrate our proposed 
simulation procedure in modeling the encapsulation and release prop
erties. Ibuprofen is a poorly water-soluble drug. Therefore, this paper 
also aims to study a polymeric drug delivery medium, while bringing 
new insights on its morphology, structure and micellization properties 
to better understand the ibuprofen encapsulation and release properties. 

Computational techniques are widely employed tools to study the 
drug encapsulation and drug release behavior of copolymeric micelles. 
Within the computational techniques such as molecular dynamics and 
coarse-grained simulations, dissipative particle dynamics (DPD) method 
steps forward as a widely employed coarse-grained simulation tool to 
study the drug encapsulation and release of drugs due to the inherent 
time-scales associated with the micelle formation, drug encapsulation 
and release [38,39]. The DPD method is recently used to simulate mostly 
pH-responsive drug delivery systems [40–43]. 

In this work, we use a realistic simulation procedure to model the 
encapsulation and release properties of the aforementioned system. By 
realistic, we refer to the computation of DPD interaction parameters 
between the functional groups of the copolymer and drug involving their 
proper chemistry-specific details. Moreover, we use a recent alternative 
DPD parameterization [44,45], where the bead volumes are dictated by 
their experimental volumes in contrast to the conventional DPD 
parameterization allowing equal bead-sizes. In addition, the affinity of 
PEG to water due to its hydrophilic nature is modeled by incorporating 
hydrogen bond interactions in DPD via a modified DPD potential [46]. 
By including these system-specific interactions, we present a simulation 
procedure to mimic the real experimental conditions that are relevant to 
the general field of drug delivery systems. In all, rather than a model 
computational study, where the encapsulation and stimuli-responsive 
release are defined by arbitrary assigned interaction parameters, our 
simulations incorporate the real chemical interactions in our modeling 
procedure. 

We aim to characterize the morphologies at different concentrations, 
study the local interactions of hydrophilic and hydrophobic groups and 
the drug, and investigate the concentration effect on the drug encap
sulation and drug release properties with a simulation-based procedure. 
Furthermore, we quantify the micelle properties such as mean aggre
gation number, average micelle volume and relative shape anisotropy to 
comment on the micellar structure as well. The results obtained in this 
work, could provide researchers tools to design new candidate drug 
delivery systems, which has improved encapsulation efficiency and 
release properties. 

2. Simulation details and materials 

2.1. DPD simulation method 

DPD is an off-lattice, coarse-grained simulation method that operates 
at the meso-scale. By the coarse-graining procedure, chemical functional 
groups of block copolymer and drug are represented as molecular en
tities referred as beads. DPD is first proposed by Hoogerbrugge and 
Koelman [47] as an improvement to lattice gas automata [48] to study 
fluid mechanics problems. Later, Groot and Warren [49] improved DPD 
method to compute the mesoscopic DPD interactions from 
Flory-Huggins mean field theory [50]. This improvement has allowed 
DPD to be applicable to complex soft materials such as polymers, lipids 
and biopolymers [51]. In DPD, the motion of the coarse-grained parti
cles is governed by Newton’s equations of motion. 

The total force acting on a single DPD bead f i is composed of three 
types of forces, namely conservative force FC

ij , dissipative force FD
ij , and 

random force FR
ij . The overall end-structure is characterized by the 

conservative force, which contains the non-bonded contribution of the 
total potential energy of the system. For the bonded interactions, a 
harmonic force FH

ij between bonded beads is added to the total force, 
which becomes 

f i =
∑

i∕=j

(FC
ij +FD

ij +FR
ij +FH

ij ). (1) 

The mathematical forms of the conservative, dissipative and random 
forces read as 

FC
ij =

{
aij
(
1 − rij

/
Rc
)

r̂ij rij < Rc

0 rij ≥ Rc

}

,

FD
ij = − γωD(rij)(r̂ijυij)r̂ij,

FR
ij = σωR( rij

)
θij r̂ij

(2)  

where, aij is the strength of the repulsive interaction between bead types 
i and j, rij = ri − rj, rij =

⃒
⃒rij

⃒
⃒, and r̂ij = rij/

⃒
⃒rij

⃒
⃒. For the dissipative and 

random forces, vij = vi − vj. The ωD( rij
)
=

[
ωR(rij)

]2 and 
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ωR( rij
)
= 1 − rij/Rc are the weight functions that are functions of the 

interparticle distance rij and become zero at the cut-off distance Rc. σ2 =

2γkBT and θij is the randomly fluctuating variable with Gaussian sta
tistics. In our simulations, we adopt the values from Groot and Warren 
for the γ parameter reading as 4.5 [49]. The harmonic force FH

ij =
∑

CS(rij − rij,0), where CS is the spring constant between bonded beads 
and rij,0 is the equilibrium bond distance, which are set to 10 kBT/r2

DPD 
and 0.5 rDPD, respectively. 

The non-bonded DPD interactions are soft, purely repulsive and 
originally developed for beads having similar sizes as a consequence of 
Flory’s mean field theory [50]. In our simulations, we use a parame
terization to compute the parameter aij, where the local volumes around 
beads are dictated by their pure liquid densities yielding the proper 
experimental bead sizes in the simulations [45] via 

aij = âij +
p

0.0454(aiiρi,pure + ajjρj,pure)
χijkBT,

âij =
̅̅̅̅̅̅̅̅̅aiiajj

√
,

aii =
p − ρi,purekBT
αρ2

i,purer3
DPD

and α = 0.101.

