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Abstract

Molecular simulations were conducted to pro-
vide a better description of the poly(glycerol
sebacate) (PGS)-water interface. The density
and the glass transition temperature as well
as their dependencies on the degree of esteri-
fication were examined in close connexion with
available experimental data. The work of ad-
hesion and water contact angle were calculated
as a function of the degree of esterification. A
direct correlation was established between the
strength of the hydrogen bond network in the
interfacial region and the change of the wa-
ter contact angle with respect to the degree of
esterification. The interfacial region was de-
scribed by local density profiles and orienta-
tions of water molecules.

Introduction

Poly(glycerol sebacate) (PGS) is a biodegrad-
able and bioresorbable elastomer formed
through the polycondensation of glycerol and
sebacic acid. Both reactants of the synthe-
sis of PGS are endogenous monomers that are
present in human metabolites. More specifi-
cally, glycerol, a basic building bock for lipids,
is involved in the synthesis of phospholipids and

sebacic acid is a natural metabolite in fatty
acid oxidation.’? These two monomers were
also approved by the US Food and Drug Ad-
ministration (FDA). PGS was first obtained?®
in 2002 by Wang et al. with a three dimen-
sional cross-linked structure® composited by
equimolar of glycerol and sebacate acid. Since
then, numerous works have been carried out
with a view to optimizing the PGS synthesis
and its properties. Its favorable combination
of properties® such as toughness,? good flexibil-
ity,% biocompatibility,” shape-memory® along
with the fact that it degrades by surface ero-
sion®!Y into non-toxic products makes PGS as
a good candidate for drug delivery,'' '3 tissue
engineering* 1% and diverse other biomedical
applications. %1719

Physico-chemical and biological properties*
of PGS-based systems were found to be depen-
dent on the synthesis protocol,?*? morphol-
ogy,%% monomers ratio,*?"?® curing time,?%3°
crosslinking density>'824%® and temperature.3!
Additionally, an in-depth understanding of the
interaction between PGS and water is criti-
cal for biocompatibility and biodegradability of
materials in tissue engineering®?3% and drug de-
livery. 3435

For example, the glass transition tempera-
ture T, of PGS which is critical property to



inform us about the strength of the material,
was measured under different conditions and
operating methods. As the glycerol and se-
bacic acid molecular ratio changed from 2:2.5
to 2:4, the glass transition temperature®® de-
creased slightly from 248 K to 241 K. Cai and
Liu reported a T, of 236 K for a PGS® cured
at 393K for 48h. This thermal property was
found equal®” to 248K for a PGS cured at
the same temperature of 393K for 96 h. For a
slightly cross-linked PGS, ® the glass transition
temperature was measured at 255K. T, was
found to range from 238 to 253 K under rela-
tively mild curing conditions.?* Very interest-
ingly, recent experiments® have reported the
glass transition temperature at different cur-
ing times and established that T, was between
248 K and 268 K. In addition, Wu et al. showed
no obvious direct link between the esterification
degree and the glass transition temperature.3°
This lack of correlation between these two prop-
erties was already observed previously.3!

Since water is the biological medium sup-
porting the cellular activity, a poor affinity be-
tween water and PGS-based materials can limit
a wider application in tissue engineering. The
surface hydrophilicity®® can be characterized
by angle measurement.3%36:4942 PGS with a
lower contact angle is more hydrophilic. Ex-
periments®® showed that the contact angle in-
creased from 45° to 57° with increasing sebacic
acid content ranging from 2.5 to 4 with 2 glyc-
erol molecules in line with the increasing contri-
butions of hydrophobic interactions due to the
alkyl chains.?® A recent study reported a con-
tact angle of PGS about 95° whereas Aghajan
et al. have measured a contact angle*? of 73°
for a PGS cured at 393K for 48h. Recently,
the dependence of the contact angle on the cur-
ing time®® was proposed for a PGS prepared at
403 K. The experimental data showed that wa-
ter contact angle increased almost linearly with
curing time ranging from 62° to 98° as curing
time changed from 36 h to 96 h. This last result
would show that the hydrophilicity of PGS de-
creases with increasing degree of cross-linking
resulting in a reduction of the hydrophilic na-
ture of the surface of PGS due to a modification
in the hydrogen bond network in the PGS-water

interface.?® However, this molecular aspect has
yet to be demonstrated.

These experimental studies reveal a certain
disparity in the values of glass transition tem-
perature and water contact angle underlining
the effects of curing time and experimental con-
ditions on the final properties of the PGS-based
materials. However, it is essential to control
these parameters to design PGS with tunable
properties.** Additionally, bearing in mind that
the formation of the three-dimensional polymer
network changes gradually during the curing, it
is also important to have an idea about the pro-
gressive change of the material upon the cross-
linking process during the reaction. A key issue
is how to achieve a high degree of esterification
while maintaining a very good affinity of PGS
with water as required for a biopolymer.

