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ABSTRACT: This study focuses on the solvent effects that promote
preferred solvated structures of polylactic-co-glycolic acid (PLGA)
oligomers of molecular weight 278, 668, and 1449 u in ethyl acetate,
water, and a mixture of both solvents. Our methodology consists of all-
atom, explicit solvent molecular dynamics simulations for inspection of
the solvated oligomer structures at ambient conditions. Parameters for
the generalized Amber force field are developed in this work for the
ethyl acetate liquid and the PLGA oligomers. Energetics, oligomer
radius of gyration, end-to-end distance, orientational order parameter,
flexibility coefficient, and backbone dihedral angles are reported along
with a size scaling property yielding a power law for PLGA oligomers in
each of the three solvents considered. It is found that the PLGA
oligomer has two characteristic states identified by a set of extended
structures and a set of collapsed structures, the former being
energetically preferred in ethyl acetate and its mixture with water. The two types of PLGA structures occur in the three
solvents and although they flip from one to the other in a sporadic fashion, in ethyl acetate, the extended structures may persist
for more than 20 ns. The collapsed structures are significantly more frequent in water, occurring seldom in the mixed ethyl
acetate−water solvent. PLGA is a biodegradable polymer approved for use in pharmaceutical and biomedical applications.
Insights provided therein are of importance for the polymer aggregation process and its glassy state in condensed phases.

1. INTRODUCTION

Interest in biodegradable polymers for medicinal applications
and in polymers from renewable resources is a major focus in the
search for novel well-defined macromolecular nanoparticles.
Polymeric nanoparticles formed from polylactic-co-glycolic acid
(PLGA) constitute a vast class of soft matter nanostructures of
exceptional technological significance for drug delivery and
tissue engineering applications.1 PLGA is soluble in ethyl acetate
(EA), the organic solvent commonly used for the fabrication of
nanoparticles.2,3 On the other hand, PLGA undergoes
hydrolysis in water by degrading into oligomers of various
sizes.2,4 Oligomers of PLGA are also synthesized at specific
molecular weights in applications such as the manufacture of
tablets and pellets where drugs are added to molten oligomeric
PLGA and solidified later.5 However, the molecular solvation
and thermodynamic character of specific polymer oligomers in
these macrostructures remain basically unknown.
There are only a few molecular-scale studies of monodisperse

dimers, tetramers, and larger oligomers of lactides and
glycolides,6,7 but none for their PLGA copolymer. Although
the solvated behavior of oligomers is important for under-
standing the formation mechanism of PLGA nano and
microparticles, the field has remained mostly empirical.8,9

Molecular-scale simulation techniques are promising method-
ologies as a way forward for designing nanoscale drug delivery

systems.10,11 Among them, molecular dynamics (MD) ap-
proaches are powerful tools for predicting and inspecting
structural, thermal, and physical properties such as the polymer
glass transition temperature Tg of polymers at the molecular
scale.10 Therefore, a detailed study of short PLGA oligomers
from an all-atom perspective in relevant solvent media is
currently due.
In fact, analysis of PLGA oligomeric nanostructures stabilized

by solvents entails an unprecedented opportunity for impacting
materials design and simultaneously contributes to the
fundamental understanding of the solvent effects on the
structure of solvated polymer chains. The focus of this paper
is on analyzing the effect that three solvents, EA, water, and their
mixture, have on the energetics, structure, and thermodynamic
properties of 50:50 PLGA oligomers via all-atom MD
simulations in an explicit solvent. We analyze three PLGA
sizes with molecular weights of 278, 668, and 1449 u. We find
that two prototypical oligomer structures occur during the
simulation time. One structure is elongated with kinks and
twists, and the other has a bent, collapsed shape. The collapsed
structures occur more frequently when the oligomers are in
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water, and the extended structure forms more frequently when
the oligomers are in EA, showing that a preferential compact
shape is favored in the polar solvent. However, oligomers in the
EA−water mixed solvent get trapped with mostly extended
structures at the interface of the liquid−liquid phase-separated
EA−water mixed solvent. This classification is of particular
interest for the determination of PLGA oligomers produced
when the polymer is dissolving in EA or when hydrolyzing in
water. Additionally, the local structure of oligomers impacts Tg
and the structure of asymmetric nanoparticles.9

This manuscript is organized as follows. Section 2 provides a
description of the MD parameters and force field used. Sections
3−5 present the energetics, structure, and properties found for
the PLGA oligomers solvated in EA, water, and the mixture of
both solvents, respectively. These sections present analyses of
the PLGA structure with respect to system size across tens of
nanoseconds of dynamic evolution. Section 6 provides a
discussion comparing the effects of the solvent local environ-
ment around the PLGA oligomers. Section 7 concludes this
work. The Supporting Information contains the generalized
Amber force field (GAFF) new parameters and provides a
collection of plots with the time dependency of the PLGA
calculated properties.

2. METHODS

Here, we have considered three molecular weights of PLGA50:50
as the solute in three molecular solvents, EA, water, and their
mixture. PLGA50:50 is widely used and is well-studied
experimentally.12,13 In PLGA50:50, the number of lactic acid
monomers is equal to the number of glycolic acid monomers.
Lactic acid has two stereoisomers, L- and D-, that differ on the
asymmetric α-carbon. The polymer matrix of PLGA50:50 is
amorphous14 and displays a random distribution of L- and D-
lactic acid enantiomers,13 with physicochemical properties
approximately identical independently of the enantiomer
relative concentration.15 The smallest oligomer considered is
4-PLGA with four monomers, has chemical formula C10H14O9,
and molecular weight 278.2 u. The two larger oligomers
considered are 10-PLGA including 10 monomers (C25H32O21)

with molecular weight 668.5 u and 22-PLGA having 22
monomers (C55H68O45) with molecular weight 1449.101 u.
For these larger oligomers, three different lactic/glycolic isomers
of randomized sequences are considered as described in Table 1.
Force field parameters for the EA molecules and the PLGA

oligomers are developed using the AmberTools1616 utilities and
the all-atom GAFF with the Morse potential for the bond terms.
Two sets of charges are calculated, the AM1-BCC additive bond
charge corrections17,18 intrinsic to the AMBER16 tools and the
restrained electrostatic potential (RESP) charge scheme based
on the Merz−Singh−Kollman population19,20 calculated
separately at the B3LYP 6-31G* density functional theory via
Gaussian 09.21 PLGA oligomers are zwitterions sustaining a
localized charge of about −0.19 e on the L end-monomer and
+0.19 e on the G end-monomer. The TIP3P22 and SPC/E23