(3) 

In Eq. (3), aii and ajj are the repulsion strength values between same 
type of beads, âij is defined as the neutral interaction parameter yields 
zero repulsion upon mixing of i and j beads, and ρi is the dimensionless 
number density of the pure component i. The Flory-Huggins interaction 
parameter χij [50] quantifies the degree of mixing between beads and is 
computed from the experimental solubility parameters δ by the 
following relation: 

χij = V(δi − δj)
/

kBT. (4) 

In Eq. (4), V represents the average volume of a particular bead in the 
simulations computed from the average density from V = ρ− 1 =
(
∑

i
Niρ− 1

i,pure

)/
∑

i
Ni. 

In our simulations, we treat the hydrogen bond interactions between 
hydrophilic groups of the copolymer (EA and EG beads), specific sec
tions of the drug (FN bead) and water as a separate force term added to 
the total force in DPD. The main reason is that the pure repulsive in
teractions and the soft non-bonded potential of DPD is not able to 
represent the attractive interactions for systems, where the hydrogen 
bonds are dominant. The separate term is in the form of a Morse type 
interaction in the form of, 

VMorse = eHB
[
e− 2σ(r− r0) − 2e− σ(r− r0)

]
r < rDPD. (5) 

In Eq. (5), eHB is the hydrogen bond strength, σ is the curvature of the 
potential and r0 is the equilibrium hydrogen bond distance value. The 
parameters of the Morse potential are adopted from our previous work 
by a fitting to the physical properties of PEG beads [46]. In our modeling 
procedure of hydrogen bonds, we do not explicitly consider the direc
tionality. The reason is that the formation/dissociation times of 
hydrogen bonds are much lower than the DPD time [46]. Nevertheless, 
our hydrogen bonding procedure is capable of representing the 
three-dimensional tetrahedral structure of water as computed from the 
three-body angular distributions as reported before [52]. Moreover, the 
reason for taking similar hydrogen bond strength of the FN bead (i.e., 
propinoic acid) as alcohols is that low molecular weight acids has similar 
affinities to water [53]. 

Incorporating the variable bead sizes and hydrogen bonds in DPD is 
previously employed by our group to model ibuprofen encapsulation in 
poloxamer micelles with a good prediction of the experimental struc
tural and drug encapsulation properties [54]. 

2.2. Coarse-graining of copolymer and drug molecules 

In this work, we study the block copolymer system PEG-PLA-PEG to 
simulate the phase behavior, structure, drug encapsulation and drug 
release properties. Ibuprofen is used as the model drug due to the 
simplicity of its chemical structure. The self-assembly behavior of the 
copolymer was previously studied and spherical micelles were experi
mentally obtained [29]. The block copolymer system is taken from the 
experimentally synthesized version, where the number of repeating 
units of the monomers reads as EA12LA29EA11EG1 [29]. Ibuprofen is 
composed of three beads, namely IB, PR and FN. The chemical struc
tures, the coarse-graining with the number of repeating units of copol
ymer and the drug molecule are depicted in Fig. 1. 

The coarse-graining of the copolymer and the model drug ibuprofen 
results in the formation of beads as demonstrated in Fig. 1. Each bead is 
capped with the proper number of hydrogen atoms in order to form a 
neutral bead. There are three types of beads forming the copolymer and 
each refers to a different chemical structure: EA and EG represent hy
drophilic and LA represents hydrophobic parts. In order to incorporate 
the -OH group at the end of the chain bead type EG is defined. The 
coarse-graining of the ibuprofen drug is done for two scenarios in our 
study: Initially, a protonated FN bead corresponding to neutral condi
tions is used in the drug encapsulation process, and later a deprotonated 
FN bead is defined since the carboxyl group -COOH is expected to be 
deprotonated in the physiological environment, where the drug release 
process takes place [55]. 

2.3. DPD simulation details 

The simulations performed in this work can be divided to three sets: 
In the first set, we run drug-free simulations at different copolymer 
weight percent values to investigate the phase behavior and morphol
ogies of the PEG-PLA-PEG copolymer system in an aqueous environ
ment. As the second step, we construct the simulation boxes to simulate 
the drug encapsulation process. The encapsulation simulations are 
performed by considering an initial structure, where all beads are 
scattered within the simulation box randomly. Therefore, encapsulation 
of the drug beads is realized while self-assembling process takes place. 
The neutral ibuprofen molecule parameters are used for the drug 
encapsulation process. For the final step, we simulate the drug release 
process by using the structures that are formed in step two. In other 
words, the final simulation snapshots of the drug encapsulated systems 
are used as input coordinates to the drug release simulations. 