Controlling these parameters, which can in-
fluence the final properties of PGS-based ma-
terials but are difficult to access experimen-
tally, is a major challenge in the design of
these biomaterials. Such an approach can
be achieved by using molecular simulation*®
which has the advantage of describing the ma-
terial on a molecular scale and providing en-
ergy quantities using statistical thermodynam-
ics. We applied molecular simulations to in-
vestigate macroscopic properties such as den-
sity, glass transition temperature and surface
tension of epoxy resins as a function of the
crosslinking degree for various prepolymers and
hardeners. %8 To our knowledge, no molecu-
lar simulation has been carried out on PGS
and its interaction with water. Only, finite ele-
ment simulations'® were carried out to predict
the PGS curing conditions and scaffold effec-
tive stiffnesses. However, this computational
modeling does not provide any information on
interactions at the molecular level and on the
structure-property relationship arising from the
molecular and macroscopic scales.

We propose here to investigate the properties
of a PGS-based material characterized by the
stoichiometric ratio of 2:3 glycerol to sebacic
acid molecules? by using molecular dynamics
(MD) simulations. In a first step, we investi-
gate the change in the formation of the poly-
mer network by following the percolation pro-



cess and determining the gel point.?® To eval-
uate the quality of the force field, we test it
on the reproduction of the experimental den-
sity and the glass transition temperature. We
also study the impact of the degree of esterifi-
cation on these two properties. The interaction
of the PGS with water is investigated through
the calculation of the work of adhesion at vari-
ous degrees of esterification. From the work of
adhesion, it is possible to deduce the water con-
tact angle at a given degree of esterification. We
also calculate the number of hydrogen bonds
between water and PGS that we correlate to the
water contact angle. We complete this study by
analyzing the arrangements of water molecules
at the surface of PGS.

This paper is organized as follows. Section
2 describes the computational procedures in
terms of potential models, method of simula-
tion, calculation of work of adhesion and the
creation of the polymer network. Section 3 dis-
cusses our main results and Section 4 contains
our conclusions.

Model and methods

Model

Sebacic acid and glycerol molecules (see Fig-
ure 1) were modeled by using the OPLS-AA
force field.®'®3 This molecular model sums in-
tramolecular and intermolecular energy contri-
butions to give the total configurational en-
ergy. The intramolecular interactions consist of
bonds stretching, angle bending, dihedral and
non-bonded energy contributions as described
in Eq.(1).

Uintra = Ubonds + Uangles + Utorsions + Unb (1)

The bond stretching and angle bending en-
ergy are described by harmonic potentials de-
fined by Egs.(2) and (3), respectively.

2 hilr

Ubonds riy — TO % (2)

angle Z k@ 7, z 90 7, (3)

In these equations, k;, and ky are the force
constants and rq and 6y are equilibrium bond
and angles values, respectively.

1
Utorsion = 5 Z (‘/1,2(1 + cos ¢z) + ‘/2,2(1 — COS 2¢z)

+ V3(1 + cos 3¢;) + V(1 — cosde;)

(4)
where ¢ is the dihedral angle and Vi, V5, V3 and
V, are the Fourier coefficients of each dihedral
angle.

Atoms separated by 1 or 2 bonds in the
same molecules interact through the bonded
potential only (U, = 0). As required by
the OPLS force field, atoms separated by 3
bonds interact through the bonded potential
plus half of the non-bonded interaction (U, =
0.5 Uinter)- Beyond 3 bonds, the atoms in the
same molecule interact with the non-bonded in-
teractions Uy as if they belonged to differ-
ent molecules. These non-bonded interactions
sum dispersion-repulsion and electrostatics con-
tributions, as written in Eq. (5).

Uinter = Uelect + ULJ (5)

The electrostatic interactions between two
charges ¢; and ¢; at a distance r;; is represented
by the Coulomb potential as

N-1 N G ¢
Usloct = L 6
lect Z Z 47T€0Tij ( )

i=1 j=i+1

where €, represents the dielectric constant
of the vacuum. The long range electrostatic
interactions can be calculated by using the
Particle-Particle Particle-Mesh (PPPM)5* algo-
rithm. This method computes electrostatic in-
teractions by splitting the pair potential into
two parts, the so-called real-space part is com-
puted in a normal pairwise fashion and the so -
called reciprocal-space is evaluated by using the
Fourier transform.