models are used for water simulations. MD simulations are
performed with the GROMACS 2018.2 package24 in double
precision. Topology files with the GAFF parameters with RESP
charges are provided in the Supporting Information.
While there are extensive simulations on water as a solvent,

this is not the case for EA. Thus, a preliminary MD study of this
liquid is undertaken for the pure EA system as described in
Section 3 for several of its properties. Each solute/solvent system
has a 1.36% concentration by mass of PLGA in the respective
solvent. In water, the 4-, 10-, and 22-PLGA oligomers are
solvated with the same 1.36% concentration by mass. The third
case is a mixed EA−water solvent with relative concentration by
mass of 38:62 (1:1.63), such that the PLGA overall
concentration by mass is 0.96% for 10- and 22-PLGA and
1.02% for 4-PLGA.
Two simulation stages are performed for each system. The

first stage involves conducting NPTMD of the solute in explicit
solvents for equilibrating the system to the desired thermody-
namic state with the Berendsen thermostat and barostat. A time
step of 1 fs, periodic boundary conditions (PBC), and cutoff
radii of 1.4 nm are used throughout along 20 ns of equilibration,
which ensured fluctuations in the density of 3−5 kg/m3. Ewald
sums are used in all calculations for the long-range electrostatics
within the particle mesh implementation (PME). The second

Table 1. PLGA50:50 Sequence of Lactic/Glycolic Acids of the Oligomers Studied in This Work Showing the RandomDistribution
of Their Monomer Typesa

oligomer model sequence ratio L-:D- mass (u) no. of atoms

22-PLGA A LGLGGDLGGDGGLGLDLGLGLG 8:3 1449.1 168
22-PLGA B LGLGLDLDGGLDGGGGGDGDLG 6:5 1449.1 168
22-PLGA C LGGGGDGGLGLDLDLGLDGGLG 7:4 1449.1 168
10-PLGA I LGLDGDLGGG 3:2 668.5 78
10-PLGA J LGGDGDLGLG 3:2 668.5 78
10-PLGA K LGGDLDGDGG 2:3 668.5 78
4-PLGA LDGG 1:1 278.2 33

aThe L- and D-lactic acid enantiomers are referred as L and D, respectively. The glycolic acid monomers are referred as G.

Table 2. Structural Properties of the Extended Initial PLGA Oligomers

Oligomer Rg (nm) Rhyd (nm) Ree (nm) Z CR IA (u·nm2) IB/IA IC/IA

22-PLGA model A 2.3 2.3 7.8 0.95 45 25.3 300.0 300.3
22-PLGA model B 2.3 2.3 7.8 0.95 45 31.1 245.1 245.8
22-PLGA model C 2.2 2.3 7.8 0.94 45 28.9 255.1 255.2
10-PLGA model I 1.0 1.3 3.6 0.95 21 8.8 81.8 82.4
10-PLGA model J 1.1 1.4 3.6 0.95 21 8.9 83.4 84.0
10-PLGA model K 1.0 1.3 3.6 0.94 21 9.2 78.3 80.0
4-PLGA 0.5 0.8 1.4 0.93 8 3.5 15.0 15.5
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stage consists of productionNVE runs for each system of 40 ns at
its equilibrated density and temperature. During production,
configurations of the full system are saved for postanalysis
intended to capture the slow changes of several structural
characteristics of the solvated PLGA oligomers. Postanalysis of
the system energetics consists of calculating the total potential
energy of all molecules in the box for each saved configuration,
PEtotal, the potential energy of the PLGA oligomer without the
solvent, PEPLGA, and the potential energy of the solvent without
the PLGA oligomer, PEsolvent, such that an interaction energy Eint
between the solvent and solute is defined as Eint = PEtotal −
(PEsolvent + PEPLGA).
Several structural properties of the polymer are examined such

as the mass-weighted radius of gyration Rg
2 =∑i=1

N (ri − rcm)
2/N

and the hydrodynamic radius R r
N i

N
j i
N

ijhyd
1 1

1
1 1

2= ∑ ∑−
=

−
>

− ,

where ri is the position of atom i referred to the polymer center
of mass, rij is the distance between atoms i and j, and N is the
number of atoms in the oligomer. The orientation order
parameter describes how random are the orientation angles αi of
vectors connecting contiguous monomers with respect to the
oligomer director vector joining the polymer ends,25,26

Z cos
n i

n
i

3
2( 1) 1

1 2 1
2

α= ∑ −− =
− , where n is the number of

oligomer monomers. A fully stretched out oligomer has Z = 1,
while Z = 0 indicates random orientations with respect to the
director vector. A useful property for a polymer with Nbb bonds
in its backbone is the characteristic ratio CR between the mean

squared end-to-end distance R l li
N

j
N

i jee
2

1 1
bb bb⟨ ⟩ = ∑ ∑ ·= = and the

mean squared backbone bond length ⟨l2⟩, CR = ⟨Ree
2⟩/

(Nbb⟨l
2⟩).27

Other structural properties are the oligomer moments of
inertia along the molecular principal axes, which provide some
information of the molecular shape as the spherical top when the
three moments are equal, oblate symmetric top if IA > IB = IC, or
prolate symmetric top for IA < IB = IC. Diffusion coefficientsD of
the oligomers in various solvents and Ds the self-diffusion
coefficient of EA are derived from the Einstein relation and
corrected by DPBC due to the periodic boundary conditions
imposed to the system

D
t m n

t t Dr r
1
6

1 1
( ( ) ( ))

m

i

n

i i
1 1

2
PBC∑ ∑= − +

α
α

= = (1)

where ri(t) is the position of the ith monomer center of mass at
time t. Each NVE run is split into m time series, each series
starting from a reference position ri(tα) and their average is taken
as indicated in eq 1. The last term in eq 1 accounts for a

correction due to the periodic boundaries,28 D k T
LPBC 6

B= ξ
πη ,

where kB is Boltzmann’s constant, T is temperature, ξ =
2.837297, L is the computational box length, and η is the solvent
viscosity. The latter are taken from the experimental values ηwater
= 0.8937 mPa·s and ηEA = 0.441 mPa·s.29

As a reference for simulations described in the upcoming
sections, the initial values of the structural properties of the
extended PLGA oligomers are given in Table 2. Initially, the
oligomers are prolate symmetric tops.

