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Abstract

The Dissipative Particle Dynamics (DPD) simulation technique is a coarse-grained (CG) 

Molecular Dynamics-based approach that can effectively capture the hydrodynamics of complex 

systems while retaining essential information about the structural properties of the molecular 

species. An advantageous feature of DPD is that it utilizes soft repulsive interactions between the 

beads, which are CG representation of groups of atoms or molecules. In this study, we used the 

DPD simulation technique to study the aggregation characteristics of ABA triblock copolymers in 

aqueous medium. Pluronic® polymers (PEG-PPO-PEG) were modeled as two segments of 

hydrophilic beads and one segment of hydrophobic beads. Tyrosine-derived PEG5K-b-

oligo(desaminotyrosyl tyrosine octyl ester-suberate)-b-PEG5K (PEG5k-oligo(DTO-SA)-PEG5k) 

block copolymers possess alternate rigid and flexible components along the hydrophobic 

oligo(DTO-SA) chain, and were modeled as two segments of hydrophilic beads and one segment 

of hydrophobic, alternate soft and hard beads. The formation, structure, and morphology of the 

initial aggregation of the polymer molecules in aqueous medium were investigated by following 

the aggregation dynamics. The dimensions of the aggregates predicted by the computational 

approach were in good agreement with corresponding results from experiments, for the Pluronic® 

and PEG5k-oligo(DTO-SA)-PEG5k block copolymers. In addition, DPD simulations were utilized 

to determine the critical aggregation concentration (CAC), which was compared with 

corresponding results from an experimental approach. For Pluronic® polymers F68, F88, F108, 

and F127, the computational results agreed well with experimental measurements of the CAC 

measurements. For PEG5k-b-oligo(DTO-SA)-b-PEG5K block polymers, the complexity in 

polymer structure made it difficult to directly determine their CAC values via the CG scheme. 

Therefore, we determined CAC values of a series of triblock copolymers with 3 to 8 DTO-SA 
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units using DPD simulations, and used these results to predict the CAC values of triblock 

copolymers with higher molecular weights by extrapolation. In parallel, a PEG5K-b-oligo(DTO-

SA)-b-PEG5K block copolymer was synthesized and the CAC value was determined 

experimentally using the pyrene method. The experimental CAC value agreed well with the CAC 

value predicted by simulation. These results validate our CG models, and demonstrate an avenue 

to simulate and predict aggregation characteristics of ABA amphiphilic triblock copolymers with 

complex structures.
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INTRODUCTION

Nanotechnology enables the manipulation of matter on atomic, molecular, and 

supramolecular scales involving the design, characterization and application of materials, 

facilitating novel technological advances in the field of medicine (so called Nanomedicine).1 

Over the last few decades, different types of nanoparticles have been developed based on 

various components, including carbon, silica oxides, metal oxides, nanocrystals, lipids, 

polymers, dendrimers, and quantum dots, together with an increasing variety of newly 

developed materials.2 Amphiphilic block copolymers form nanoparticles with a core – shell 

architecture in an aqueous medium.3 These nanoparticles are promising drug delivery 

carriers, as the hydrophobic core serves as the reservoir for the incorporation of lipophilic 

drugs,4 and the hydrophilic shell (PEG) enables stable dispersion in an aqueous 

environment. The drug loading efficiency of the nanoparticles is governed by a number of 

critical parameters, particularly the chemical affinity of the loaded drug for the nanoparticle 

core.5 Amphiphilic copolymers can be designed to self-assemble with low critical 

aggregation concentration (CAC), thus, providing stable aqueous dispersions of lipophilic 

drugs by maintaining structural integrity and avoiding drug precipitation upon infinite 

dilution.6 This is highly important for the practical applications.7 There are various 

experimental methods for determination of CAC of polymers.8
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Computational methods encompassing implicit and explicit solvent approaches have been 

adopted to measure the CAC of block copolymers. A unique advantage of computational 

methods is the ability to determine CAC values of drug delivery systems based on a virtual 

library of numerous ABA block polymers. Computational prediction of the CAC requires a 

model that has been validated and refined to capture the chemistry of the polymer. Stochastic 

computational techniques such as the Monte Carlo method have been used to determine the 

CAC of a triblock copolymer using an implicit solvent CG model.9,10 Deterministic 

Molecular Dynamics (MD) and MD-based simulation techniques such as Brownian 

Dynamics and Dissipative Particle Dynamics (DPD) have also been used to calculate the 

CAC for specific and general diblock and triblock copolymers.10–11 We use a mesoscopic 

simulation technique entitled DPD,12 which bridges molecular properties to the continuum 

scales, and can capture the hydrodynamic behavior of the system over extended time scales 

to resolve dynamical processes underlying the formation via self-assembly and the structure 

of polymeric nanoparticles.

The comparison of CAC values of expansive libraries of ABA block copolymers between 

experimental and computational approaches is intractable. In this study, two ABA triblock 

copolymer systems were selected for model development, validation and prediction. One 

system is Pluronic®, i.e., poly(ethylene glycol)-b-poly(propylene oxide)-b-poly(ethylene 

glycol) (PEG-PPO-PEG) copolymers,13 and the other system is tyrosine-based PEG-

polyarylate-PEG copolymers, that represents a platform technology of nano-sized carriers 

for hydrophobic drug delivery.14 In particular, the polyarylate used in this study is made of 

oligo(desaminotyrosyltyrosine octyl ester-suberate) [oligo(DTO-SA)]. Coarse-grained 

models of the block copolymers were developed and used to study the characteristics of the 

self-assembly and the CAC of these polymeric systems in aqueous environment. In parallel, 

the CAC of the polymers were also determined experimentally using a well-established 

fluorescent pyrene probe method.8c The coarse-grained models were validated by comparing 

properties measured by computational and experimental approaches. The tyrosine-based 

ABA triblock copolymers are entitled tyropsheres.