The van der Waals interactions are mostly de-
scribed by the 12-6 Lennard-Jones (LJ) poten-
tial as

. N-1 N \ oy 12 o 6 ;
= €ii — — | —
- ;g; JK%) (Tij)} ")
where ;; (kJmol™) and o;; (A) correspond to
the energy parameter of the interaction and the
Lennard-Jones core diameter. The non-bonded
interactions are truncated by using a cutoff ra-
dius r. = 12 A.  The water molecules were
modelled by using the SPC/E model.>® The
LJ parameters for the interactions between un-
like sites were calculated by using the Lorentz-
Berthelot combing rules®®5” which are geomet-
ric for €ij = (51'1' €jj)l/2 and Oij = (Uii O'jj)l/Q.
The association of the OPLS-AA model with
the SPC/E water model, has already been in-
vestigated on free energy of solvation of organic
molecules.®® A quantitative agreement with ex-
perimental data was also established.?® Addi-
tionally, the SPC/E model was found to re-

produce accurately the surface tension of wa-
ter, 59,60

Work of adhesion

The work of adhesion Wy, per unit of area of
the solid-liquid interface is defined as the re-
versible thermodynamic work needed to sepa-
rate the solid-liquid interface from the equilib-
rium state of two coexisting phases into two
bulk phases that no longer interact at a sep-
aration distance of infinity.

WsL = v + Ysv — JsL (8)

where g1, 7sy and 7y are the solid-liquid,
solid-vapor and liquid-vapor surface tensions,
respectively.

The calculation of Wy, can be performed by
using the concept of Free Energy Perturbation
(FEP).52°% We then consider that the poten-
tial energy U of the system as a function of a
coupling parameter A such that 0 < A < 1. The
simplest choice for the dependence of the energy
on the coupling parameter is a linear function
as

a)
glycerol L sebacid acid

crosslinked PGS

Figure 1: a) polycondensation of glycerol and
sebacic acid molecules to yield the PGS pre-
polymer and b) a molecular representation of
the crosslinked PGS polymer obtained with
a 2:3 glycerol to sebacic acid ratio leading
also to stoechiometry conditions for the OH
and COOH functional groups. The glycerol
atoms are represented in orange and sebacic
acid atoms in black.

UN)=NUi+(1-XN) U (9)

where U is the potential energy in the refer-
ence system denoted as (A = 1). This is the
initial state and U; considers all the interac-
tions between the solid and liquid phases with-
out any conversion. Since the perturbation con-
sists of progressively removing the intermolecu-
lar interactions between the atoms of the solid
and liquid phases, the target system (A = 0)
represents the final state in which these interac-
tions become zero. Uy only considers the inter-
actions in the solid and liquid separated phases.



To promote overlaps between consecutive steps,
the calculation of the work of adhesion Wy, be-
tween the two states (1) and (0) is split into
N,, intermediate contiguous states or windows
defined by a coupling constant A; and wgy,(A\;).

Ny
0 1
WsLrEp = Z wsp (i) = S(L),FEP - WS(L),FEP

i=1
(10)
The perturbations can be performed in both
directions (double-wide sampling) with N, win-
dows over the entire simulation. The differ-
ent values of the coupling parameter are \; =
1— Niw(z —1l)and \; =1— N%U(z) in the forward
and backward directions, respectively. In prin-
ciple, for a reversible process, Wy, calculated
in the forward direction with Eq (11) and back-
ward direction with Eq (12) should be equal but
of opposite sign. The difference between the
two directions gives a lower-bound estimate of
the error in the calculations and informs about
the accuracy and convergence of the perturba-
tion.

738800 =1 35 (o (00100 ).

Ny
wﬁ%%%%xn;A§jhn§mp[ﬂ<ULM;oUun>

(12)
where A is the surface area of the solid and
U(Xit1), U(N;) and U(\;—1) are the the po-
tential energies at A\;11, A;, A\;_1, respectively.
g = kBLT where kg is Boltzmann’s constant and
T the temperature. It is also possible to cal-
culate the work of adhesion by using other ap-
proaches based on the concepts of Thermody-
namic Integration (TT)% and Finite Difference
Thermodynamic Integration (FDTI).% These
methods calculate the derivative of U with re-
spect to the coupling parameter A\ as expressed

in Eq.(13).

1 (% /oU
WsL,Tr,FDTI = 71/1 <8)\>d)\ (13)

The derivative of U with respect to A is ap-
proximated by a finite difference in the TI for-

malism as defined in the following expressions
of the forward and backward contributions.