As mentioned before, the release of drug molecules takes place at the 
physiological conditions, where experimentally the carboxyl group be
comes the negatively charged carboxylate group upon deprotonation of 
the -COOH group. It is reported in literature that the charged groups 
have extra affinity to neutral water molecules [56,57] and the presence 
of ions in the system increases hydrogen bond strength of water [58] 
with significant change in dynamics [59]. In the case of ibuprofen, the 
water solubility increases by a factor of about 100 upon deprotonation 
[60]. In our DPD simulations, we do not employ electrostatic in
teractions as a result of the negative charge present in the carboxylate 
group. Instead, we mimic the extra affinity of carboxylate group to water 
by increasing the strength of the hydrogen bond between the deproto
nated FN bead and the solvent water beads. The hydrogen bond strength 
between the deprotonated FN bead is increased by a factor 5 difference 
compared to the protonated FN bead. All of the -COOH groups in the 
system are deprotonated and new set of simulation parameters are used 
in the simulations to model the release process. A factor 5 difference 
between the protonated and deprotonated FN beads is selected since 
with this value, a maximum drug release from a particular copolymer is 
attained in the simulations. The details of the selection of the hydrogen 
bond strength and the rest of the simulation parameters are given in 
Supplementary Material. 

The DPD simulations are performed with the LAMMPS package [61, 
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62]. The initial structures are created with the Scienomics MAPS v4.3 
software [63]. In all simulations, the total number of beads in the 
simulation box are kept constant for all simulations and set to 81,000. 
The number of beads corresponding to the copolymer, water and drug 
beads are adjusted to correspond to the set weight percent values. In all 
cases, the beads are distributed randomly irrespective of their type in the 
simulation boxes at the beginning of the simulation. The total number of 
beads in the box results in a periodic simulation box dimensions of 30 ×

30 × 30r3
DPD for a number density value of 3. A similar simulation box 

volume is chosen previously by Droghetti et al. to validate the phase 
diagram and study the clustering of a poloxamer system [64]. In their 
work, they tested different box lengths from 20×20×20 to 40×40×40 in 
r3
DPD units and observed that a selection of a box length 30×30×30, such 

as in our case, is reasonable in reducing the simulation box artefacts and 
reaching suitable simulation times. The time step values in the simula
tions for the drug-free and drug encapsulation simulations are set as 0.02 
tDPD. A smaller time step value of 0.005 tDPD is selected for the drug 
release simulations to stabilize the energy increase as a result of the 
increase in the hydrogen bond strength. For each part (namely, 
drug-free, drug encapsulation and drug release) the total time step of 
simulations is set as 106 DPD steps. The initial 8 × 105 steps of each part 
are used for equilibration and the last 2 × 105 for data collection. As 
mentioned earlier, drug encapsulation and drug release simulations are 
performed as consecutive steps, where the final snapshot of drug 

encapsulated system is used as input to drug release simulations. An 
estimation of the real simulated time can be done by using the time scale 
as obtained in Groot and Rabone’s work [65], where 1 tDPD is about 
14 ps. This makes the total real time in our simulations of about 280 ns. 
In the simulations, NVT conditions are used with the reduced tempera
ture value of 1 kBT. 

The drug encapsulation efficiency (DEE) values are estimated by an 
in-house developed code, counting the number of ibuprofen beads that 
are in contact with the micelles. In our computation, if the distance 
between the ibuprofen and copolymer beads is below a pre-defined cut- 
off value (i.e., 1 rDPD), then the ibuprofen is considered as encapsulated. 
This approach to compute the DEE previously led to a proper estimation 
of experimental DEE values [54]. 

3. Results and discussion 

3.1. Effect of PEG-PLA-PEG copolymer concentration on morphologies 

We initially perform DPD simulations of the copolymer in water 
environment in order to observe the formation of self-assembled mi
celles and study the morphology as affected by increasing copolymer 
concentration. The concentrations are reported in copolymer weight 
percent values. We simulate 7 different concentrations that read as 5%, 
10%, 15%, 30%, 50%, 70% and 90%. 5% is selected as the starting 
configuration since it corresponds to a concentration (ca. 53.1 g/L) that 

Fig. 1. Chemical structures and the coarse-grained beads of (a) PEG-PLA-PEG copolymer and (b) model drug ibuprofen. Numbers indicate the number of repeating 
units as similar to the experimental system in Ref. [29]. 
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is much higher than the experimentally obtained critical micelle con
centration (CMC) value for the similar systems (i.e., 0.05–0.1 g/L) [29, 
66]. In principle, CMC can be estimated from DPD simulations from 
alternative methods such as, in Neimark et al., where the free surfactant 
concentration in the solvent is used to estimate the CMC [67] or in 
Anderson et al., where the CMC is determined from the relation of the 
free surfactant concentration to the increasing total surfactant concen
tration [68]. In our work, we do not attempt to computationally deter
mine the CMC since it is beyond the scope of this paper. 

The first three copolymer concentrations, namely, 5%, 10% and 
15%, are observed to yield spherical micelles in Fig. 2. As expected, the 
hydrophilic groups of the block copolymer (bead types EA and EG) 
construct the corona part of the micelles as a result of their affinity 
against water. In contrast, the hydrophobic groups (bead type LA) form 
the core of the micelles. 

As the copolymer concentration is increased in the system, the 
micelle size is observed to increase as seen in Fig. 2. As the copolymer 
weight percent set to 30%, the micelles are visible in the form regular 
spherical micelles and irregular shaped micelles. The irregular shaped 
micelles form after some of the micelles are fused together. At 50%, the 
copolymer structure becomes somewhat perforated due to the presence 
of water trapped in between copolymer-rich domains. The perforated 
lamellar structure with an onset of a reverse-micellization process is 
noted at 70% copolymer. Finally, at 90%, a reverse-micelle formed 
structure is clearly visible. 