3. PURE ETHYL ACETATE
Before solvating the PLGA oligomers in EA, we validate the
force field parameters for the liquid and compare simulation
results of the pure liquid EA with available experiments. The

agreement is very good, with a correlation coefficient of 0.85. A
pure EA system of 232 molecules was equilibrated at 298 K and
1.013 bar with NPTMD considering the two sets of charges for
the EA molecule, BCC and RESP. These simulations yielded
equilibrium densities of 923± 5 kg/m3 (BCC) and 907± 4 kg/
m3 (RESP) showing that the former is slightly above the
experimental value of 902 kg/m3.29 A further NVT production
run at that density and temperature yields a heat capacity at a
constant volume of 175 J/mol/K, in agreement with experi-
ments of 170 J/mol/K.30 In addition, fromNVE runs of 5 ns and
25 time origins, the self-diffusion coefficient Ds of eq 1 yields
values of (1.78 ± 0.01) × 10−5 cm2/s (BCC) and (1.96 ± 0.07)
× 10−5 cm2/s (RESP), including a PBC correction of 0.44 ×
10−5 cm2/s. The estimated value of Ds is in between the only
experimental value found in the literature of (2.77 ± 0.09) ×
10−5 cm2/s31 and the estimate of 1.19 × 10−5 cm2/s derived
from the Wilke−Chang empirical correlation32 for the Stokes
radius.33 Furthermore, a more fundamental validation of the
force field parameters is conducted from the NVE simulation by
selecting randomly 65 molecules and their GAFF potential
energy compared with binding energies calculated with density
functional theory at the B3YLP/6-311++G(d,p) level.21 The
agreement is very good, with a correlation coefficient of 0.85.
TheMD average potential energy per EAmolecule is−100.37

kJ/mol (BCC) and −324.54 kJ/mol (RESP). On average, the
radius of gyration of the EA molecules is 0.235 nm, Ree = 0.461
nm, Z = 0.77, and the molecular director vectors are distributed
randomly yielding a zero S order parameter as is characteristic in
a molecular liquid.34 The EA molecules are prolate almost
symmetric tops with moments of inertia along the principal axes
of 64 ± 6, 236 ± 17, and 277 ± 25 u Å2. Figure 1 illustrates the
radial distribution function (rdf) of the EA molecule centers of
mass showing that the first coordination shell in this liquid is
broad with distances between molecules ranging from 0.4 to
0.65 nm.
To the best of our knowledge, there is only one other

simulation of pure EA35 in which the GAFF force field was used
but with parameters different than the ones we have defined. As a
comparison, we run simulations with the Caleman et al.35

parameters under the same conditions as ours and obtained an
equilibrium density of 933 ± 9 kg/m3 and a constant volume
heat capacity of 164.5(0.2) J/mol/K, which are comparable to
our BCC results. However, their equilibrium density is
significantly higher than both the experimental value29 and

Figure 1. rdf of EA, at 298 K 923 kg/m3 (BCC, dashed line) and 907
kg/m3 (RESP, solid line). The plot depicts distances between centers of
mass of the EA molecules.
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our RESP results of 907 ± 4 kg/m3. Additionally, the reported
self-diffusion coefficient of (1.510 ± 0.001) × 10−5 cm2/s is
more discrepant from the experimental measurement31 and 15%
(BCC) or 23% (RESP) lower than the values obtained from our
GAFF parameters.

4. PLGA OLIGOMERS IN ETHYL ACETATE
The MD NPT simulations at 298 K and 1.013 bar of the various
PLGA oligomers solvated in EA yield an equilibrium density of

921 ± 3 kg/m3 (BCC) and 912 ± 3 kg/m3 (RESP), which are
acquired in computational boxes containing 1204, 557, and 232

EA molecules and one 22-, 10-, or 4-PLGA oligomer. Once
equilibrated, each of the systems is followed with MD-NVE for
at least 40 ns and configurations are recorded every 100 fs for
further analyses. Along this time evolution, the temperature
fluctuates slightly between 298 ± 2 K and the PLGA oligomers
lose their initial fully elongated conformation and become more
compact. For example, the Rg shrinks by more than half. The
initial prolate symmetric top shape given by the moments of
inertia persists, but the ratios IB/IA, IC/IA decrease by two and
one orders of magnitude for the 22-PLGA and 10-PLGA,
respectively, and by a factor of 4 for 4-PLGA. The oligomer end-
to-end distance Ree is smaller than its full polymer length and
displays very large fluctuations as an indication that the polymers
are flexible while in solution. In fact, the flexibility coefficient CR
decreases to values of about 6. The Z order parameter is very
small, indicating a fairly random sequence of orientations
between vectors joining contiguous monomers with respect to
the end-to-end orientation vector. Averages of these properties
coincide within the error for the BCC and RESP cases, as seen in
the Appendix Table A1. Concerning the energetics, the oligomer
potential energies are higher than the initial values while the
solute−solvent interaction energies Eint are negative indicating a
stabilizing environment for oligomers immersed in the EA
solvent. Both BCC and RESP cases result in similar Eint, with the
latter being about 7 kJ/mol lower. Averages of the energetics are
given in the Appendix, Table A1.
Solvated linear polymers display a power law between radius

of gyration and mass with a particular scaling exponent α for
each solvent27

R KMg W= α
(2)

whereMW is the mass of the polymer and K and α are constants.
For solvated polymers in a good solvent, the scaling exponent α
is expected to be 3/5, while polymers in poor solvents are
expected to have α = 1/3.36 Chains in a good solvent favor
interactions with the solvent over intramolecular interactions
and extend, while polymers collapse in a poor solvent and fill
densely the volume they occupy. Theoretically, the scaling
exponent α is known for several common molecular shapes,
including 1/3 for a sphere, 1/2 for a random coil, and 1 for an
extended rod.37 This scaling behavior is satisfied for the PLGA
oligomers, for both BCC and RESP cases, and Figure 2 shows
that EA is indeed a good solvent with α = 0.62 and
proportionality factor K = 0.01 nm/u0.62.
Calculated diffusion coefficients D of the PLGA oligomers in