L)

<(3(i>backward . <U()\1-1()5)\ U(Ai)> -

TI\;

The Finite Difference Thermodynamic Inte-
gration (FDTI) method calculates the deriva-
tive of U with respect to A by using the pertur-
bation method as

oU forward 11 < |: ( >:| >
= - - Uhiz1)-U(Ni
<w>mHM s (e B (voe-vo) )

(16)
8U backward 1 1
<m>m,&. T Eam " <exp MU“Z'*)U“'))} >Ai
(17)

where \;41 = N\, £ 0A. The transformation
from state (z) to state (i + 1) is achieved by
changing the interactions between atoms of the
solid phase and atoms of the liquid phase whose
interactions are to be removed according to

esp(Ni) = Niese (18)

where S and L represent the atoms of the solid
(PGS) and liquid (water) phases, respectively.
The removal of the interactions between atoms

of S and L can lead to instabilities when the

coupling parameter \; approaches 0. A solu-
tion% was to soften the Lennard-Jones poten-
tial by a soft core function®” as

1
ULi(rij, Ai) = 4(Ni)" eij 6 2
(aLJ (1—=X)%+ (;JJ) )
1
- 6
ary (1—=X)2+ (;Jj)

(19)

where o ; was taken to 0.5. The electrostatic
interactions were then modified by using a soft
core at short distance as



=(\)" 4% 12
dmeg |ac(l— N2+ 7“1-2]}

(20)
where a¢ was taken to 10 A% and n equal to
1. As )\; is 1, the species to be considered
in the perturbation interact through the full
strength of the Lennard-Jones and Coulomb po-
tentials. As \; approaches 0, the Lennard-Jones
and Coulomb potentials are softened by soft-
core interactions ayz;(1 — A?) and ac(1 — A\?),
respectively.

Uelect (Tij , /\z)

Formation of the crosslinked
network of PGS

Various methods were designed to build a three
dimensional network of crosslinked polymers by
using molecular simulations such as the use of
reactive forcefields® or coarse-grained simula-
tions associated with a backmapping method. %
We have recently developed a more straight-
forward method® based on the criteria of dis-
tances for bond creation. We define the degree
of esterification as the percentage of esterified
carboxyl groups to the total carboxyl groups in
the simulation cell. In order to reach a high
esterification ratio (above 90%27), the network
is generated using a multistep algorithm?6 de-
scribed in Figure 2. Since we want to simulate
dry PGS, the production of water during the
esterification reaction is prevented by remov-
ing the corresponding atoms from the reactants.
As a consequence, during the esterification pro-
cess, the alcohol Hs of the glycerol and the acid
OHs of sebacic acid are absent. After 500 ps of
equilibration, simulations were alternated be-
tween 50ps in NPT and 50ps in NVT statis-
tical ensembles. Equilibration and NPT /NVT
simulations were performed at 400 K and under
a pressure of 1bar with a timestep of 1fs. A
comprehensive description of the esterification
algorithm can be found in ref. 46.

During the NVT simulations, van der Waals
interactions between reactive sites (O of glyc-
erol alcohols and C of sebacic acid carboxylic
acids) were calculated by only the attractive

‘ (1) Initial mixture of monomers ‘

with reacted parameters

I

‘ (2) Relaxation of the structure ‘

NPT - 400K - 500 ps

Conversion rate
reached ?

(6) Update of the unreacted
end-groups parameters (type, Yes
)

bond, angle, dihedral, partial charge

No
v

(3) Relaxation of the structure

(7) Relaxation of the structure
NPT - 400K - 50 ps

NPT - 300K - 10 ns

(4) Search of unreacted pairs
END within cutoff radius
NVT - 400K - 50 ps

(5) Creation of bonds

Figure 2: Multistep algorithm used to de-
sign the PGS at a given esterification degree.
Adapted by removing a few steps and chang-
ing the simulation temperatures and reprinted
in part with permission from Ref 46. Copyright
2022 American Chemical Society.

part of the Lennard-Jones potential. When re-
active sites were closer than a defined cutoff,
a bond was created between those atoms and
a new cycle started. Sites which did not react
were then functionalized back with the missing
H and OH atoms and the network was then
equilibrated at 300K for 10ns with 5 x 10°
steps of 2fs. For choosing the cutoff, the ra-
dial distribution function of reactive sites from
monomers under reacted form at 400 K was
computed. As the equilibrium distance between
reactive sites was 3.36 A, the value chosen for
the cutoff needed to be smaller and was chosen
as 1.25 times larger than the theoretical ester
bondlength (1.327 A) ie 1.6587 A. For simula-
tions involving surfaces, the same steps are fol-
lowed replacing NPT ensemble by NVT with
harmonic walls to confine molecules inside a
slab.

In order to establish a comparison at different



esterification ratio ranging from 20 to 94 %, the
system size was limited to 50 molecules of glyc-
erol and 75 molecules of sebacic acid. To limit
the error due to small system-sizes, five different
systems of PGS or specimens were reticulated
to the target esterification ratios.

