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I. METHODOLOGY, MODELS AND COMPUTATIONAL DETAILS

A. Dissipative particle dynamics simulation (DPD)

Some years ago Hoogerbrugge and Koelman [1] introduced a new simulation technique called
dissipative particle dynamics (DPD). It is based on the simulation of soft spheres (“beads”), whose
motion is governed by simple force laws; in addition, it allows for the mesoscopic-scale modeling of
the self-assembly of surfactant and polymer systems. DPD is based on a coarse-grained
representation, where the internal degrees of freedom of the molecules are integrated out in favour
of a less atomistically detailed and more mesoscopic description of the system. Beads interact through
soft, short range potentials that lead to improved computational efficiency. Despite the simplicity of
the models, DPD can provide quantitatively and qualitatively correct descriptions of structural and
thermodynamic properties of complex systems [2, 3].

DPD is an approach based on the classical equations of motion, DPD has enjoyed enormous
popularity in the modeling of systems at mesoscopic scale. DPD is a coarse-grained simulation
method in which a complex molecule, such as nanoliposomes, is represented by soft spherical beads

Nanomaterials 2018, 8, x; doi: FOR PEER REVIEW www.mdpi.com/journal/nanomaterials


mailto:ket.a.t.m@gmail.com
mailto:emartinez@ciatej.mx
mailto:inohiguera@ciatej.mx
mailto:ket.a.t.m@gmail.com
mailto:cvirues@ciatej.mx
mailto:javmartinez@uv.mx
mailto:zdominguez@uv.mx
mailto:waldo@ciad.mx
mailto:F.M.Goycoolea@leeds.ac.uk
mailto:roberto.lopez.rendon@gmail.com
mailto:agama@alumni.stanford.edu
mailto:roberto.lopez.rendon@gmail.com
mailto:agama@alumni.stanford.edu

45
46
47
48

49

50
51
52

53

54
55

56

57
58
59
60

61

62

63

64
65
66
67
68
69

70

71
72
73
74

75

76
77
78

79
80

81

Nanomaterials 2018, 8, x FOR PEER REVIEW 2 of 6

joined with springs. The interaction is usually described through simple and pairwise-additive
potentials. Similarly, to molecular dynamics simulations, particle positions and velocities in DPD are
governed by the Newtonian law of motion:

—L=v, m;—t=F, (S1)

wherer;, v; and m; are the position, velocity and mass of the ith bead, respectively, and F; is the
total force exerted upon it. The total force is the sum of the conservative force (F¢), random force (FR),
and dissipative force (FP) as follow:

Fyj = 1[F€(ry) + FR(x;) + FP(ry)] (S2)

The conservative force between the ith particle and the jth particle determines the thermodynamics
of the DPD system and is defined by a soft repulsion:

EC = a;(1—-ry)f; ry<r, (3)
¥ 0 Ty > T,

where a;; is the parameter expressing the maximum repulsion between ith and the jth beads, and
L =T — T, Iy = |ri1-|,fl-]- = 1;;/T;; is the unit vector denoting the direction from bead i to j. r. is a
cut-off radius, and it gives the extent of the interaction range between a pair of beads. The other two
forces in Eq. (S2) are the random force (FR), which is given as follows:

Fjj = 0w (ry)§,fy (S4)
and the dissipative force (FP):
Fj = —yw”(ry)[r; - vy]fy (S5)

In Eq. (54), o is the amplitude of the noise. §;; is a random number between 0 and 1 and is subject to
a uniform distribution for simplicity; it is statistically independent from the pair of beads. In Eq. (S5),
vi;j = v; — V; is the difference between the velocity of the ith bead and the jth bead, y is the friction
coefficient. The w® and w?” are weight functions; the combination of the dissipative and random
forces leads to a thermostat that conserves the total momentum of the system. The magnitude of the
dissipative and stochastic forces are related through the fluctuation—dissipation theorem [4]:

WP (ry) = [0*(ry)]" = max{(1-2)", o] (56)

where 1, is a cut-off distance. At interparticle distances larger than 1., all forces are equal to zero.
This simple distance dependence of the forces, which is a good approximation to the one obtained by
spatially averaging a van der Waals—type interaction, allows one to use relatively large integration
time steps. The strengths of the dissipative and random forces are related in a way that keeps the

2
temperature internally fixed, kpT = ;—y; kp being Boltzmann’s constant and T the temperature. The

natural probability distribution function of the DPD model is that of the canonical ensemble, where
N (the total particle number), V (Volume), and T (Temperature) are kept constant. The equations of
motion are solved using the velocity Verlet algorithm adapted to DPD [5].