EA are 0.51 ± 0.01, 0.61 ± 0.01, and 0.80 ± 0.02 × 10−5 cm2/s
(BCC) and 0.60 ± 0.01, 0.76 ± 0.01, and 0.94 ± 0.01 × 10−5

cm2/s (RESP) for 22-, 10-, and 4-PLGA, respectively. These
diffusion coefficients are obtained from averages of the oligomer
MSD across 200 ps strides split from the full NVE simulation
times for each oligomer size and include the correction for PBC.
As expected, the oligomer diffusion coefficients decrease as the
larger is the oligomer, and our predicted values are on the order
of the diffusion coefficients of similar polymers.38 Although the
PLGA oligomers are not spherical, the Stokes radius of an
equivalent sphere diffusing in the solvent can be calculated from
RStokes = kBT/(6πηEAD) using the D from the simulation and the
EA experimental viscosity. The resulting RStokes are 1.07, 0.90,
and 0.68 nm (BCC) and 0.92, 0.73, and 0.60 nm (RESP) for the
three oligomer sizes in decreasing order. The overall signature of
the diffusing polymers in the EA molecular liquid is that of
“effectively smaller objects” diffusing in a faster moving solvent
for the RESP model when compared to the BCC model.

Figure 2. Relationship between radius of gyration and molar mass of
the polymer as described by eq 2 for PLGA oligomers in EA. The
exponent is α = 0.62 and the proportionality coefficient is K = 0.01 nm/
u0.62. The error is 0.008.

Figure 3. Ratio of the radius of gyration to the hydrodynamic radius of
the PLGA oligomers in EA solution vs interaction energy per monomer
along the 40 ns MD NVE runs of the seven different oligomers
combined in one plot per size at 298 K. (a) BCC charges and (b) RESP
charges.
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It is known that the ratio between averages ⟨Rg
2⟩/⟨Ree

2⟩ = 1/6
is achieved when the polymer is randomly coiled.36 However,
the PLGA oligomers in EA acquire ratios spanning between 0.06
and 0.45, clearly indicating that these polymer chains are not
randomly coiled most of the time. Another popular ratio is Rg/
Rhyd = (3/5)1/2 ≈ 0.77, which corresponds to a solid sphere39,40

and is used for identifying globular proteins in solution. The
spherical shape is not the case for the PLGA oligomers either
because the three oligomer sizes display ratios mostly below 0.77
for their accessible states along the simulation time, as shown in
Figure 3. To be noted from this figure is that the small Rg/Rhyd
ratios have a higher polymer−solvent interaction energy than
the large ratios, which suggests that the solvent stabilizes better
those structures leading to high ratios. Considering Rhyd
calculated from distances between the polymer monomer
centers of mass instead than from atomic distances gives a
coarse grained overall view of the oligomers. Using the coarse

grained values, and taking into account the different oligomer
sizes, the related ratio RStokes/Rhyd ≈ 0.54−0.50 led us to define
two characteristic structures of the oligomers in the EA solution:
extended structures when Rg/Rhyd ≳ 0.54 and collapsed
structures when Rg/Rhyd ≲ 0.54. PLGA oligomers in EA most
frequently acquire the extended structures, with 89, 73, and 60%
appearances for the 22-, 10-, and 4-PLGA oligomers,
respectively. The shorter the oligomer, the more frequently
the structure undergoes a change. The extended structures of
22-PLGA may remain unchanged for as long as 20 ns while the
collapsed structure is kept for at most 1 ns. Table 3 gives the
structural properties of the PLGA oligomers once the structures
along the simulation are split into extended and collapsed,
showing clearly the important differences between them. The
moments of inertia present high fluctuations, indicating that
there is a diversity of possible rotations that the structure may
have either when extended or collapsed. On the other hand, the

Table 3. Property Averages of the PLGA Oligomers Extended and Collapsed Structures When Solvated in EAa

extended collapsed

property 22-PLGA 10-PLGA 4-PLGA 22-PLGA 10-PLGA 4-PLGA

Rg (nm) 1.2 ± 0.2 0.77 ± 0.07 0.43 ± 0.01 0.83 ± 0.06 0.60 ± 0.04 0.39 ± 0.02
Rhyd (nm) 1.8 ± 0.1 1.25 ± 0.04 0.80 ± 0.01 1.57 ± 0.08 1.14 ± 0.05 0.78 ± 0.02
Ree (nm) 2.9 ± 1.0 2.1 ± 0.5 1.1 ± 0.1 1.6 ± 0.5 1.0 ± 0.4 0.9 ± 0.2
Z 0.1 ± 0.1 0.2 ± 0.2 0.6 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 0.3 ± 0.2
IA/IA 1.0 ± 0.3 1.0 ± 0.3 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2 1.0 ± 0.2
IB/IA 4.1 ± 1.7 4.7 ± 1.2 5.7 ± 0.6 1.7 ± 0.3 2.0 ± 0.3 3.0 ± 0.5
IC/IA 4.7 ± 1.6 4.3 ± 1.0 6.1 ± 0.5 2.2 ± 0.3 2.6 ± 0.4 3.5 ± 0.4
PEBCC (kJ/mol) 62 ± 3 63 ± 3 71 ± 5 59 ± 3 61 ± 4 70 ± 5
PERESP (kJ/mol) 67 ± 6 79 ± 4 124 ± 5 63 ± 6 75 ± 5 123 ± 5
EintBCC (kJ/mol) −54 ± 3 −60 ± 3 −71 ± 5 −50 ± 4 −57 ± 4 −69 ± 5

EintRESP (kJ/mol) −47 ± 3 −54 ± 3 −69 ± 5 −42 ± 3 −49 ± 4 −68 ± 6
aAverages of structural properties are the same for the BCC and RESP charges. Energies are per monomer.

Figure 4. Left panes: Wireframe view of monomer centers of mass of PLGA oligomers in EA partitioned by collapsed and extended structures. The
number of displayed chains is proportional to their frequency in the simulation. Lactic acid monomers are depicted red and glycolic acidmonomers are
blue. Right pane: distribution of the dihedral angles in the partitioned structures; black lines correspond to the extended structures and gray lines to the
collapsed structures. The distribution of dihedral angles in TIP3P (shown) and SPC/E waters is basically the same.
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energetic properties are very similar between the two sets of
structures. The Supporting Information contains plots of the
time dependence of the PLGA properties.
Figure 4 illustrates schematically the extended and collapsed

structures. To visualize the change in the oligomer shape, other
quantities are relevant such as the distribution of dihedral angles
between every four contiguousmonomer centers of mass of each
oligomer, as shown in Figure 4 (right). This distribution shows
clear peaks at 120 and 180° across the three oligomer sizes,
which are attributed to extended chains (180°) and angular
turns (120° and lower angles) needed when the oligomer chain
bends into the collapsed structure. Interestingly and consistently
with Figure 4, 4-PLGA is the most extended prolate top.