Molecular dynamics (MD)

simulations

Unless stated otherwise, all MD simulations
were performed using the velocity-Verlet inte-
grator with a Nosé-Hoover thermostat™™ at
300K and 1bar. The SHAKE algorithm ™ was
used to constraint covalent bonds to hydrogen
atoms. MD simulations in the NPT statistical
ensemble™ setting a pressure of 1 atm were per-
formed by combining the hydrostatic equations
of Martyna et al. ™ with the strain energy pro-
posed by Parrinello and Rahman.”™ Tempera-
ture was imposed via a Langevin thermostat.
Five different crosslinked PGS materials were
used for each system. A specimen is a different
initial configuration used in the polycondensa-
tion process. This means that the five speci-
mens are independent configurations which cor-
respond to the same degree of esterification.

The molecular dynamics calculations were per-
formed using the LAMMPS package. ™

Results and discussions

Gel point

The gel point™ corresponds to the presence of

an infinite polymer network. From a molecular
viewpoint, the gel point occurs when a single
molecule covers the entire length of the simu-
lation cell through the periodic conditions. At
the molecular scale, the gel point of a network
can be determined by tailoring the biggest clus-
ter molecular mass, comparing the largest clus-
ter molecular mass to the second largest cluster
molecular mass or detecting the maximum of
the weight average reduced molecular weight ™®
(RMW). However, these methods are lacking
precision® since they depend on the size of the

system and are defined by changes in slope or by
comparisons of sizes. With molecular dynam-
ics systems, it is possible to determine exactly
the point of formation of an infinite molecule
by traversing along the molecule bonds and de-
tecting a cycle that connects an atom to its
own image through periodic boundaries. Using
graph theory with python NetworkX package, ™
the percolation can be tailored by representing
the system at the molecular level as a directed
graph in which the atoms are the nodes and the
bonds between atoms are the edges. Addition-
ally, by defining the weight of each edge as the
difference between the image flags of its source
an target atoms, the Bellman-Ford algorithm
can be used to detect negative cycles. An in-
finite molecule implies that the sum of weights
along a self-connecting path crossing the box
boundary is non-zero. The molecular mass of
the first and second largest clusters along with
the weight-averaged reduced molecular weight
as a function of esterification degree are repre-
sented in Figure 3.
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--&- Largest cluster

17500 Second largest cluster 41750
.—T --&- Weight averaged RMW b -—T
© 15000 20: ! —1500 ©
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Figure 3: Molecular mass of the largest clus-
ter (blue symbols), of the second largest clus-
ter (orange symbols) and of the weight-averaged
reduced molecular weight clusters (in green on
the right-hand axis) as a function of the ester-
ification degree. The percolation in zero, one,
two and three dimensions is represented on the
largest cluster metric by vertical lines 1D, 2D
and 3D, respectively.

Concerning the polymer network of Figure



3, the largest cluster method shows an inflec-
tion point or gel point at about 75% whereas
the reduced molecular weight (RMW) metric
yield predicts a peak value identifying the gel
point at 68%. The same calculations carried
out over four different specimens give values of
gel points ranging from 65 to 80%. By apply-
ing the Bellman-Ford algorithm® over the five
polymer networks, we obtain an average effec-
tive percolation in the three directions of 73%.
These results match very well with the theoret-
ical predictions of 70% 7" and 83%8! and con-
firm the quality of our algorithm and molecular
model used for the building of the three dimen-
sional PGS crosslinked network.

Density

Five specimens of PGS were used to calculate
the density from MD simulations. The density
of the PGS was calculated over the last five
nanoseconds of the simulation of 10ns. The
five values of densities are represented in trans-
parency in Figure 4 along with the average
value and its standard deviations. We also re-
port in Figure 4 the dependence of the density
of the crosslinked PGS on the esterification de-
gree.

First, we observe that the simulated density
does not show any significant dependence on
the degree of esterification within the sampling
errors. This quasi-constant value of the den-
sity with the curing time has also been ob-
served experimentally for an equimolar mixture
of glycerol and sebacic acid.!® More precisely,
the weak decrease of the density of about 0.5%
from the gel point can be explained by the in-
crease of the number of covalent bonds that
leads to a shrinkage of the network. Second,
we obtain a good agreement with experiments
showing a deviation of the order of 1%. Actu-
ally, an experimental density?” of 1.106 gcm ™3
was measured on a PGS with 2:3 ratio of glyc-
erol to sebacic acid at 90% of esterification.