The micelle-forming weight percent values that are obtained in our 
drug-free simulations are selected to proceed with the drug-loading 
simulations, namely 5%, 10% and 15%. By drug-loading, we refer to 
the amount of drug beads inside a particular simulation box. Each 
micelle forming system is studied with three different drug weight 
percent values of 0.1%, 1% and 2% of the whole system making up a 
total of 9 different systems. The drug amounts in the simulations are in 
line with the experimental concentration range [69,70]. In the following 
sections, we perform DPD simulations to study the drug encapsulation 
and release processes and quantify the structural and micellar properties 
as affected thereof. 

3.2. Effect of drug encapsulation and release on copolymer and drug 
interactions 

Initially, we study the interactions between the copolymer micelles 
and the drug molecules. The interactions are quantified from the ob
tained structures and are characterized by computing the radial distri
bution functions (RDF) g(r) by the following relation: 

gij(r) =
〈
∆Nij(r→r +∆r)

〉
V

4πr2∆rNiNj
(6)  

where, the 
〈
∆Nij(r→r+∆r)

〉
part gives the average number of j beads 

around i beads in a shell that is from r to r + ∆r. V is the volume of the 
system and N is the number of beads. 

We discuss the interactions of copolymer sub-units, namely hydro
philic and hydrophobic, and the drug molecules. The RDFs are plotted 
with respect to the changing drug amounts in the mixture. Although, 
ibuprofen is a hydrophobic drug it has a slight affinity to water due to 
the presence of the neutral carboxyl group (FN bead) as discussed 
earlier. In Fig. 3, the RDF plots of hydrophilic groups of the copolymer 
and drug molecules are depicted. Therefore, we notice a minor attrac
tion of the hydrophilic groups to ibuprofen, which is evident by the first 
RDF peaks in all copolymer ratios. Moreover, the decrease of the second 
peak of the RDFs as the copolymer ratio in the mixture is increased, 
means a decrease of interactions at larger distances. On the other hand, 
the widening of the second peak can be associated with the enlarged 
micelle sizes (see, Table 1). 

The RDF profiles in Fig. 4 clearly indicate a significant degree of 
interaction between the hydrophobic part of the copolymer and the drug 

molecules as a result of the hydrophobic effects visible as higher first 
RDF peaks. However, these interactions are somewhat shorter-ranged as 
compared to the hydrophilic part and ibuprofen interactions due to the 
presence of a fast decay of the RDFs. A short-range interaction of the 
hydrophobic beads and the drug is expected due to the hydrophobic 
nature of ibuprofen, which leads accumulation of the drug near the core 
of the micelle. Apart from the decrease in the peak heights, a slower 
decay of the RDFs is noticed as the copolymer concentration is 
increased. This is, again, an outcome of the enlarged micelle sizes as the 
copolymer content is increased (see, Table 1). Nevertheless, although 
the increasing drug concentration at a particular copolymer concentra
tion leads to a slight change in the first peak values of the RDFs, the 
overall behavior is qualitatively quite similar. This is also the case in the 
hydrophilic-drug bead interactions. 

We compute the RDFs to comment on the structure of the drug 
release simulations as well. Again, we plot the RDFs for hydrophilic 
beads and hydrophobic beads with regard to the drug beads in Figs. 5 
and 6. 

The release of the drug from the micelles apparently influences the 
interactions between the hydrophilic groups of the copolymer and the 
drug. In Fig. 5, we notice a significant decrease of the first RDF peaks for 
all systems as compared to the drug encapsulation simulations in Fig. 3. 
This means that the drug beads move farther away from the hydrophilic 
groups towards the water environment. On the other hand, the less 
pronounced second peak of the RDFs in Fig. 5 as compared to Fig. 3 is 
the result of decrease of interactions of the copolymer hydrophilic 
groups and the ibuprofen. 

Although, the first RDF peaks in Fig. 6 are decreased significantly as 
compared to Fig. 4, the hydrophobic groups of the copolymer and the 
drug molecules are still interacting in the drug release simulations, since 
there are still some drug molecules present at the hydrophobic core of 
the micelles with varying concentrations. This varying concentration 
depends on how much, on average, the drug is released in a particular 
system. The difference in between RDF profiles quantifying the in
teractions of the hydrophobic groups and the drug is seemed to be 
correlated with the DEE value after the release process takes place, 
which are tabulated in Table 4. The more the DEE value after the release 
of a particular system, the more the hydrophobic copolymer beads and 
the drug is interacting, and vice versa. For example, within the 5% 
copolymer simulations, the highest DEE value after the release is 
encountered for the 0.1% ibuprofen loading, where the corresponding 
first RDF peak is the minimum. The decreasing sequence of RDF peaks 
are in line with the DEE values after the release of this system. This 
conclusion is true for the 10% and 15% copolymer concentrations. 

3.3. Effect of drug encapsulation and release on micelle properties 

The simulation snapshots give us an exemplary overview of the 
qualitative aspects of the drug encapsulation process. The simulation 
snapshots of the drug encapsulation simulations are depicted in Fig. 7 
with respect to a particular drug loading value for all copolymer weight 
percent values. Snapshots for the rest of the systems are demonstrated in 
Fig. S2 of the Supplementary Material. 