METHODOLOGY

Materials:

Pluronic® F-68 (Kolliphor® P188), F-108, and F-127 were purchased from Sigma-Aldrich, 

and Pluronic® F88 was a gift from BASF. Dulbecco’s Phosphate Buffered Saline (PBS) and 

pyrene were purchased from Sigma-Aldrich.

A. Computational Methodology—DPD is a mesoscopic simulation technique that 

uses soft-sphere coarse-grained models to capture both the molecular details of the 

nanoscopic building blocks and their supramolecular organization while simultaneously 

resolving the hydrodynamics of the system over extended time scales.12,15 In order to 

capture the dynamics of the soft spheres, the DPD technique integrates Newton’s equation of 

motion via the use of similar numerical integrators as those applied in other deterministic 

particle-based simulation methods.12,16 The force acting on a soft sphere i due to its 

interactions with a neighboring soft sphere j (j ≠ i) has three components: a conservative 
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force, a dissipative force, and a random force; they operate within a certain cut-off distance 

rc from the reference particle i. These forces are pairwise additive and yield the total force 

acting on particle i, which is given by Fi = ∑ j ≠ i Fi j
C + Fi j

D + Fi j
R. The soft spheres interact via 

a soft-repulsive force Fi j
C = ai j 1 −

ri j
rc

r i j, for ri j < rc and Fi j
C = 0, for  ri j > rc , a dissipative 

force Fi j
D = − γωd ri j ri j . vi j r i j  and a random force Fi j

R = − σωr ri j θi jr i j , where ωd(r) = 

[wr(r)]2 = (1 − r)2 (for r < 1), ωd(r) = [wr(r)]2 = 0 (for r3 1) and σ2 = 2γkBT. aij is the 

maximum repulsion between spheres i and j, vij = vi − vj is the relative velocity of the two 

spheres, rij = ri − rj, rij = |ri − rj|, r i j = ri j/ri j, r = rij/rc , γ is the viscosity related parameter 

used in the simulations, σ is the noise amplitude, θij(t) is a randomly fluctuating variable 

from Gaussian statistics, ωd and ωr are the separation dependent weight functions which 

become zero at distances greater than or equal to the cutoff distance rc. Since the local linear 

and angular momentum is conserved by all of these three forces, even the small systems 

exhibit hydrodynamic behavior.12 The constraints imposed on the random and dissipative 

forces by certain relations ensure that the statistical mechanics of the system conforms to the 

canonical ensemble.12,16 The relation between the pair repulsion parameter aij and the Flory 

interaction parameter χ for a bead number density ρ = 3rc
−3 is given by χ = (0.286±0.002)

(aij − aii).12 The DPD simulations are run using the open source parallelized MD program 

entitled LAMMPS.17

The ABA triblock copolymer molecules are represented by the bead-spring model, as shown 

in Fig. 1. Two consecutive beads in a chain are connected via a bond that is described by the 

harmonic spring potential Ebond = Kbond ((r − b)/rc)2, where Kbond is the bond constant and b 
is the equilibrium bond length. The constants, Kbond and b are assigned values of 64ε and 

0.5rc, respectively.15a,18

The soft repulsive pair potential parameters for the hydrophilic and hydrophobic beads are 

selected to capture their amphiphilic nature. The interaction parameters between the like 

components, aij, are based on the property of water.12 The repulsion parameter between two 

beads of the same type is set at aij = 25 (measured in units of kbT/rc) which is based upon 

the compressibility of water at room temperature12 for a bead density of ρ = 3rc
−3. The soft 

repulsive interaction parameter aij between hydrophobic and hydrophilic beads is set at aij = 

100 kbT/rc, and is determined by using the Flory-Huggins interaction parameters, χ, as aij = 

aii + 3.496χ, for ρ = 3rc
−3.12

Model for tyrosine-based block copolymers:

Chemical structure of ABA triblock copolymer, PEG5k-b-oligo(DTO-SA)-b-PEG5k, is 

shown in Fig. 1(a).3a, 14a-e The A blocks are polyethylene glycol (PEG5k) and the B blocks 

are oligomers of desaminotyrosyl-tyrosine octyl ester (DTO) and suberic acid (SA). A 

coarse-grained model of a PEG5k-b-oligo(DTO-SA)-b-PEG5k polymer with approximately 

equal chain lengths of the hydrophobic and hydrophilic blocks was developed to study the 

initial aggregation. This copolymer encompasses 18 tyrosine-based DTO-SA units as the 

hydrophobic B block; each DTO-SA unit is represented by a pair of “rigid” (hard) and 
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“flexible” (soft) beads. We derive a flexible bead by coarse-graining the SA group together 

with the octyl ester group that is originally attached to tyrosine as an “R” group in an amino 

acid. The remaining DT group is coarse-grained into a rigid bead. This approach results in 

each bead having an equal molar mass, which is 290 g/mol. The assignment of rigid and 

flexible beads [see Fig. 1(a)] is based on the chain flexibility of the monomer components 

due to dissimilarity in their chemical structures. A flexible bead will have more favorable 

interactions with other flexible beads while a rigid bead will favor interactions with other 

rigid beads. This can be related to the theory proposed by Putzel and Schick,19 which 

suggests that the repulsive interaction between dissimilar lipid molecules (i.e., mixture of 

saturated and unsaturated lipid molecules) depends on the magnitude of the order parameter. 