Glass transition temperature

The method used to compute the glass transi-
tion temperature (7'y) is based on the dilatom-
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Figure 4: Density of a crosslinked PGS network
as a function of the esterification degree. Trans-
parent dots represent density values of each
specimen while the blue dots indicate the mean
value with its standard deviation. The experi-
mental density is taken from ref. 27

etry principle.%6#2 The density decreases with
increasing the temperature. The glass transi-
tion temperature (7}) is then characterized by
a break in this slope, showing a change in the re-
laxation speed of the PGS material when chang-
ing from viscous to glassy states. A Langevin
thermostat in the NPT ensemble was used to
calculate T, with a timestep of 1fs.

After a ramp of 2ns to heat the system from
300 K to 500 K, the system was relaxed at 500 K
during 2ns. By simulating the cooling of the
system from 500 to 100 K at a rate of 20 K ns™1,
we report the evolution of the specific volume
as a function of temperature in Figure 5 for
the five specimens of PGS at 90% of esterifi-
cation. After an equilibration period of 1ns
during which the temperature is gradually de-
creased by 20K, the specific volume was av-
eraged every 1ps during additional 1ns of ac-
quisition at constant temperature. The spe-
cific volumes of each specimen are represented
along with the average value and its standard
deviation. Three linear fits based on the best
mean R-squared were carried out on three re-
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Figure 5: Specific volume of the PGS material
with an esterification degree of 90% as a func-
tion of temperature during the cooling from 500
to 100 K. Transparent circles represent each of
the five specimens. The mean values are the
blacks crosses with error bars. The blue line
corresponds to the glassy state, the orange line
corresponds to the transitioning state and the
green line corresponds to the viscous state. The
intercept of the blue and green lines represented
by the vertical dashed line is considered as the
T, value of the PGS material prior to any cor-
rection due to the fast cooling rate of molecular
simulation.

gions delimiting the viscous state (green line),
the glassy state (blue line) and the transition-
ing state (orange line). The glass transition
temperature, defined as the intercept of the fits
of the viscous and glassy states, is then equal
to 319K. The cooling rate applied in experi-
ments®*3% of 10 Kmin™! is of several orders of
magnitude slower than that used in molecular
simulation. This means that we have to correct
the simulated value by a contribution that takes
into account both experimental and simulated
cooling rates. This correction was estimated by
using the Williams-Landel-Ferry (WLF) semi-
empirical relation® that expresses the contri-

bution to be added to the simulated T} as

_02 lOg gsim
AT, = (Cf;’f") (21)
C1 + log (ﬁ)
where ggm and gex, are equal to 20 Kns™! and

10 K min~! and universal values®? C; = 17.44K
and Cy = 51.6 K. AT, was then equal to —90 K.
It means that the simulated T, of PGS is then
estimated at 239 K which falls in the 236..268 K
range of experimental temperatures. 824-30:36,37

We report in Figure 6 the glass transition
temperature calculated over five different spec-
imens as a function of the degree of esterifica-
tion. We also add for comparison the experi-
mental values of T, obtained at different cur-
ing times.?® We used the work of Li et al.?’
to link the curing time to the degree of ester-
ification. First, we observe that the simulated
values of T, match very well with the experi-
mental ones within the statistical fluctuations
with maximum deviations of 9%. Second, Fig-
ure 6 establishes that increasing the degree of
esterification does not change the glass tran-
sition temperature of PGS in agreement with
recent experiments. 303!

Work of adhesion and water con-
tact angle

We now turn our attention to the hydrophilic-
ity of PGS by investigating the interactions
between the PGS and water. We calculated
the work of adhesion of PGS-water interface by
doing alchemical transformations consisting of
turning off the intermolecular interactions be-
tween water molecules and PGS material. The
transformation was divided into 41 windows
each of which was composed of an equilibra-
tion period of 100 ps and an acquisition phase
of 100 ps in the NVT statistical ensemble. PGS-
water systems were built by placing a cubic box
of 1049 water molecules of 35 A on the top of the
PGS surface. The values of the cumulative val-
ues of the work of adhesion wgy, () are given in
Figure 7 for the FEP, TT and FDTT approaches
with A\ = 0.025 and 6\ = 2 x 1073,

First, we check that the interaction between
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Figure 6: Simulated values of glass transition
temperatures (7'y) as a function of the degree of
esterification. The average temperatures were
calculated over five specimens with a cooling
rate of 20 Kns™!. The solid blue circles repre-
sent the averages whereas the transparent sym-
bols refer to the temperatures of each of five

specimens. The experimental values of T are
taken from ref. 36 (O) and ref. 30(A).