The simulation snapshots as presented in Fig. 7 and in Fig. S2 yield 
insights on the encapsulation of ibuprofen and structure of PEG-PLA- 
PEG micelles. The systems containing the least number of drug mole
cules (namely, 0.1% ibuprofen loading in Fig. S2), we notice only a few 
spots of accumulated drug beads near micelles indicating that not all of 
the micelles encapsulate the drug due to the limited number of ibuprofen 
beads in the simulation box. In addition, the drug beads are positioned at 
the surface of the hydrophobic core rather than engulfed in-depth (see, 
Fig. S8 of Supplementary Material). This conclusion is consistent with 
the DEE values of the encapsulation simulation as tabulated in Table 4. 
Moreover, as we increase the copolymer concentration in the system, we 
see that the micelles enlarge and occupy larger volumes in the simula
tion box as will be discussed in the following paragraphs. 
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Fig. 2. Morphologies of PEG-PLA-PEG copolymers at different concentrations in aqueous solution. Red and blue colors indicate bead types EA and LA, respectively. 
The periodic simulation box lies in the middle section of the square and is repeated in different dimensions for a better visualization of the structure. Percentage 
values are the weight percent of the PEG-PLA-PEG copolymer in aqueous solution. The same simulation snapshots with visible water beads are presented in the 
Supplementary Material. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Similarly, it is shown in Fig. 8 (and in Fig. S3 in the Supplementary 
Material) that there is a significant degree of drug release takes place as 
the simulation snapshots are compared to the drug encapsulation 
simulation snapshots. The ibuprofen beads in Fig. 8 are observed to be 
present outside of the micelles due to their increased attraction to the 
solvent, water. The simulation boxes are clearly more crowded by means 
of micelles for the 10% and 15% copolymer systems compared to the 5% 
copolymer system. Therefore, the diffusion of the ibuprofen beads to the 
solvent environment is more preferable for the 5% copolymer system 
due to the more copolymer-free space. This conclusion is true if the 
diffusion constant values of the 5% system as reported in Table 5 are 
compared to the rest of the systems for the encapsulation simulations. 

A clearer picture arises when the micelle properties are quantified. 

Therefore, we compute and discuss the micelle properties by means of 
their mean aggregation number Nagg, number of micelles Nm, average 
micelle volume Vm and relative shape anisotropy κ2 as computed for 
each simulated system. The mean aggregation number indicates the 
number of chains that form a particular aggregate. In our calculation, an 
aggregate is considered to be formed from the presence of at least 2 
block copolymer chains. In Table 1, we tabulate the computed Nagg 
together with the number of micelles for each system. We use the same 
notation for aggregates and micelles since our simulated concentrations 
are above the CMC as discussed earlier. The values are computed for 
different cases such as, for the system with no drug, the system after drug 
is encapsulated and the system after a portion of the drug is released (i.e., 
diffused out of the micelles). It is assumed that the chain exchange rate 

Fig. 3. Computed RDF profiles between hydrophilic part of the copolymer and the drug plotted with respect to changing drug content for each copolymer ratio in the 
system for drug encapsulation simulations. Distances are in DPD units rDPD. 

Table 1 
Mean aggregation number Nagg computed for every simulated system. Only final snapshot is considered. The errors are associated with Nagg are the standard error of 
the mean. The values in parentheses are the number of micelles Nm in a simulation box.   

No drug Encapsulation Release 

0.1% 1% 2% 0.1% 1% 2% 

5% 3.3±0.7 (6)  2.8±0.4 (8)  6.3±1.3 (4)  3.4±0.5 (7)  6.3±1.3 (4)  8.3±0.7 (3)  8.3±0.7 (3)  
10% 4.8±0.8 (10)  8.3±0.9 (6)  8.3±2.1 (6)  10.0±1.1 (5)  8.3±0.9 (6)  8.3±2.1 (6)  10.0±1.1 (5)  
15% 6.8±1.2 (11)  8.6±1.5 (9)  11.0±1.6 (7)  11.0±1.7 (7)  9.6±1.5 (8)  11.0±1.6 (7)  11.0±1.7 (7)   
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between micelles is constant and the micelle properties does not change 
over time. Therefore, micelle properties are computed by considering 
only the final snapshot. 

There is a consistent increase in the number of chains forming a 
particular micelle in each case of drug-free, drug encapsulation and drug 
release simulations as the copolymer content in the simulation box in
creases. It is also noted that the presence of drug in the system also in
creases the Nagg value if the drug-free and drug-laden systems are 
compared except for the 5% system in the encapsulation simulation. As 
expected, there is an inverse correlation between the Nagg and number of 
micelles in our findings. For the drug-laden simulations, the number of 
micelles is, in general, lower than the drug-free simulations at all cases 
except for the 5% system. This discrepancy might explain the inconsis
tency in the decreasing Nagg value as the system is loaded with drug 
molecules at 5% copolymer content. Moreover, it is noted that even a 
portion of the drug has left the micelles (i.e., release simulations), the 

Nagg and Nm for the 10% and 15% systems remain similar to the 
encapsulation simulations. 

Another property of micelles, is the average micelle volume associ
ated with all of the systems. The micelle volumes are computed by 
considering the hydrophobic beads forming the core part. Hydrophilic 
tails (namely, corona section) of the micelles are somewhat scattered 
irregularly and less dense, which might lead to incorrect estimation of 
the correct volume. In Table 2, we report the average values of the 
micelle volumes for the micelles that are considered irrespective of their 
Nagg value since not all systems exhibit similar Nagg distribution. 