The order parameter is a measure of the degree of order of the saturated lipid chains, in the 

theory. As the order parameter increases, the repulsive interactions between the saturated 

and unsaturated lipid molecules will increase, which results in phase segregation of 

multicomponent lipid membranes. The flexible and rigid units in our model are analogous to 

the saturated and unsaturated lipid molecules, with the increased soft repulsive interaction 

parameter between these units reflecting their degree of dissimilarity. The hydrophobic 

block is linked on either end with an A block comprised of 18 hydrophilic beads with the 

same molecular weight, as shown in Fig. 1(a). The soft repulsive interaction parameters 

between the hydrophilic (a), hydrophobic hard (b-h) and soft (b-s), and the solvent (s) beads 

are shown in Table 1. We would like to note that Groot et al.12 have provided a detailed 

discussion on the relationship between the Flory’s χ parameter and the DPD interaction 

parameters. The interaction parameters in our model have been based upon the model 

introduced by Groot et al. where the interaction parameters between similar species are 

given by aii= 75kBT/ρ. ρ is the bead density, which is 3 for this study. The interaction 

parameter between dissimilar species is given by aij = aii + 3.496χ. This relationship 

between the Flory’s χ parameter and the DPD interaction parameters will also hold for our 

model. For attractive interactions, χ will be negative and for repulsive interactions, χ will be 

positive. We choose a positive value for χ (for aij = 100) such that microscopic observables 

from our model are in good agreement with analogous experimental results. We would also 

like to note that we have not found significant differences in the aggregation characteristics 

for different values of the soft repulsive interaction parameter ab-sb-h.

Model for Pluronic® polymers:

The Pluronic® (PEG-PPO-PEG) polymers13 are modeled by ABA triblock copolymers that 

are made of segments of hydrophilic and hydrophobic beads, as shown in Fig. 1(b) . We 

examine four Pluronic® polymers, i.e., F68, F88, F108, and F127, which respectively have 

an average number of 152.7, 207.3, 265.5, and 200.5 ethylene oxide, and 29.0, 39.3, 50.2, 

and 65.2 propylene oxide units.13b We extend the bead-string model described above to 

develop a coarse-grained model for Pluronic®. As the inner PPO blocks encompass 

propylene oxide units only, they were simulated as identical hydrophobic beads. To ensure 

good comparison with tyrosine-derived polymers, the Pluronic® polymers are modeled as 2 

segments of hydrophilic beads, which are connected to a segment of hydrophobic beads. The 

molar mass of each bead corresponds to 290 g/mol as well (same as tyrosine-derived block 

copolymer). The B block for F68, F88, F108, and F127 comprises respectively of 6, 8, 11, 

and 13 hydrophobic beads, whereas the A block encompasses 12, 16, 22 and 15 hydrophilic 

Aydin et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



beads, respectively. The soft repulsive interaction parameters between the hydrophilic (a), 

hydrophobic (b) and the solvent (s) beads are shown in Table 1.

In our simulations, the respective characteristic length and energy scale are rc and kBT. As a 

result, our characteristic time scale can be described as τ = mrc
2/kBT. Finally, (σ = 3 and Δt 

= 0.02τ are used in the simulations along with the total bead number density of ρ = 3rc
−3 

and a dimensionless value of rc = 1.18 The mass of all the beads is set to unity.12,15,18,20

The characteristic length scale for our model was obtained through the comparison of 

experimental measurements of the radius of gyration of a PEG5K chain with corresponding 

measurements using simulations. Experimental measurements of the radius of gyration of 

PEG5K were found to be 3 nm.21 A CG model for a PEG5K chain was developed using the 

same scheme adopted earlier for the typosine-based and Pluronics polymers. The chain was 

immersed in a hydrophilic solvent and its radius of gyration was measured after the system 

had equilibrated. The radius of gyration was measured to be 1.4 rc. A comparison between 

the experimental and computational results for the radius of gyration yields the length scale 

for the model, which is given by rc = 2.2 nm. Using a temperature of 37 °C, the energy scale 

is calculated to be ε = kBT = 4.2×10−21 J. The mass of each bead m is assigned to be 290 g/

mol. The characteristic time scale for our model was derived by comparing an experimental 

measurement of the diffusion coefficient of a PEG5k chain in an infinitely dilute solution 

with a corresponding result obtained from our coarse-grained model, under the same 

condition. We measured the mean square displacement of the center of mass of the polymer 

chain and calculated the diffusion coefficient D by the following relation 

D =
r t0 + t − r t0

2

6t , which gives D = 0.061 rc
2/τ. Experimental easurements have found the 

diffusion coefficient for PEG5k in dilute solution to be given by 1.4 × 10−10 m2/s,22 which 

yields a time scale of τ = 2.1 ns.

B. Experimental Methodology

Synthesis of PEG5k-b-oligo(DTO-SA)-b-PEG5k and preparation of tyrospheres: PEG5k-

b-oligo(DTO-SA)-b-PEG5k triblock copolymer composed of hydrophilic PEG5k (M.W. 

5000 g/mol) blocks and a hydrophobic oligo(DTO-SA) segment was synthesized and 

characterized as previously reported.3a, 14c The degree of polymerization (DP) of 

oligo(DTO-SA) as determined by 1H-Nuclear Magnetic Resonance (1H-NMR) was 20.4. 