5. PLGA OLIGOMERS IN WATER
The PLGA oligomers solvated in TIP3P and in SPC/E water
were NPT equilibrated at constant temperature and pressure of

298 K and 1.013 bar and reached equilibrium densities of 990±
2 kg/m3 and 1002 ± 2 kg/m3, respectively. These simulations
had computational boxes with 5908, 2729, and 1134 water
molecules and one 22-, 10-, and 4-PLGA oligomer, respectively.
The equilibrium density in TIP3P water is lower because pure
TIP3P water has a lower equilibrium density of 984 kg/m3 than
the 997 kg/m3 of SPC/E water.41,42 Next, the system was
simulated with NVE MD at the equilibrium density, which

maintained a temperature of 298 ± 1 K during production runs
of 40 ns for each one of the seven PLGA oligomers in water.
Configurations of the full system were recorded every 100 fs.
Across all structural properties, PLGA oligomers in both waters
have lower standard deviations than in EA, suggesting less
structural variety along the trajectories. Noticeably, the flexibility
coefficient CR is about half of that in EA, pointing out to an
enhanced chain flexibility as compared with the oligomer
behavior in EA. Indeed, averages of both Rg and Rhyd are very
similar to the values of the collapsed structures in EA, suggesting
that most of the time the polymer structure in water is collapsed.
While the oligomer potential energies are basically the same as
when solvated in EA, the interaction energy with the solvent of
the smaller oligomers has decreased, suggesting an enhanced
stabilization of collapsed structures by the surrounding water
molecules. Actual comparison of the structural and energetic
properties between the two water models and the two sets of
charges is provided in the Appendix table.
The calculated diffusion coefficientsD of the PLGA oligomers

in TIP3P water are 0.88 ± 0.01, 1.13 ± 0.01, and 1.29 ± 0.01 ×
10−5 cm2/s (BCC) and 0.88± 0.01, 1.14± 0.02, and 1.45± 0.41
× 10−5 cm2/s (RESP), for the 22-, 10-, and 4-PLGA,
respectively. As expected, because SPC/E water has a self
diffusion coefficient of 2.8 × 10−5 cm2/s that is about 50% lower
than the corresponding one of TIP3P water,42 the D of the
solvated oligomers are also lower than that in TIP3P water with
values 0.49 ± 0.01, 0.64 ± 0.01, and 0.86 ± 0.02 × 10−5 cm2/s
for the three oligomers with decreasing size and RESP charges.
These values include the PBC correction and are obtained as
MSD averages considering 200 time origins across 40 ns runs for
each of the seven oligomers. Our results are consistent with
experimental diffusion coefficients of similar polymers such as
lactic acid in aqueous solutions.43 Additionally, the 4-PLGA
diffusion coefficient compares well with simulations of similar
size oligomers in TIP3P water such as 4-monomer oligomers of
pure lactic acid (1.006 ± 0.032) × 10−5 cm2/s and of pure
glycolic acid (1.194 ± 0.062) × 10−5 cm2/s.38

The power law of eq 2 giving the scaling between radius of
gyration and mass is also satisfied for the PLGA oligomers in
either water, TIP3P, or SPC/E, yielding an exponent α = 0.40, a
proportionality coefficient K = 0.01 nm/u0.41, and error of
around 0.05. The exponent α is lower than that in the EA case,
indicating that the oligomer mass is filling almost in full the
volume it occupies. Therefore, water is a poor solvent for PLGA.
The range of oligomer states accessible in water and yielding

Rg/Rhyd ratios is depicted in Figure 5, which shows more states
with low than with high ratio. For example, the longer oligomer,
22-PLGA, lacks entirely the most extended structures. Using the
separating criterion between extended and collapsed oligomer
structures based on the ansatz Rg/Rhyd > or < 0.54−0.50 permits
calculation of properties for the two sets of structures. Indeed, in
the two water models, the collapsed structures are dramatically
favored for the three oligomer sizes with percentages at or about
91, 75, and 70% for the 22-, 10-, and 4-PLGA oligomers,
respectively. The collapsed structures persist for periods as long
as 7 ns, while the extended structures remain stable over less
than 1 ns. To be noted is that 22-PLGA model B has a
particularly different behavior, with collapsed structures
remaining only about 4 ns and changing frequently to the
extended structures. For the two water models, the overall
property averages of the two sets of structures are almost
identical to those reported for the EA case in Table 3, with the
exception of the polymer−solvent interaction energies that yield

Figure 5. Ratio of the radius of gyration to the hydrodynamic radius of
the PLGA oligomers in water solution vs interaction energy per
monomer along the 40 ns MDNVE runs at 298 K of the seven different
oligomers with RESP charges combined in one plot per size. Top:
TIP3P, bottom: SPC/E.
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up to about 10 kJ/mol additional solvent stabilization of the
molecular structure in 10- and 4-PLGA. The Appendix Table A1
includes these averaged properties. Plots of the time dependency
of the calculated PLGA properties for the various polymer
models and sizes solvated in the two waters (TIP3P and SPC/E)
are included in the Supporting Information. Figure 6 provides
visualization of the extended and collapsed structures in water.
To the left in this figure, the distribution of dihedral angles
acquired along the simulation is depicted showing the dramatic
predominance of angles below 120° in contrast with the
distributions in the EA case of Figure 4. The distribution of
oligomers dihedral angles is basically identical for the two water
models.