As for the drug-free system, the increasing copolymer concentration 
led to enlarged volumes of micelles as clearly noted in Table 2. The same 
trend can be found in the 0.1% drug content of the drug encapsulation 
and 0.1% and 1% drug content of the release simulations. For the rest of 
the systems, there is some discrepancy in the micelle volumes since the 
average micelle volumes correspond to a wide range of mean 

Fig. 4. Computed RDF profiles between hydrophobic part of the copolymer and the drug plotted with respect to changing drug content for each copolymer ratio in 
the system for drug encapsulation simulations. Distances are in DPD units rDPD. 
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aggregation number distribution. Moreover, the drug encapsulation 
leads to enlarging micelle volumes for the systems in general. 

Finally, we calculate the relative shape anisotropy κ2 as computed 
from the gyration tensor S via [71].  

where, xcm, ycm, and zcm are the center-of-mass (CoM) coordinate of a 
particular micelle. The eigenvalues λ1, λ2, λ3 of the symmetrical matrix 
yields radius-of-gyration Rg via R2

g = λ1 + λ2 + λ3. Hence, the relative 
shape anisotropy is defined in Eq. (8) and the results are tabulated in  
Table 3. All micelles are taken into consideration in the computation. 

κ2 ≡ 1 − 3
λ1λ2 + λ2λ3 + λ1λ3

(λ1 + λ2 + λ3)
2 . (8) 

The relative shape anisotropy value converges to zero if the points 
are spherically symmetric and converges to one if all points lie on a line. 
Our computed κ2 values in Table 3 shows us that the obtained micelles 
are very close to a spherical geometry. The values between different 

systems have minor difference. The least and the most spherical micelles 
are obtained for 5% copolymer and 2% drug system at the encapsulation 
simulation, and release simulation for the same system, respectively. 
Overall, the presence of the hydrophobic drug leads to an increasing 
sphericity of the micelles. Even though some portion of the drug is 
released, the micelles still sustain their spherical morphology. 

Fig. 5. Computed RDF profiles between hydrophilic part of the copolymer and the drug plotted with respect to changing drug content for each copolymer ratio in the 
system computed for drug release simulations. Distances are in DPD units rDPD. 
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3.4. Quantifying drug encapsulation efficiencies as influenced by drug 
encapsulation and release 

In this section, we compute the DEE values of the micelles as influ
enced by the drug encapsulation and release processes. The encapsula
tion efficiency values increase systematically as the copolymer 
concentration in the system is increased as shown in Fig. S4 of the 
Supplementary Material. In this figure, the DEE values of all systems 
fluctuate significantly around the mean value for low ibuprofen weight 
percent values (i.e., 0.1% drug loading) due to the poor statistics asso
ciated with the limited number of ibuprofen molecules in the mixtures. 

The highest DEE values are obtained for the 15% copolymer system for 
all ibuprofen concentrations, which are almost independent of the 
loaded drug in the system. In contrast, the 0.1% ibuprofen loaded sys
tems for the 5% and 10% copolymer systems are significantly lower 
compared to the 1% and 2% drug loading values. This result can be 
attributed to the decrease of the interactions between the hydrophobic 
and drug beads. In other words, as there is a lesser number of drug beads 
in the system, the chance that the hydrophobic and drug beads find each 
other is significantly low due to the short-range nature of DPD in
teractions. This is not the case for the 15% copolymer system since the 
copolymer beads occupy larger volumes in the simulation box, which 

Fig. 6. Computed RDF profiles between hydrophobic part of the copolymer and the drug plotted with respect to changing drug content for each copolymer ratio in 
the system computed for drug release simulations. Distances are in DPD units rDPD. 

Fig. 7. Simulation snapshots of the micelles of 5%, 10% and 15% copolymer systems at 2% drug loading upon encapsulation of ibuprofen. For a better visualization, 
water molecules are not shown. Red and blue colors show hydrophilic and hydrophobic parts of the copolymer, respectively. Yellow color shows ibuprofen beads in 
this case. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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increases the possibility of interaction between drug beads and the hy
drophobic groups. It is also noticed that the amount of encapsulation 
leads to increase in the average micelle volume. In other words, the 
increase in the DEE values corresponding to a particular copolymer 
concentration in a system leads to an increase in the average micelle 
volumes as tabulated in Table 2. On the other hand, we observe no effect 
of the drug release on the micelle sizes as there is not a significant 
change of Vm in the drug release simulations as compared to the 
encapsulation simulations. The lesser amount of drug beads within the 
micelles still contributes to the enlarged micelles as compared to drug- 
free simulations. The maximum DEE value observed in the simulations 
is about 88.3% for the 15% copolymer and 1% drug, and the minimum 
value is about 37.5% for the system containing 5% copolymer and 0.1% 
ibuprofen. 

To discuss better the system-specific trends of the DEE values, we 
plot the DEE values in Fig. S5 in the Supplementary Material for the 
systems that are equilibrated after the drug release takes place. In all, the 
overwhelming attraction of the FN bead to water as a result of the 
deprotonation lead to the migration of a huge portion of drug molecules 
to the solvent environment. In Fig. S5, we notice that in all combinations 
of the copolymer and the drug, there is a significant decrease in the total 
DEE values as compared to the initially encapsulated amount. Espe
cially, for the 5% and 10% copolymer systems the final DEE values after 

Fig. 8. Simulation snapshots of the micelles of 5%, 10% and 15% copolymer systems at 2% drug loading after the drug release process takes place. For a better 
visualization, water molecules are not shown. Red and blue colors show hydrophilic and hydrophobic parts of the copolymer, respectively. Yellow color shows 
ibuprofen beads. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Table 2 
Average micelle volume Vm computed for every simulated system. Only final snapshot is considered. The errors are the standard error of the mean.   