From this polymer, tyrospheres were prepared as previously reported.3a, 23

Determination of the diameter of the micelles by Small Angle X-ray Scattering 
(SAXS): Tyrospheres were dispersed in pH7.4 PBS buffer as described in our previous 

publications.14c The concentration of the polymer was prepared at a nominal concentration 

of 25 mg/mL. SAXS data were collected from the as-prepared samples as well as from 

samples diluted with PBS in the ratio 3:1, 1:1 and 1:3. The hydrodynamic diameters of the 

tyrospheres were measured by dynamic light scattering, DLS (DelsaNano S, Beckman 

Coulter Inc., NJ).3a X-ray diffraction measurements were carried out in the 5ID-D enclosure 

in the DND-CAT beam line at the Advance Photon Source, Argonne National Laboratory 

(Argonne, IL). X-ray beam (wave length, λ = 1.0332 Å) from a Si-(111) double crystal 
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monochromator was collimated with three sets of slits to about 0.2 x 0.2 mm. Small-angle x-

ray scattering (SAXS) were collected using 100 x 100 mm Roper camera placed at a 

distance of 2897 mm from the sample. The tyrosphere dispersions were loaded into 2 mm 

quartz x-ray capillaries for measurements. Three exposures, each for 2–20 s depending on 

the concentration, were taken and the data averaged. Scattering curve from the buffer was 

obtained and subtracted from that of the dispersion.

CAC measurement by pyrene probe method: The CAC of the ABA block copolymer 

dispersions (PEG5k-b-oligo(DTO-SA)-b-PEG5k and Pluronics®) was determined by a 

fluorescence technique using pyrene as a fluorescence probe.8c When pyrene molecules 

(final concentration 6x 10−6 M) transfer from a hydrophilic to a hydrophobic environment, 

such as the cores of micellar-like structures of PEG5k-b-oligo(DTO-SA)-b-PEG5k, the (0,0) 

band in the pyrene excitation spectrum shifts from 334.0–335.0 to 336.5–337.5 nm.8c This 

characteristic feature was utilized to determine the CAC of the ABA triblock copolymer 

systems.

Fluorescence measurements were carried out on a fluorospectrophotometer (Fluoro-Max2, 

Long Island Scientific) at room temperature. The pyrene excitation spectra (λ ex = 330 – 

340 nm) were monitored at λ em = 393nm. The excitation and emission slit widths were set 

at 0.5 and 2 nm, respectively; and the spectra were accumulated with an integration time of 

3s/nm.

RESULTS AND DISCUSSION

A. Structure and Dynamics of the Self-assembly of ABA Block Copolymers in Aqueous 
Medium

We examine the aggregation characteristics of the tyrosine-based PEG5k-b-oligo(DTO-SA)-

b-PEG5k polymer by studying its self-assembly in solution at a concentration above the 

experimental reported value of CAC.24 For the initial setup, we randomly distribute 504 

tyrosine-based PEG5k-b-oligo(DTO-SA)-b-PEG5k molecules and solvent beads in a 

simulation box of dimensions 60 rc x 60 rc x 60 rc, with periodic boundary conditions along 

the x-, y- and z-axes. The total number of beads in the simulation box is 648000. The 

unfavorable enthalpic interactions between the hydrophobic and hydrophilic entities drive 

the aggregation of the molecules to form small clusters that shield the hydrophobic beads 

from the hydrophilic solvent. A cluster is defined here to encompass 2–4 polymer molecules 

whose hydrophobic beads are within interaction range; however, the cluster does not possess 

a spherical core-corona structure. The small clusters diffuse, collide and coalesce in the 

solvent medium to grow in size to form micelles while simultaneously minimizing the total 

energy of the system, as shown in Fig. 2. We define micelles to be the equilibrium self-

assembled clusters that have a hydrophobic core and a hydrophilic corona (see Fig. 3). The 

dynamic aggregation process is visualized as animation in Supporting Information (SI) SI. 1. 

We run the self-assembly simulations for an interval of 50,000 τ until the total energy 

minimizes to attain an equilibrium value. The aggregation process is characterized through 

the structure of the aggregates and the aggregation dynamics.
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An examination of the structure of a micelle demonstrates the presence of a hydrophobic 

core surrounded by a hydrophilic corona.3a The triblock molecules bend at their 

hydrophobic block to assume a V-shape to accommodate into the hydrophobic region of the 

micelle, or the micellar core. The dynamic configuration of a single polymer strain in a 

micelle is shown in SI.2. To verify the shape of individual aggregated polymer molecules in 

a micelle, we measure the average distance between the center of mass (COM) and the mid-

point of the hydrophobic segments of the polymer chains, and compare the results with free 

polymers. We found the distance from the COM to mid-point for aggregated tyrosine-based 

polymers (1.7 ± 0.4 rc) is larger than that for free polymers (1.0 ± 0.3 rc), indicating 

polymers in micelles possess a V-conformation. The standard deviation is calculated based 

on deviations due to averaging over time and multiple molecules. Studies have shown the 

ratio of the hydrophobic to hydrophilic blocks and their relative arrangement to determine 

the morphology of the self-assembled structures.25 Control over the architecture of the block 

copolymers can yield the formation of micelles, polymerosomes, membranes and 

bicontinuous aggregates. The structure of the micelle is determined by factors responsible 

for minimizing the free energy of the system. We hypothesize that the bending energy 

penalty of the individual molecules is compensated by the favorable interactions of the 

hydrophilic blocks with the solvent. The favorable chain-solvent interactions will result in 

greater conformational entropy of the hydrophilic segments. Hence, the molecular 

architecture favors the formation of aggregates with large curvature. We characterize the 

structure of the micelles by measuring the dimensions of the hydrophobic core and the 

hydrophilic corona along with the interfacial area per molecule.