In this work, both the chains of the chitosan polymer and the molecules of lecithin and capsaicin are
connected by a harmonic spring as follows

Fg = _ks(ri]' - ro)fij (87)
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Where the spring constant is ks and the equilibrium distance is ry [6]. Using the same harmonic
model, we control the angle between every three beads and the equation for this type of bond is

Ff = —ko(Byjx — 00)0jx (S8)

Where kg is the spring constant, 8;j; is the angle between i-j-k particles and 8, is the equilibrium
angle. For simplicity, conservative interaction parameters for each one components are listed in Table
S1. The interaction parameters have been obtained using the group contribution method [7] based on
the solubility of each bead and following the standard technique for parametrizing the DPD
interactions [8].

Finally, two fundamental properties were used namely, the radial distribution function, g(r), and
the potential mean force (PMF), Wpyp(r). We focus here on the latter, which is an effective pair
interaction that provides important thermodynamic information about many — body systems. It can
be obtained from the radial distribution functions, g(r), through the relation [9]:

Wpur(r) = —kgTIn[g(r)] (59)

A. Models

The exact division of capsaicin, lecithin and chitosan molecules is presented in next figure S1.
Lecithine Capsaicin
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Figure S1. (Color online). Construction of beads in every molecule.

The matrix of interaction parameters a;; according to Eq. S3 between every group shown in figure
S1is presented in the next table.

Table S1. Interaction matrix a;;. The labels in this table are according to the description of figure 1 of
the original article.

L1 L2 L3 A G C1 Cc2 C3 W
L1 7833
L2 8025 7833
L3 9521 85.85 78.33

A 8067 8572 103.82 78.33
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G 8205 8715 10343 78.68 78.33

Cl1 7834 79.51 89.85 80.89 8235 78.33

C2 8920 9348 10395 8473 8314 89.50 78.33

C3 8572 8148 78.34 93.79 9829 8535 103.47 78.33

W 8925 9279 101.21 8341 8098 89.49 78.62 100.83  78.33

Parameters of the intramolecular forces are shown follows; the corresponding parameters of bonding
forces are: for all molecules 1y = 0.7 and kg = 100 [6]. Parameters corresponding to binding forces
are for lecithin molecules are 8, = 170.0 and kg = 50.0. For chitosan are 8y = 118.5.0 and kq =
10.0, finally for capsaicin are 8y = 175.0 and kg = 10.0. The angles 8, are taken of molecular
structures, from representative atoms in every coarse—graining group.

Others details of our simulations are kgT = 1.0, time step At = 0.03, mass m = 1.0 and r¢ = 1.0.
The parameters o y vy of random and dissipative forces are equal to 3.0 and 4.5 respectively. All
simulations performed 50 blocks of 1 X 10° steps to reach a total of 5 x 10® steps or 24 ps. The
density of all systems are chose as 3.0 and the total number of particles in each simulation is 150000.
All simulation parameters are in DPD units.

For fix the number of lecithin molecules that made a nanoliposome, we run an extra set of
simulations, these simulations consist in change the concentration of lecithin molecules in the
liposome structure. The chosen concentrations were: ;¢ = 0.48, 0.60, 0.73,and 0.85 M, where
the LC subscript refers to lecithin molecules. Density maps of these simulations shown is figure S2.

A)

C)
2
15
‘ ‘ 12
§
“\\, 0.5
0

0
0 5 10 15 20 25 30 35
x

2

Figure S2. (Color online). Initial configuration of nanoliposome. A snapshot of the initial
configuration Density maps of lecithin at different concentrations. A) 3929 lecithin molecules y;. =
0.48 M. B) 4929 lecithin molecules y; = 0.60 M. C) 5929 lecithin molecules y;- = 0.73 M. D) 6929
lecithin molecules y;. = 0.85 M.

We use these results for choose the ideal concentration of lecithin. The concentration chosenis y ¢ =
0.60 M, the reason is because in the case A) the density of lecithin is low and there is a risk of the
membrane breaking and in cases C) and D) the density of lecithin is very high such that the aqueous
core is smaller and the structure of liposome is deformed.
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The density profiles of capsaicin and lecithin help us to estimate the mean size of nanoliposome and
the encapsulation efficiency. In the figure S3 we show the density profiles only for the case of x5 =
6mM and ycp =30mM. The way to obtain these properties is to taken the average of density profile
in the x, y and z coordinates and measure when the density begins to increase and when the density
newly is close to zero and compute the difference. This difference is taken as mean size of
nanoliposome.

1.4F
1.2f

Zosf

!

pH(Y)
o

pH(z)

Figure S3. (Color online). Density profiles of lecithin in the coordinates x (red), y (green) and z (blue) starting
in left to right

For the efficiency of encapsulation is need to integrate a density profile of capsaicin for obtain the

number of molecules inside the nanoliposome and applicate the equation of encapsulation efficiency

(EE)

. See the discussion in the main text about the calculation of the EE. Density profiles of capsaicin

is shown in the figure S4.
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Figure S4. (Color online). Density profiles of capsaicin in the coordinates x (red), y (green) and z (blue)
starting in left to right.
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