No drug Encapsulation Release  

0.1% 1% 2% 0.1% 1% 2% 

5% 171.2±26.5  134.6±19.7  423.2±50.7  223.5±49.7  282.8±43.4  357.2±13.3  406.5±54.9  
10% 237.7±38.0  352.3±34.3  363.2±98.4  641.3±99.9  388.1±48.3  407.6±117.7  516.8±60.1  
15% 302.8±58.2  383.1±71.0  544.0±69.6  558.1±98.7  401.3±63.7  500.3±58.9  426.6±59.2   

Table 3 
The computed relative shape anisotropy κ2 values. Only final snapshot is considered in the computation. The errors are the standard error of the mean.   

No drug Encapsulation Release 

0.1% 1% 2% 0.1% 1% 2% 

5% 0.095±0.032  0.115±0.033  0.061±0.021  0.119±0.036  0.022±0.006  0.021±0.011  0.007±0.002  
10% 0.108±0.025  0.033±0.006  0.043±0.016  0.023±0.002  0.015±0.002  0.060±0.019  0.025±0.006  
15% 0.062±0.017  0.051±0.013  0.028±0.006  0.015±0.003  0.032±0.011  0.018±0.003  0.017±0.004   

Table 4 
The percentage release values of ibuprofen associated with each simulated 
system. The percentage change is computed by taking the ratio of the number of 
released drug molecules to the total number of initially encapsulated drug 
molecules.  

System composition Initial DEE 
value 

DEE value after 
release 

% 
release 

5% polymer + 0.1% 
ibuprofen  

37.5  15.5  58.6 

5% polymer + 1% 
ibuprofen  

53.2  14.7  72.4 

5% polymer + 2% 
ibuprofen  

51.6  11.7  77.3 

10% polymer + 0.1% 
ibuprofen  

62.5  26.8  57.1 

10% polymer + 1% 
ibuprofen  

76.6  28.1  63.3 

10% polymer + 2% 
ibuprofen  

77.4  23.5  69.6 

15% polymer + 0.1% 
ibuprofen  

87.5  42.8  51.1 

15% polymer + 1% 
ibuprofen  

88.3  35.6  59.7 

15% polymer + 2% 
ibuprofen  

86.4  39.6  54.2  
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the release process is obtained are almost independent of the drug 
loading in the system in contrast to their drug encapsulation simula
tions. There is a minor difference for the 15% copolymer system at the 
1% drug loading, which is somewhat lower than the final DEE values of 
0.1% and 2% systems. Nevertheless, the difference in the computed DEE 
values after the release can be considered as minor. 

In Table 4, we quantify the percentage drug release of each system to 
comment on the different DEE behaviors of Fig. S4 and Fig. S5. It is 
observed that the difference between the drug release percentage values 
of the 5% and 10% systems at their 0.1% drug loadings are much lower 
compared to their 1% and 2% drug loading simulations. This might 
explain the change of the DEE profiles from encapsulation to release 
simulations, since more percentage release means a lower DEE value 
leading to a levelling off of their curves in Fig. S5. Overall, the system 
with the maximum release corresponds to 5% copolymer and 2% drug 
loaded system with a release amount of 77.3%. This means that 77.3% of 
the drug molecules that are initially encapsulated are released to the 
solvent environment. The drug release ratios for the rest of the systems 
can be found in Table 4. 

3.5. Drug release kinetics 

The time dependency of the drug release process is an important 
aspect of the drug release process. To characterize the ibuprofen release, 
we plot the fraction of the released drugs from the micelles as a function 
of the simulation time. To that purpose, we plot in Fig. 9, the systems 
with the highest DEE release ratio among a particular copolymer frac
tion, namely 5% copolymer + 2% drug, 10% copolymer + 2% drug and 
15% copolymer + 1% drug. 

The drug release profiles in Fig. 9 are investigated by fitting a 
Korsmeyer-Peppas release model [72,73] to comment on the drug 
release behavior and compare the data with the existing release models. 
In the Korsmeyer-Peppas model, the fit is in the form of C(t)/C∞ = ktn

DPD, 
where C(t)/C∞ is the fraction of the drug release at a specific time, k is 
the rate constant and n is the release exponent. The fit parameters are 
obtained as indicated in the caption of Fig. 9. 

As clearly noticed in Fig. 9, the drug release data is somewhat scat
tered due to the limited number of drug molecules in the simulation box. 
The scattered data means that the some of the ibuprofen beads move in 

Fig. 9. The ibuprofen release profiles as a function of DPD time for (a) 5% copolymer + 2% drug (k = 0.1385, n = 0.1825, R2 
= 0.6618) (b) 10% copolymer + 2% 

drug (k = 0.1683, n = 0.1501, R2 = 0.6938) and (b) 15% copolymer + 1% drug (k = 0.1670, n = 0.1365, R2 = 0.4885) systems. The red line is the power-law fit to 
the simulation data representing Korsmeyer-Peppas release model [72,73]. 
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and out of the micelles during the simulations. The cyclic profile 
observed especially in Fig. 9(b) indicates that there is a competition for 
some drug molecules to be present inside the micelles or in the solvent 
environment. Nevertheless, once drugs are released, most of the drug 
molecules stays inside the solvent at all times during the simulation. The 
simulation times are much lower compared to the real experimental 
time-scales. Therefore, we evaluate our simulation data by assuming 
that the system is in quasi-equilibrium. 