Our calculation shows that the micelles have a hydrophobic core with an average diameter of 

7.0 ± 0.7 rc. The dimension of the corona corresponds to the width of the region occupied by 

the hydrophilic A groups. Calculation of the end-to-end distance of the hydrophilic segments 

(as shown in Fig. 3) yields an average corona thickness of 4.0 ± 1.0 rc. The average end-to-

end distance of the hydrophilic segments is measured by using Cartesian coordinates of the 

particles as a function of time obtained from the simulations. This helps track the 

instantaneous changes in the positions of the particles so that any configuration of the 

hydrophilic segments during the simulation is taken into account in the measurement of the 

end-to-end distance. The standard deviation is calculated based on deviations due to 

averaging over time and multiple molecules. We compute the aggregation number (Nagg), 

which is given by the average number of polymer molecules in a single micelle. For the 

PEG5k-b-oligo(DTO-SA)-b-PEG5k suspension with 5.6 wt% of polymer, we report the 

micelles to have an average mass of 271440 g/mol with Nagg = 13. Combining the thickness 

of the corona and the size of the hydrophobic core, our simulations yield an average 

geometric diameter of 15.0 ± 2.0 rc. We also measure the interfacial area per molecule by 

dividing the surface area of the aggregate with the total number of polymer molecules 

present in the aggregate. The surface area is obtained by representing the aggregate as a 

sphere, as shown in Fig. 3. The interfacial area per molecule is found to be 40.0 ± 1.0 rc
2 by 

considering both corona and hydrophobic core, and 9.62 ± 0.07 rc
2 by only considering the 

hydrophobic core. We also conduct size measurements for micelles encompassing tyrosine-

based ABA copolymer with DP of the oligo(DTO-SA) group to be given by 4, 8 and 18, as 
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shown in Table 1. As expected, we observe the micellar core to increase in dimension with 

the DP.

To verify the size measurement by simulation method, we synthesized a PEG5k-oligo(DTO-

SA)-b-PEG5k block copolymer (DP of DTO-SA = 20.4) and prepared tyrospheres. The 

hydrodynamic diameter of the nanospheres determined from DLS was 68.5 nm at 16 mg/mL 

and 64.9 nm at 0.16 mg/mL. The geometric size of the spheres was determined from the 

SAXS data. The background subtracted data were used to obtain Guinier plots, Ln(I) vs. q2 

plots, where I is the scattered intensity and q is the scattering vector (= 4πsin(θ)/λ, 2θ is the 

scattering angle).26 Fig. 4 shows an example of the data. Similar plots were obtained from 

all the samples. Clearly, the plot shows two linear regions. These regions were used to obtain 

two radii of gyration (Rg) from the equation I(q) = I(0) exp(−q2 Rg
2/3) from the slopes of the 

Ln(I) vs. q2 curve. The average R2 of the fitted lines for the low- and the high-angle regions 

were respectively 0.997 and 0.971, indicating the nanospheres are highly monodisperse with 

regard to both the sizes. The Rg were used to obtain the diameters assuming spherical shape 

for the scattering particle (D=2*Rg*√(5/3)). The diameters calculated from both the slopes 

did not change significantly with dilution. The micellar diameter calculated from the slope 

of the low-angle region (2 < q2*104 Å−2< 8) was 33.24 ± 0.11 nm which is close to the 

micelle diameter of the polymer with DP = 18 (33 ± 6 nm, see Table 1) as determined from 

simulations. The micellar diameter is about half the hydrodynamic diameter showing that 

the hydration effects of PEG to extend beyond the corona. The core diameter calculated 

from the slope of the high-angle region (20 < q2*104 Å−2 < 60) was 9.4 ± 0.3 nm. The 

SAXS core diameter is determined by the difference in electron density between the core 

and the corona, and hence underestimates the actual diameter. It is possible that the 

distribution of the hydrophobic segments decreases from the center of the core towards the 

corona. Thus, the size of the core as defined by the hydrophobicity (impermeable to water) 

could be larger than that defined by the electron density.

We characterize the aggregation dynamics by computing the time evolution of the number of 

clusters and the size of the clusters,11a,12,27 as shown in Fig. 5. At early times (0 < t < 1340 

τ) during the aggregation process, we observe the polymer molecules to diffuse in the 

solvent medium, collide and coalesce to form small clusters. At later times (t > 1340 τ), the 

small clusters diffuse, collide and coalesce to form micelles. Our measurements show that 

the aggregation process slows down with the formation of small clusters on account of the 

hydrodynamic drag due to the favorable interactions of the A blocks with the solvent. An 

additional contribution arises from the stabilization of the cluster interface due to steric 

hindrance promoted by the hydrophilic chains. We would like to note that the time evolution 

of the aggregation characteristics reaches equilibrium during the interval of the simulation.