water and PGS is favorable from a free energy
viewpoint since the transformation consisting of
turning off the interactions led to a positive free
energy. Second, Figure 7 shows that the FEP
data calculated in the forward and backward
directions collapse together on the scale of the
graph and that the FDTI and TI free energy
contributions averaged on both directions ar-
range themselves between the direct and reverse
points of FEP. More precisely, the value of Wy,
is given by the last value (A = 0) of curves given
in Figure 7. For an esterification degree of 90%,
the FEP technique gives 76 and —78 mJm ™2
for the forward and backward directions, re-
spectively whereas T1 and FDTT methodologies
yield 75mJ m~?2 for Wy, averaged over both di-
rections. These characteristics confirm the va-
lidity of the calculation in terms of an efficient
sampling of the phase space and reversibility of
the thermodynamic transformation. We plot in
Figure 8 the work of adhesion Wgy, as a func-
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Figure 7: Cumulative wgy,(A) work of adhesion
values as a function of the coupling parameter
A calculated during the transformation. The
FEP results were given for the two opposite di-
rections. For FEP in the reverse directions, we
took the absolute value of wgr,(\) to represent
them with the same scale. The TI and FDTI
results were averaged over both directions. The
calculation was performed on a PGS with a de-
gree of esterification of 90%.

tion of the esterification degree. The values of
Wsr, were averaged on 5 specimens and on FEP,
FDTI and TT methods.

Figure 8 shows that the work of adhesion de-
creases almost linearly with the degree of es-
terification indicating that the strength of the
interaction between PGS and water decreases
with the increase of esterified carboxyl groups
indicating that the hydrophilicity of the result-
ing PGS material is weakened with the degree
of esterification. For a more direct comparison
with the experiment, we propose to calculate
the water contact angle through the work of
adhesion. Indeed, experiments usually measure
the Young contact angle 6, which is related to
different surface tensions through the Young’s
equation. 34 86

YsL — Ysv + Yy cos ) =0 (22)
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Figure 8: Work of adhesion (Wsy,) between PGS
and water as a function of the degree of esterifi-
cation. The solid blue circles correspond to the
average carried out over the FEP, TT and FDTI
methods and over five different initial configu-
rations whose values are represented with trans-
parent symbols.

By replacing vsv — vs by v cosf by using
Eq.(8), we obtain the following expression re-
lating Wgp, and 6 as

WSL = TV (1 -+ cos 9) (23)

By using Eq.(23), we report in Figure 9 the
water contact angle of PGS as a function of
the degree of esterification. We observe that
this water contact angle increases almost lin-
early from 30° to 82° as the degree of esterifi-
cation changes from 0 to 94%. The value of the
surface tension of the liquid-vapor interface of
water vy was taken to 63.6mNm~! at 300K
with the SPC/E model.®’

We check that the order of magnitude of the
water contact angle and linearity of the depen-
dence of v on the degree of esterification are
very well reproduced by our molecular simula-
tions establishing the performance of our molec-
ular models for predicting the interfacial prop-
erties of PGS. However, we observe that the
available experimental contact angle show an
higher slope compared to simulated contact an-
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Figure 9: Water contact angle calculated from
the work of adhesion at different esterification
degrees. The experimental values of 6 were
taken from ref. 36 (OJ) and ref. 30(A). We used
the work of Li et al.?” to link the curing time
to the degree of esterification.

gles which can be partly explained by the cor-
relation we make between the curing time and
the esterification degree. Nevertheless, molec-
ular simulation can help rationalize some ex-
periments, as the determination of the water
contact angle is subject to operating conditions
for both the measurement of # and the design
of PGS material. In the next section, we pro-
pose to describe the PGS-water interface at the
molecular level in order to explain the decrease
of the hydrophilicity with the degree of esteri-
fication.

Atomistic description of the PGS-
water interface

We calculate the number of hydrogen bonds
between PGS material and water molecules
by considering the following criteria:®® water
molecules and PGS atoms are chosen as being
hydrogen bonded only if the distance (O-H..O)
between the donor and acceptor is less than
2.5A and simultaneously the angle O-H..O is
greater than 150°. This analysis was performed



on the last 500 ps of an acquisition phase of
1ns. The number of hydrogen bond was aver-
aged over the five independent PGS materials
for a given degree of esterification. The depen-
dence of the work of adhesion on the strength
of the hydrogen bond network at the interface
is given in Figure 10.

130
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Number of hydrogen bonds

Figure 10: Work of adhesion of the PGS-water
system as a function of the number of hydrogen
bonds between water molecules and PGS. The
criteria used to select an hydrogen bond have
been taken from ref. 88.

Figure 10 shows a direct correlation between
Wsr, and the number of hydrogen bonds. In
other terms, the greater the Wgr, the smaller
the water contact angle and the stronger the
network of hydrogen bonds at the interface.
Within the range of degree of esterification in-
vestigated here, we observe a decrease of the
number of hydrogen bonds of 42% for a wa-
ter contact angle increasing from 30° to 82°.
Clearly, molecular simulations establish here a
correlation between the hydrophilicity of PGS
at different esterification degrees with the num-
ber of hydrogen bonds with water. This is an
interesting result for the interpretation of ex-
periments.