6. PLGA OLIGOMERS IN MIXED EA−WATER SOLVENT

The third system studied is a 1:1.643 solvent mixture of EA−
water. This solvent mixture has been used experimentally for the
production of asymmetric PLGA nanoparticles.9 The initial
computational box is generated by randomly placing either EA
or water molecules in a cubic lattice with the PLGA chain placed
at the center. The systems are equilibrated withNPTMDduring
20 ns at 298.15 K and 1.01325 bar, yielding an equilibrium
density of 961± 3 kg/m3 with TIP3P water and 1002± 3 kg/m3

with SPC/E water. These systems were composed of 603/5454,
279/2519, and 116/932 EA/water molecules with one 22-, 10-,
and 4-PLGA solute, respectively. At equilibrium, the two liquids
phase-separate as expected because EA is only 0.064 kg/L
soluble in water at 298.15 K.44

In general, the PLGA properties are in-between those of the
oligomers solvated in EA and in either one of the two water
models. However, the solvated oligomers in these mixed
solvents have interaction energies with the solvent similar to
those solvated in the corresponding water. Averaged values of
the structural properties are provided in the Appendix table for

BCC or RESP charge cases and for TIP3P water and SPC/E
water. While PLGA oligomers prefer extended structures in EA
and collapsed structures in water, PLGA oligomers in the mixed
solvent alternates between both structures more evenly. The
range of accessed structures are depicted in Figure 7 through the
ratio between the gyration and hydrodynamic radii.
The separation between extended and collapsed structures

based on the proposed ansatz yields 56, 59, and 58% of extended
structures with BCC charges in EA-TIP3P water and 67, 64, and
63% with RESP charges for the 22-, 10-, and 4-PLGA,
respectively. Meanwhile, in EA-SPC/E, the percentages of
extended structures with RESP charges are 71, 63, and 65%. As
expected, the average properties of the two sets of structures are
similar to those reported in Table 3. Figure 8 illustrates
instantaneous structures of the extended and collapsed PLGA
structures. Overall, the longest intervals that 22-PLGA remains
in each structure are about 7 ns for the extended structure and
about 2 ns for the collapsed structure.Model B of 22-PLGA has a
significantly different pattern of how the structure changes on
time, displaying periods of 3 ns elongated but alternated with 2.5
ns lapses of collapsed structures. Interestingly, during the
simulation, the PLGA oligomers remain most of the time
confined to diffusing locally across the interface between the
phase-separated solvents. Thus, because the PLGA oligomers
are physically in two different local environments, the main
overall mobility of the solute is similar to that of EA molecules.
The Supporting Information contains plots of the time evolution
of the oligomers in themixed solvent EA-TIP3P and EA-SPC/E.
Unforeseeably, the oligomers in the mixed solvent also display
scaling with a power law as in eq 2 with exponent α = 0.51 and
proportionality factor K = 0.02 nm/u0.51, although the 0.06 error
of the fit is larger than that in the two previous cases. This
exponent is very close to the theta-solvent of 0.5. However, these
PLGA structures are not consistent with randomly coiled chains.

Figure 6. Left pane: Wireframe view of monomer centers of mass of PLGA oligomers in water partitioned by collapsed and extended structures. The
number of displayed chains is proportional to their frequency in the simulation. Lactic acidmonomers are depicted red, and glycolic acidmonomers are
blue. Right pane: distribution of the dihedral angles in the partitioned oligomer structures; black lines correspond to the extended structures, and gray
lines to the collapsed structures. TIP3P (shown) and SPC/E waters yield very similar distributions for oligomers with either BCC or RESP charges.
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7. DISCUSSION
It is quite evident that the fate of the structures of PLGA
oligomers in the pure solvents is quite different, as described in
detail in previous sections. It is also evident that these oligomers
are more mobile in water than EA, although the values of the

diffusion coefficient in TIP3P watermight not be as realistic as in
EA and SPC/Ewater. It is known that the self diffusion of TIP3P
water does not compare well45 with the experimental value of
2.299 cm−5/s at 298 K.29 The structural behavior in the mixed
solvent 1:1.643 EA/water is interesting and points to important
considerations if this mixture is used for the fabrication of PLGA
particles. A further comparison between the three solvents can
be obtained from the observation of the rdf between centers of
mass of the PLGA oligomer and centers of mass of the water
molecules. Figure 9 illustrates these rdf for the 22-PLGA
oligomer in the three solvents studied here. Integrating these
functions up to the minimum that follows the first maximum
gives an approximate number of solvent molecules in the first
coordination shell of each oligomer monomer. In the pure
solvents, the coordination shell contains 7−8 EA molecules for
the two types of charges (BCC or RESP) considered or 12−14
water molecules for the TIP3P and SPC/E water. However, in
the mixed solvent, the coordination number ranges around 1−2
water molecules plus 7−8 EA molecules in the case of RESP
charges and around 6−7 water molecules plus 3 EAmolecules in
the BCC case. Therefore, if the force field includes RESP
charges, the 22-PLGA oligomer in the mixed system is
accommodating in the first coordination shell roughly equal
number of EA molecules than in the pure solvent with only a
couple of water molecules. On the other hand, if the force field
includes BCC charges, the mixed system accommodates in the
first coordination shell roughly half of the number of molecules
of each type than what it has in the pure solvents as shown in
Figure 10.
For the BCC case, the top-left pane of Figure 10 shows a direct

count of the mass of the EA (orange) and the water molecules
(cyan) within a 6 Å distance from the 22-PLGA monomers in
the mixed solvent along the last 39 ns of the NVE MD
production simulation at 298 K. On average within that distance,
the mass of EA molecules is 2.5 × 103 u and that of water
molecules is 1.3 × 103 u, which yields a mixing ratio of 1.92:1.00
EA−water in molecular weight. This shows that in the
immediate surroundings of the solute, there are about three
times more EA molecules than expected if the 1:1.6 relative
concentration of the two solvents would be uniform. For the
RESP case, the mass mixing ratio is 18:1 EA−water showing that
the immediate neighborhood of the solvated 22-PLGA is EA-
rich. Altogether, the 22-PLGA oligomers prefer to remain within
the liquid−liquid interface of the phase separated solvents with a
tendency of being surrounded by EA molecules. As an example,
Figure 10 illustrates the fluctuations over time of the total
solvent mass within the oligomer neighborhood depicted in
black or grey, with the black line corresponding to the solvent
mass when the 22-PLGA oligomer is extended and grey line
corresponding to collapsed oligomer structures. The presence of
water molecules close to the oligomer is enough to favor its
collapsed structure over longer periods of time than when the
polymer is in pure EA. Figure 10 portrays the effect that different
atomic charges (BCC or RESP) used in the modeling of the EA
solvent has on the mixed solvent, showing that the RESP case
favors more EA molecules in the immediate surroundings of the
PLGA oligomers than the BCC case. Additionally, Figure 10
depicts two selected instantaneous structures of 22-PLGA and
their local solvent surroundings, indicating that nonetheless the
oligomer structure, the EA environment is dominant.
Summarizing, the most notable difference between BCC and

RESP atomic charges in the GAFF is in the modeling of the pure
EA. The RESP case is better, giving a clear liquid phase

Figure 7. Ratio of the radius of gyration to the hydrodynamic radius of
the PLGA oligomers in the mixed EA−water solution vs interaction
energy per monomer along the 40 ns MD NVE runs of the seven
different oligomers with RESP charges combined in one plot per size at
298 K. Top: EA-TIP3P, bottom: EA-SPC/E.