The time evolution of the aggregation dynamics can be used to compute the scaling 

exponent of the clustering process by using the following relation N(t) ~ C t−α, where N(t) is 

the number of clusters, C is a constant, t is time, and α is the scaling exponent. Similarly, the 

growth in the average size of a cluster can be characterized by using the following relation < 

S(t) > ~ D tβ, where < S(t) > is the average size of the clusters, D is a constant, and β is the 

scaling exponent. The dynamics of the clustering process is shown in Fig. 5. The average 

cluster size effectively provides the volume occupied by the non-solvent beads in a cluster as 
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the density in the system is constant. The average linear size of the cluster becomes R(t) ~ (< 

S(t) >)1/3 ~ (tβ)1/3 ~ t0.06. Based on the growth dynamics, we determine that α = −0.19 

± 0.01 and β = 0.19 ± 0.01. Previous studies show the growth dynamics of the clusters to be 

affected by the length of hydrophilic blocks in the molecule, which have favorable enthalpic 

interactions with the solvent.15a, 28 As a consequence, molecules with longer hydrophilic 

groups have slower aggregation dynamics. The resulting decrease in the magnitude of the 

scaling exponents with the length of hydrophilic blocks as reported in previous studies15a, 28 

supports our findings. We would like to note that the scaling exponents have been calculated 

based upon particle trajectories from four simulations with identical initial particle spatial 

configurations but different initial particle velocities.

We use an identical protocol to the one adopted for the PEG5k-b-oligo(DTO-SA)-b-PEG5k 

triblock copolymer to examine the self-assembly of Pluronic® F127. We use a simulation 

box of dimensions 60 rc x 60 rc x 60 rc with 504 molecules (5.6 wt%) randomly dispersed 

along with the solvent beads. We allow the self-assembly process to run for a time interval 

of 50,000τ which is very similar to that observed for the PEG5k-b-oligo(DTO-SA)-b-PEG5k 

triblock copolymer, as shown in Fig. 6. The aggregation process for Pluronic® F127 is also 

visualized as animation in Supporting Information (SI) SI.3. The time evolution of the 

aggregation dynamics of Pluronic® F127 is shown in Fig. 7. We determined the aggregation 

dynamics scaling exponent to be α = −0.18 ± 0.03 and β = 0.18 ± 0.03. We note that 

experimental measurements of the average hydrophobic core sizes of Pluronic® F127 

micelles (in aqueous solution) report values of 6.0 nm and 10.8 nm, respectively for 5 wt% 

and 10 wt% of polymer.29 Simulations examining micelle core sizes for systems with 5 wt% 

and 10 wt% of the F127 polymer, report diameters of 3.6 ±0.8 rc and 4.0 ± 0.6 rc, 

respectively (corresponding to 8.0 ± 2.0 nm and 9.0 ± 1.0 nm). Clearly, the micelle core size 

values determined from simulations agreed well with experimental data as reported in 

literature. These results demonstrate the coarse-grained model to capture both structural and 

dynamical characteristics of Pluronic® ABA copolymers.

B. CAC of ABA Block Copolymers in Aqueous Medium: Prediction of CAC and Validation 
of Coarse-Grained Model Using Pyrene Probe Method

CAC of a polymeric self-assembling system reflects the lowest polymer concentration that 

generates aggregates. CAC is the key parameter for clinical application of nano-sized drug 

carriers, since it determines whether the drug carriers will be stable or dissociate in vivo 
when diluted upon injection. CAC of self-assembled systems can be determined via 

experimental methods such as static light scattering, pyrene method, and surface tension 

measurement.8 It is noted in literature that for the same drug delivery system, CAC values 

determined by different methods can vary by factors of 3 – 10.30 CAC values can also be 

determined through computational approaches.11b, 27b, 31 A unique advantage of the 

computational route is the ability to determine CAC values of drug delivery systems based 

on a virtual library of numerous ABA block polymers. This has a distinct advantage (in 

comparison to corresponding results from the experimental approach) of being more cost 

and time effective. However, computational prediction of the CAC requires a model that has 

been validated and refined to capture the chemistry of the polymer. Hence, we will use the 

model to predict the CAC for Pluronic® polymers F68, F88, F108, and F127, and the 
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PEG5k-b-oligo(DTO-SA)-b-PEG5k polymer. The comparison between predicted and 

experimentally determined values of CAC for these polymers will validate the model and the 

coarse-graining scheme.

Via the DPD simulation technique, CAC values for Pluronic® polymers F68, F88, F108, and 

F127 were determined by randomly placing a given number of polymer molecules along 

with solvent beads in a simulation box. Each simulation was run for a fixed time interval 

spanning 20,000 τ. If a given polymer concentration demonstrates aggregation, we reduce 

the concentration, rerun the simulation and test for aggregation. We repeat this process until 

we reach a concentration at which we just begin to observe aggregation. The corresponding 

concentration is called the CAC. We compared CAC values obtained using the coarse-

grained models for these polymers with corresponding experimental measurements by the 

pyrene method, as reported in Table 2. The computational and experimental CAC values are 

in excellent agreement: the experimental values are about 1.3 to 3.2 fold of the values 

determined by simulation. Moreover, the CAC values of Pluronics® have been well reported 

in literature,32 and are in good agreement with our experimental and simulation results (see 

Table 2). These results demonstrate the proof-of-concept for the combined computational-

experimental approach to predict aggregation characteristics of ABA block copolymers.