Figure 11a shows the atomistic density pro-
files of atoms of PGS and water molecules
along the z-direction normal to the surface for a
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crosslinked PGS at 90%. This analysis was per-
formed on the last 50 ns of a NPT simulation of
200ns. By focusing on the interfacial region,
Figure 11a shows that the density profile of wa-
ter molecules decreases from the bulk value to
zero over a z-region of about 7A. We also ob-
serve an overlap interfacial region between PGS
atoms and water molecules extending over 5 A.
To complete this view of the interface and to
avoid the impact of the smoothing on the den-
sity profile due to a local surface roughness,
we calculate the intrinsic density profiles®® 9! of
PGS and water (see Figure 11b) by considering
the following expression

1 N 1 N
) = {5 L0200 ) = (5§ 20+ (an ) )
i=1 i=1 (24)
where ¢ is the instantaneous position of the
surface and x; and y; are the atomic coordinates
in the plane parallel to the PGS surface. The
calculation of £(x;, y;) is done by moving down a
(x,y) grid of fictitious spheres along the z axis,
starting in the water region. Once a surface
atom ¢ is detected at a given distance from the
probe sphere, £(z;,y;) is set to the current z
coordinate of the surface atom.

Clearly, these intrinsic profiles show an inter-
facial region of non-overlap between water and
PGS with an ordering of water molecules close
to the PGS surface. It means that over the
time scale of the simulation, we do not observe
absorption of water in PGS provided that the
water absorption capacity of PGS remains lim-
ited.?® Finally, the profile of the average (cos )
where 0 is defined as the angle between the vec-
tor normal to the PGS surface and the water
molecular dipole vector is shown in Figure 11c
as a function of the z-direction. As (cos#) = 0
in the bulk water phase far from the surface,
this implies no preferred orientations for wa-
ter molecules. When approaching the PGS sur-
face, we observe some peaks at (cos#) =~ 0.15
and (cosf) ~ —0.2 indicating that the water
molecules tend to adopt specific orientations
parallel to the PGS surface. These parallel ori-
entations of water molecules in the adsorption
layer is the result of a trade-off between main-



taining hydrogen bonds with water molecules
and developing hydrogen bonds with PGS.
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Figure 11: a) Density profiles and b) intrinsic
density profiles of water and PGS atoms for a
degree of esterification of 90%. The origin of z
in b) and c) is chosen as the last atom of the
solid phase. No water molecule actually pene-
trated inside the PGS slab. c) Average (cos6)
along the z-direction where 6 is the angle be-
tween the molecular dipole vector of water and
the vector normal to the PGS surface. Some de-
gree of orientation ordering can be observed in
the first water layers. These profiles were calcu-
lated on a single simulation but no significant
changes were observed between the profiles of
different specimens.

Conclusions

We carried out molecular simulations with the
aim of providing a better description of the
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PGS-water interface. The algorithm for build-
ing the crosslinked network of PGS was shown
to be efficient to reach a high degree of esterifi-
cation but also to estimate the gel point of the
structure. The density of the crosslinked PGS
was correctly reproduced with respect to exper-
iments and no clear dependence of the density
on the degree of esterification was deduced from
molecular simulations. The determination of
the glass transition temperature showed a good
agreement with experiments. The degree of es-
terification was shown not to affect this thermal
property. The investigation of the PGS-water
interface was carried out through the calcula-
tion of the work of adhesion and water con-
tact angle. An important result was to show
that the water contact angle increases almost
linearly with the degree of esterification as re-
cently established by experiments. In addition,
the values of water contact angle agreed very
well with the corresponding experimental prop-
erties. Interestingly, we established for the first
time at the molecular scale, a direct correla-
tion between the water contact angle and the
number of hydrogen bonds between PGS and
water molecules. We completed this study by
the description of the interfacial region in terms
of specific arrangement and orientations of wa-
ter molecules along the direction normal to the
PGS surface.

This molecular simulation study showed that
it was possible to predict macroscopic proper-
ties for PGS materials comparable to experi-
ments while providing a microscopic view of the
interfacial region. One of the main advantage
of molecular simulations is to control the de-
gree of esterification and then be in a position
to investigate its impact on target properties.
This could also complement the interpretation
of experiments.

On the basis of this study, we aim to exam-
ine the interaction between drugs and PGS in
the context of controlled drug delivery in order
to better evaluate the different energy contri-
butions involved in this process.
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