The exponent values n obtained for all of the cases in Fig. 9 are below 
the threshold value for Korsmeyer-Peppas model for Fickian diffusion 
(n = 0.5) [73]. Therefore, we can comment that the drug release 
behavior dictates an initial burst release followed by a diffusion indi
cating that the drug release is mainly governed by a pseudo-Fickian 
diffusion model [74]. As noted previously, the drug release takes place 
as a result of the increase in the relative affinity of carboxylate groups to 
water compared to the carboxyl group of the ibuprofen molecule. During 
the drug release, the micelles are observed to remain intact at all times 
and as discussed previously, the extent of the drug release is heavily 
influenced by crowding of the simulation box. Our systems are 
composed of multiple micelles and the simulation box dimensions are 
limited, which eventually slows down the drug diffusion to the water 
medium. In the case of a single micelle, the extent of drug release could 
go up to 100% as noted in literature [75,76]. Moreover, the rupture of 
the micelles that are observed during in vivo drug delivery as a result of 
the external mechanical forces that act on the copolymeric micelles is 
another effect, which might enhance the released drug amount. 

The diffusion of drug molecules in the simulation box gives us an 
estimate of the average mobility and the diffusion rate of these beads. 
The mean squared displacement (MSD) 

〈
∆r2(t)

〉
is computed as 

〈
∆r2(t)

〉

=
〈
|ri(t) − ri(0) |2

〉
, where ri(t) is the position of a particle at time t, and 

〈∙∙∙〉 represents the particle average. The slope of the MSD is propor
tional to the diffusion constant D via D = lim

t→∞
1
6t
〈
∆r2(t)

〉
. In our work, we 

compute the diffusion constants of ibuprofen beads for every system as 
shown in Table 5 from the computed MSD profiles. 

The D values in Table 5 yields in general an increasing diffusion of 
drug beads in the release simulations as compared to the encapsulation 
simulations. Higher mobility values in the release simulations are ex
pected due to the relocation of ibuprofen beads from the micelles to the 
aqueous environment. Nevertheless, a significant slowing down in the 
mobility of the released drug beads is observed in the 5% copolymer 
content at 0.1% and 1% drug loadings, being the former has the highest 
rate of decrease. The former system is noted in Table 5 as the system 
with an increasing number of micelles in the encapsulation simulations 
as compared to drug-free and drug release simulations. The increase in 
the number of micelles might lead to a slowing down of ibuprofen 
diffusion due to an increasing probability of interaction of a particular 
ibuprofen bead with copolymer micelles. 

4. Conclusions 

In this work, we employ coarse-grained DPD simulations with an 
alternative parameterization that incorporates the bead-size differences 
and hydrogen bond attraction to study the morphologies, drug encap
sulation and drug release properties of PEG-PLA-PEG copolymer sys
tems. Moreover, the micellar structures are characterized by means of 

the mean aggregation number, average micelle volume and the relative 
shape anisotropy values. As a result of our simulations, the micelles are 
found to have high sphericity and observed to agree well with the 
experimental results of the same system [29]. Moreover, the encapsu
lation of the drug is noted to increase the micelle sizes and mean ag
gregation number. By changing the copolymer and drug concentration, 
we observe difference in the drug encapsulation efficiency values. The 
release process of ibuprofen from the micelles is modeled by mimicking 
the realistic experimental conditions, where carboxyl group of ibuprofen 
is deprotonated upon existence in the physiological conditions. As a 
consequence, the water affinity of ibuprofen is increased by assigning a 
significantly higher value of hydrogen bond strength to the corre
sponding carboxylate bead. By this procedure, we study the effect of the 
drug release on the structure and the copolymer and drug interactions. 
Hence, we find that the local interactions and structure of the copolymer 
and the drug is correlated with the extent of the drug release, where 
their interactions decrease as higher amount of drug beads are released 
from the micelles. We also conclude that the extent of the drug release is 
influenced by the crowding of the simulation box by the copolymer 
chains. Finally, the ibuprofen release dynamics are studied and observed 
that the release can be represented by a pseudo-Fickian diffusion model 
as revealed by a fitting of the drug release rate to the Korsmeyer-Peppas 
release model. Moreover, an increase in the diffusion rate of drug beads 
is noted in the drug release simulations as compared to the drug 
encapsulation simulations. In all, our work stands out as a realistic 
computational procedure to study the copolymer concentration depen
dent morphologies, drug encapsulation and drug release from a partic
ular self-assembled copolymer micelle system, while bringing new 
insights on its molecular and micelle structure and their dependence on 
the drug encapsulation and release properties. Moreover, the compu
tational procedure presented in this paper can be considered as a tool to 
direct the design of prospective drug delivery micelles with the aim to 
increase in vivo circulation of the hydrophobic drugs. 
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