We would like to note that the agreement between CAC values obtained using computational 

and experimental approaches significantly improves for Pluronics ABA triblock copolymers 

with lower CAC values. The CAC value of a polymer is determined by the lengths of its 

hydrophilic A and hydrophobic B blocks. The unfavorable enthalpic interactions between 

the hydrophobic B blocks and the hydrophilic solvent drive the aggregation of the polymer 

chains. However, the solubility, conformational entropy and steric hindrance of the 

hydrophilic A blocks along with the configurational entropy of the polymer chains counters 

the aggregation process. The assembly arising from the minimization of the system free 

energy will occur when the unfavorable enthalpic interactions between hydrophilic and 

hydrophobic components outweighs the other factors. We surmise that our Pluronics model 

is highly effective in capturing the unfavorable enthalpic interactions between the 

hydrophobic B blocks and the hydrophilic solvent. Hence, we are able to reproduce the CAC 

values of polymers with large hydrophobic B blocks with a fair degree of accuracy. For 

polymers with high CAC, the conformational entropy and steric hindrance of the A blocks 

outweighs the unfavorable enthalpic interactions between the hydrophobic B block and the 

hydrophilic solvent; hence, the incipience of aggregation for these polymers occurs at higher 

concentrations. Our current model for Pluronics needs further refinement to be able to 

capture the effects of steric hindrance and conformational entropy of the A blocks in 

Pluronics ABA triblock copolymers with high CAC.

We assessed whether the coarse-grained model was able to accurately capture the CAC 

values for a more complex block copolymer such as PEG5k-b-oligo(DTO-SA)-b-PEG5k. It is 

computationally prohibitively expensive to determine the CAC of PEG5k-b-oligo(DTO-SA)-

b-PEG5k with a high molecular weight and hence, long hydrophobic B block. Therefore, we 

adopt an alternate approach introduced by an earlier study to predict the CAC value for a 

diblock polymer with a relatively long hydrophobic block. This method used CAC 

measurements for a series of diblock polymers with shorter hydrophobic blocks while 
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maintaining constant the length of the hydrophilic block to extrapolate the CAC value of the 

diblock with the desired length of the hydrophobic block.33 To simplify the computation, a 

series of tyrosine-derived polymers with fixed hydrophilic chain length (M.W. of PEG5k = 

5000 g/mol) and variable hydrophobic segment length of chemical structure DTO-SA were 

used. We construct five different tyrosine-based polyarylate-PEG5k polymers with the same 

length of the PEG block (5000 g/mol) as in the original model (18 hydrophilic beads per 

PEG5k segment, as shown in Fig. 1a), but with 3, 4, 5, 6 and 8 pairs of hard and soft 

hydrophobic beads. The CAC values for these five different tyrosine-based polyarylate-

PEG5k polymers is determined using the simulation protocol detailed earlier, and are used to 

predict the CAC corresponding to a tyrosine-based polyarylate-PEG5k polymer with the 

same length of the PEG block (5000 g/mol) but with 18 pairs of hard and soft beads (DP ~ 

20). In parallel, a tyrosine-derived polymer with DP value of 20.4 was synthesized and its 

CAC value was determined via the pyrene method.8c The computational and experimental 

data are in good agreement with each other: the experimentally determined CAC value for 

PEG5k-b-oligo(DTO-SA)-b-PEG5k copolymer is close to the corresponding computational 

measurement (see Fig. 8). This result validates the model and demonstrates its potential to 

predict aggregation characteristics of the tyrosine-based copolymers.

CONCLUSIONS

In this study, we proposed a coarse-grained model for ABA tri-block copolymers including 

Pluronics® and PEG5k-b-oligo(DTO-SA)-b-PEG5k. We investigated the aggregation 

dynamics for both Pluronics® and PEG5k-b-oligo(DTO-SA)-b-PEG5k during the self-

assembly process. In the early stages of the self-assembly process, the polymer molecules 

formed small clusters via diffusion, collision and coalescence. The small clusters collided 

and coalesced further to form polymer micelles in the later stages. The morphology of 

micelles was determined to be core-corona structures with individual polymers bending into 

V-shape to form hydrophobic core and hydrophilic corona. Size measurements on the 

micelle core and corona were conducted for PEG5k-b-oligo(DTO-SA)-b-PEG5k with DP 

=18, and for Pluronic® F127, and were found to be in good agreement with corresponding 

results obtained via experiments.

The model is also used to determine the CAC values of Pluronics® and PEG5k-b-

oligo(DTO-SA)-b-PEG5k micelles. Our simulation results for the CAC for Pluronics® and 

PEG5k-b-oligo(DTO-SA)-b-PEG5k are found to be in a reasonably good agreement with the 

experimental measurements. These results demonstrated experimental validation of our 

computational model and method on the self-assembly of ABA copolymers.

Our results can be used to determine structural and dynamical properties of polymer based 

drug delivery systems and build a virtual library of numerous ABA block polymers. These 

libraries can be utilized to optimize the design of drug delivery systems by simulating the 

interactions between ABA block copolymers and various drug molecules, and predict their 

drug encapsulation and release features.
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Glossary of abbreviations:

CAC:
Critical Aggregation Concentration

CG:
Coarse-grained

DLS:
dynamic light scattering

DP:
degree of polymerization

DPD:
Dissipative Particle Dynamics

DTO:
Desaminotyrosyl-tyrosine octyl ester

EO:
Ethylene oxide

MD:
Molecular Dynamics

M.W.:
Molecular Weight

NMR:
Nuclear Magnetic Resonance

PBS:
Phosphate Buffered Saline
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PEG:
Poly(ethylene glycol)

PEG5k:
Poly(ethylene glycol), molecular weight = 5000 g/mol

PEG5K-b-oligo(DTO-SA)-b-PEG5K:
PEG5K-b-oligo(desaminotyrosyl-tyrosine octyl ester-suberate)-b-PEG5K

PO:
Propylene oxide

PPO:
Poly(propylene oxide)