Figure 8. Renderings of instantaneous PLGA structures in the mixed
EA−water solution. The Rr/Rhyd values of collapsed and extended
structures are 0.48, 0.83 for 22-PLGA, 0.46, 0.73 for 10-PLGA, and
0.44, 0.58 for 4-PLGA.
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separation when mixed with either TIP3P or SPC/E water.
Meanwhile, no major differences were detected between the
effect on the structure of the PLGA oligomers solvated in either
TIP3P or SPC/E water. The latter yields better estimates of the
PLGA oligomer diffusivity.

8. CONCLUSIONS
PLGA nanostructures are complex and differ when synthesized
by different experimental protocols, all of them involving
solvents. A better understanding of the PLGA behavior in
solvent environments is crucial. Herein, we have provided an
analytic framework equipped with a collection of computational
tools that included all-atom MD simulations, quantum
chemistry, and statistical methods for revealing the effect of
three different solvents on PLGA oligomers of various lengths.
We have developed parameters for the GAFF of EA that permit
accurate MD simulations; its availability will be useful for the
community of polymer scientists interested in using this solvent.
We have shown two characteristic structures of the PLGA

oligomers that occur preferentially in diluted solutions of EA,
water, and a mixture of the two liquids. It was unraveled that
PLGA oligomers prefer extended structures when solvated in EA
changing to collapsed structures extremely seldom along the
MD simulation. Meanwhile, both oligomer structures are
present when the oligomers are in water, favoring collapsed
structures that are significantly slower to extend than in EA.
Therefore, the oligomer changed shape less often in EA than in
water. In the case of the mixed EA−water solvents, oligomers in
the extended structure were trapped at the interface of the
liquid−liquid phase separated solvents but could take on either
extended or collapsed structures at different times with a high
propensity of remaining in a local environment rich in EA
molecules. Structural properties of the extended and collapsed
structures such as the radius of gyration, hydrodynamic radius,
end-to-end distance, orientational order parameter, flexibility
coefficient, potential energy and polymer−solvent interaction
energies are included in this work.
The insight obtained here will benefit applications involving

the parent PLGA polymer of different lactic to glycolic ratios and
lengths. We predict that in oligomers where several lactic acid
monomers are contiguous the folded structures will be favored,
similarly to previous predictions for pure lactic acid short
oligomers.7 The experimental process for obtaining asymmetric
nanoparticles and dendrons8,9 involves microstructures that
form in the organic phase and precipitate as the solvent phase
evaporates. Our findings are important in the design of such
nanostructures as well as in the control of polymer folding when
devising scaffoldings for tissue engineering and genetically
engineered polymers.

■ APPENDIX 1

Table A1 gives average values of the structural and energetic
properties of the various PLGA oligomers in the three studied
solvents, EA, water, and a mixture of the two. Two sets of atomic
charges are used in the GAFF for both, EA and PLGA oligomers,
BCC and RESP. Two force fields are used for water, TIP3P, and
SPC/E. The reported error of these properties corresponds to
their standard deviation from values stored in 2000 saved
configurations along the simulation. This is only a rough
estimate because the distribution of property values can be fitted
to two normal distributions associated to extended and
collapsed structures.

Figure 9. Pair distribution function of solvated 22-PLGA in three solvents. Functions are calculated between the center of mass of the oligomer
monomers and the center of mass of the solvent molecules, at 298 K and the equilibrium density of each system. (a) Solvent is EA modeled with BCC
atomic charges (solid line) and RESP atomic charges (dashed line); (b) solvent is water modeled with TIP3P (solid line) and SPC/E (dashed line);
and (c) mixed EA−water solvent with TIP3P water (solid line) and SPC/E water (dashed line) and RESP atomic charges for EA.

Figure 10. Top: EA and water molecules mass within a 6 Å shell
surrounding 22-PLGA in mixed EA−water solvent at 298 K along the
last 39 ns ofNVEMD.Mixed solvent depicted has TIP3P water and EA
modeled with BCC charges (left) or with RESP charges (right) with EA
mass (orange), water mass (cyan), and total mass (black for extended
oligomer, grey for collapsed oligomer). Bottom: Instantaneous solvent
surroundings of 22-PLGA model A in extended (left) and collapsed
(tight) structures, with large blue spheres corresponding to lactic acid
monomers and small spheres corresponding to the glycolic monomers.
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Table A1. Average Properties and Standard Deviation of the Structural and Energy Properties for the Seven PLGA Oligomers
Studied in This Work at 298 ± 2a

solvent polymer Rg (nm) Rhyd (nm) Ree (nm) Z
IA

(10−4 kg/m2) IB/IA IC/IA
PE

(kJ/mol)
Eint

(kJ/mol)

4-PLGA 0.42 ± 0.03 0.79 ± 0.02 1.0 ± 0.2 0.5 ± 0.2 1.3 ± 0.3 4.4 ± 0.9 4.9 ± 0.7 70 ± 5 −70 ± 5

EA 10-PLGA 0.7 ± 0.1 1.22 ± 0.06 1.8 ± 0.6 0.2 ± 0.2 12 ± 4 3.9 ± 1.4 4.5 ± 1.3 63 ± 3 −59 ± 4

(BCC) 22-PLGA 1.2 ± 0.2 1.8 ± 0.2 3.0 ± 1.0 0.1 ± 0.1 69 ± 23 3.9 ± 1.8 4.4 ± 1.8 62 ± 3 −53 ± 4

4-PLGA 0.39 ± 0.02 0.78 ± 0.02 1.0 ± 0.2 0.4 ± 0.2 1.3 ± 0.3 4.2 ± 0.7 4.7 ± 0.7 124 ± 5 −69 ± 6

EA 10-PLGA 0.7 ± 0.1 1.20 ± 0.07 1.7 ± 0.6 0.1 ± 0.2 11 ± 4 3.7 ± 1.5 4.3 ± 1.5 78 ± 5 −52 ± 4

(RESP) 22-PLGA 1.08 ± 0.24 1.75 ± 0.16 2.55 ± 1.12 0.07 ± 0.11 64 ± 20 3.6 ± 2.0 4.1 ± 2.0 66 ± 6 −46 ± 3

4-PLGA 0.39 ± 0.03 0.78 ± 0.02 0.9 ± 0.2 0.4 ± 0.2 1.4 ± 0.4 3.6 ± 1.0 4.1 ± 0.8 74 ± 6 −90 ± 10

TIP3P water 10-PLGA 0.6 ± 0.08 1.12 ± 0.07 1.2 ± 0.5 0.1 ± 0.2 11 ± 3 2.6 ± 1.1 3.1 ± 1.2 63 ± 4 −70 ± 6