SA:
Suberic acid

SAXS:
Small Angle X-ray Scattering

Tyrosphere(s):
Tyrosine-derived nanosphere(s)
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Figure 1: 
Schematics of coarse-graining (a) PEG5k-b-oligo(DTO-SA)-b-PEG5k, and (b) Pluronic® 

block polymers, (a) For PEG5K-b-oligo(DTO-SA)-b-PEG5K, the hydrophilic PEG5K 

moieties on each end of the polymer are modeled with 18 beads (blue). The group in dashed 

line is nonrepeated conjunct group which only affects one coarse-graining site. Each 

repeating unit (DTO-SA) in the hydrophobic B block is divided into a hard section 

(desaminotyrosyl tyrosine) and a soft section (suberic acid and pendent octyl chain), which 

are respectively coarse-grained into red and green beads. The entire B block is modeled with 

18 pairs of hard (red) and soft (green) beads, (b) Pluronic® F68 has A blocks that 

encompass 12 hydrophilic beads (magenta), each corresponding to roughly 6.6 EO units, 

and a B block that includes 6 hydrophobic beads (yellow), each corresponding to 5 PO units. 

The molar mass of each bead is 290 g/mol.
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Figure 2: 
(a) Initial system configuration (t = 0 τ) with 504 copolymers arranged so that there is no 

intermolecular interaction between any two individual molecules, simulation box size is 60rc 

× 60rc × 60rc. (b) System snapshot at t = 20 τ, when polymers starts to form small clusters, 

(c) A single cluster of two polymer molecules captured among many clusters formed at t = 

20 τ, (d) Snapshot of the system t = 50,000 τ. (e) Magnified image of a single micelle in the 

system, (f) An individual polymer molecule in a micelle bends into V-shape structure.
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Figure 3: 
Core-corona structure of a micelle obtained in the system with 504 copolymers as shown in 

Fig. 2. Size of hydrophobic core (black circle) is evaluated by measuring distance from 

center of mass (COM) of a micelle to the end beads of hydrophobic segment averaged over 

all “hydrophobic segments”. Corona is measured by calculating end-to-end distance of 

hydrophilic segment averaged over all “hydrophilic segments”.
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Figure 4: 
Guinier plot of SAXS data. Dashed lines are the separate fits to the low- and high-angle 

region of the raw data using the Guinier equation (I(q) = I(0) exp(−q2Rg
2/3)).
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Figure 5: 
Time evolution of (a) the number of clusters and (b) the average cluster size (that is, number 

of molecules) for a system with 504 copolymers as shown in Figure 2. The inset in panel (a) 

shows the numbers of clusters from time 0 to 5τ.
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Figure 6: 
(a) Initial system configuration (t = 0 τ) with 504 Pluronic® F127 arranged so that there is 

no intermolecular interaction between any two individual molecules. The simulation box 

size is 60rc × 60rc × 60rc. (b) System snapshot at t = 800 τ, when polymers starts to form 

small clusters, (c) A single cluster of three polymer molecules captured among many 

clusters formed at t = 800 τ, (d) Snapshot of the system at t = 50,000 τ. (e) Magnified image 

of a single micelle in the system, (f) An individual polymer molecule in a micelle bends into 

V-shape structure.

Aydin et al. Page 22

J Phys Chem B. Author manuscript; available in PMC 2019 August 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7: 
Time evolution of (a) the number of clusters and (b) the average cluster size (that is, number 

of molecules) for a system with 504 Pluronic® F127 copolymers, as shown in Fig. 6. The 

inset in panel (a) shows the numbers of clusters from time 0 to 5τ.
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Figure 8: 
Comparison of the simulated and experimentally determined CAC values of tyrospheres 

made of polymers with various DP of hydrophobic segment.
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Table 1:

The soft repulsive interaction parameters for the coarse-grained PEG5k-b-oligo(DTO-SA)-b-PEG5k and 

Pluronic®.

aij
Tyrosene based polymer

Hydrophilic bead Hydrophobic hard bead Hydrophobic soft bead Solvent

Hydrophilic bead 25 100 100 25

Hydrophobic hard bead 100 25 55 100

Hydrophobic soft bead 100 55 25 100

Solvent 25 100 100 25

aij
Pluronics

Hydrophilic Bead Hydrophobic bead Solvent

Hydrophilic Bead 25 100 25

Hydrophobic bead 100 25 100

Solvent 25 100 25
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Table 2:

Dimension measurements for micelles encompassing tyrosine-based ABA copolymers with DP of 4, 8 and 18.

DP Corona thickness (nm) Core diameter (nm) Micelle diameter (nm)

4 8.1 ± 0.7 7.9 ± 0.4 24 ± 2

8 8.1 ± 0.7 9.1 ± 0.9 25 ± 3

18 8.8 ± 2.2 15.4 ± 1.5 33 ± 6
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Table 3:

The comparison of CAC values of Pluronic® copolymers F68, F88, F108, and F127 obtained from simulation 

and from experiments (pyrene method). The simulations have been run for a time interval of 20,000τ and each 

data point has been averaged over results from four independent simulations.

Pluronic EO unit
(x)

PO Unit
(y)

Assignment of EO and PO beads for simulation
(EO-PO-EO)

CAC(g/L)

Simulation
(at 37 °C)

Experiment
(at 37 °C)

Literature

F68 76.4 29.0 12 – 6 – 12 0.3 ± 0.1 0.44 1 at 20 °C31

F88 103.6 39.3 16 – 8 – 16 0.4 ± 0.1 1.29 6 at 40 °C31

F108 132.7 50.3 22 – 11 – 22 0.25 ± 0.04 0.33 0.4 at 40 °C31

F127 100.3 65.1 15 – 13 – 15 0.04 ± 0.01 0.05 0.08 at 40 °C31
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