(BCC) 22-PLGA 0.8 ± 0.1 1.46 ± 0.09 1.5 ± 0.6 0.0 ± 0.1 47 ± 10 2.1 ± 0.8 2.5 ± 0.9 60 ± 3 −58 ± 5

4-PLGA 0.39 ± 0.03 0.78 ± 0.02 0.9 ± 0.2 0.3 ± 0.2 1.5 ± 0.4 3.3 ± 0.9 3.8 ± 0.8 74 ± 6 −92 ± 10

SPC/E water 10-PLGA 0.6 ± 0.07 1.11 ± 0.06 1.1 ± 0.5 0.04 ± 0.1 11 ± 2 2.5 ± 1.0 3.0 ± 1.0 63 ± 4 −74 ± 6

(BCC) 22-PLGA 0.7 ± 0.1 1.43 ± 0.08 1.4 ± 0.6 0.0 ± 0.1 45 ± 9 2.0 ± 0.8 2.3 ± 0.8 57 ± 3 −59 ± 5

4-PLGA 0.39 ± 0.02 0.78 ± 0.02 0.8 ± 0.2 0.3 ± 0.2 1.6 ± 0.3 2.9 ± 0.8 3.4 ± 0.6 126 ± 6 −83 ± 8

TIP3P water 10-PLGA 0.56 ± 0.06 1.09 ± 0.05 1.1 ± 0.4 0.1 ± 0.1 10 ± 2 2.9 ± 0.8 2.4 ± 0.6 78 ± 5 −60 ± 5

(RESP) 22-PLGA 0.69 ± 0.06 1.39 ± 0.06 1.3 ± 0.5 0.03 ± 0.10 44.5 ± 6.4 1.7 ± 0.5 2.0 ± 0.5 62 ± 6 −46 ± 4

4-PLGA 0.38 ± 0.03 0.77 ± 0.02 0.8 ± 0.2 0.2 ± 0.2 1.7 ± 0.3 2.4 ± 0.7 3.0 ± 0.6 125 ± 5 −85 ± 9

SPC/E water 10-PLGA 0.54 ± 0.04 1.07 ± 0.04 0.9 ± 0.3 0.0 ± 0.1 10.0 ± 1.9 2.4 ± 0.7 3.0 ± 0.7 78 ± 5 −63 ± 5

(RESP) 22-PLGA 0.68 ± 0.06 1.38 ± 0.05 1.1 ± 0.4 0.0 ± 0.1 43 ± 6 1.7 ± 0.5 2.0 ± 0.5 62 ± 6 −47 ± 4

4-PLGA 0.4 ± 0.03 0.78 ± 0.02 0.9 ± 0.2 0.4 ± 0.2 1.4 ± 0.4 4.0 ± 1.0 4.5 ± 0.8 73 ± 6 −90 ± 10

EA-water 10-PLGA 0.7 ± 0.1 1.19 ± 0.07 1.6 ± 0.6 0.1 ± 0.3 11 ± 3 3.6 ± 1.5 4.1 ± 1.4 63 ± 3 −59 ± 4

(BCC, TIP3P) 22-PLGA 0.9 ± 0.2 1.6 ± 0.1 2.0 ± 0.8 0.1 ± 0.1 57 ± 17 2.9 ± 1.4 3.3 ± 1.4 62 ± 3 −53 ± 4

4-PLGA 0.40 ± 0.02 0.78 ± 0.02 1.0 ± 1.8 0.5 ± 0.2 1.3 ± 0.3 4.4 ± 0.9 4.9 ± 0.8 74 ± 6 −88 ± 10

EA-water 10-PLGA 0.65 ± 0.09 1.17 ± 0.07 1.5 ± 0.6 0.09 ± 0.2 12 ± 3 3.1 ± 1.2 3.6 ± 1.2 63 ± 4 −70 ± 6

(BCC, SPC/E) 22-PLGA 1.0 ± 0.2 1.7 ± 0.2 2.4 ± 1.2 0.1 ± 0.1 56 ± 16 4.0 ± 2.5 4.5 ± 2.5 62 ± 3 −61 ± 4

4-PLGA 0.41 ± 0.02 0.79 ± 0.01 1.0 ± 0.2 0.4 ± 0.2 1.4 ± 0.3 3.7 ± 0.8 4.2 ± 0.7 123 ± 5 −74 ± 8

EA-water 10-PLGA 0.68 ± 0.10 1.19 ± 0.07 1.7 ± 0.6 0.1 ± 0.2 11.2 ± 3.4 3.6 ± 1.5 4.1 ± 1.4 80 ± 4 −59 ± 5

(RESP, TIP3P) 22-PLGA 1.01 ± 0.20 1.7 ± 0.1 2.5 ± 1.0 0.1 ± 0.1 61 ± 20 3.7 ± 1.8 4.2 ± 1.8 67 ± 6 −49 ± 3

4-PLGA 0.40 ± 0.02 0.79 ± 0.02 1.0 ± 0.2 0.4 ± 0.2 1.4 ± 0.3 3.3 ± 1.4 4.3 ± 0.7 124 ± 5 −79 ± 8

EA-water 10-PLGA 0.68 ± 0.10 1.19 ± 0.07 1.6 ± 0.6 0.1 ± 0.2 11.7 ± 3.7 3.3 ± 1.7 3.9 ± 1.4 77 ± 7 −54 ± 4

(RESP, SPC/E) 22-PLGA 1.0 ± 0.2 1.7 ± 0.1 2.3 ± 1.0 0.1 ± 0.1 63 ± 20 3.0 ± 1.5 3.7 ± 1.6 67 ± 6 −48 ± 4
aPE and Eint are values per monomer.
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