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Supplementary Information to Adhesion Dynamics of
Functionalized Nanocarriers to Endothelial Cells: A Dissipative
Particles Dynamics Study
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Simulation technique: Dissipative Particles Dynamics:

As a particle-based simulation approach, DPD was constructed to discover correct hydrodynamic
behavior in fluids!. For each particle at each time and position (r;), the velocity (v;) equation of
motion is solved, and forces are determined and updated at each time step. It contains conservative
(FC), dissipative (FP), and random force (FR) as pairwise interparticle forces. Employing these
forces creates each DPD particle as a frictional noisy soft sphere that interacts with other DPD
spheres over time. The total force within the cut-off distance which is used by j" neighboring
particle on the i particle is:
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The conservative force F€ is a soft potential that reduces linearly with respect to the center-to-
center distance of two particles (eq. 2). By selecting a proper repulsion coefficient between particle
i and j (a;), this force can achieve equilibrium thermodynamic properties like compressibility2.
The dissipative force FP (eq. 3) displays the viscous resistance of fluids, and its value is associated
with the velocity of the two particles working between center to center of particles and expects to
decrease relative velocities and kinetic energy of DPD particles. The Brownian motion in the
system is characterized by random force FR (eq. 4), which with the help of FP, regulates the
temperature of the system. A proper correlation among the values of these forces (3j;, v;) and the
weight function is necessary to maintain a constant temperature. The fluctuation-dissipation
theorem (eq. 5) unites these forces and offers a relationship between the temperature of the system
and the values of these forces.
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a randomly fluctuating variable with Gaussian statistics.
At distances smaller than the cut-off radius conservative, dissipative and random weight functions
c D R
are Wi (rij)’Wij (rij)' and Wi (rij) respectively. These weight functions have the structure:
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The fluctuation-dissipation theorem relates the dissipative and random weight functions which
guarantees that the momentum is conserved and the hydrodynamic is preserved.

According to the original paper of Groot and Warren?, the water-water repulsion Ass parameter is
-1
fixed relating to the adimensional compressibility of water ke . Comparing the equation of state

of a DPD simulation and an experiment of water at room temperature results in
a,, = 25 kgT/Rc

In this study, the length scales are chosen based on the macroscopic properties of the EG layer in
the water.* The physical length scale Iy =12.5 nm is calculated according to the experimentally
obtained distance of anchor points of the glycocalyx chains d,,ys =20 nm and the space between
anchor points of EG chains in our simulation. This choice of the physical units in our DPD
simulation provides the EG thickness in the range of thickness for the actual EG layer (100nm to
1000nm ) 3, therefore, validating our choice of repulsion parameters and model against
experimental observations.

To manage the distribution of ligands on the NCs surface, initially, we calculate the number of
ligands for each ligand density and randomly distribute these ligands on the outer layer of the NC.
We tether the one end of ligand chains on those randomly selected, but distinct surface beads of
the outer layer of each NC. For instance, in the case of an 8rc disc with 152 ligands, we identify
152 random beads on the disc's surface area and attach the ligands to them. We have three ligand



densities: bare, low and high ligand density. The low ligand density is 0.375 nm and the high
ligand density is 0.75 nm2 (typical of biomedical application).

As mentioned earlier, we maintain a constant surface area for different shapes. Consequently, at
identical ligand densities, all shapes have the same number of ligands. For instance, for 8rc rod,
disc, and sphere, each with equal surface areas, we utilize 76 ligands to achieve a ligand density
of 0.375 nm and 152 ligands to attain a ligand density of 0.75 nm. Therefore there is not any
potential variations in ligand distribution between different NC shapes. For NCs with various sizes
there are different surface areas. To maintain a consistent ligand density, we tether an appropriate
number of ligands. For example, at a ligand density of 0.75 nm, we use 152 ligands for 8rc, 340
ligands for 12rc, and 604 ligands for 16rc shapes of NCs.

The adhesion of functionalized NCs to endothelial cells with details such as NC, ligands, EG layer,
receptors, water, and substrate have been studied through continuum modelings*¢. However,
investigating NCs adhesion to the endothelial cell with all the details above using DPD simulation
is a significant improvement on the state-of-the-art.

It should be noted that the DPD thermostat is compatible with hydrodynamics on large scales and
is hence useful to investigate the dynamics even under a thermal non-equilibrium state”.

In fact, the potential energy of our samples represents the sum of all non-bonded interactions
between NC’s shell and ligands, with EG layer, water, receptors, and wall beads. These mainly
attractive interactions act as driving forces for the diffusion of NC into the EG layer. Average
energies are stored at each time step. The potential energy of the system is determined as an integral
of conservative forces and is shown in the equation 6.

PE = (al( ) )dr
f o , (6)

The time evolution of conservative energy of a system in a DPD simulation was investigated by
Wang et.al® and indicated that due to the presence of the random and dissipative forces (i.e., a
thermostat) in DPD simulations, the system always maintains the thermal equilibrium.

Generally, the calculation of potential energy is straightforward however identifying the entropy
is a complex task. To study the conformation of the EG layer, receptors, ligands and the shell of
NCs, an expression that provides an approximate evaluation of the entropy is enough.

A conformational entropy is computed using the following equation 7.°

=— anka [g()Ing(r)-g() + 1]r2dr,
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Where p is the density of the system, and the radial distribution function is g(r).

To identify local structures, 52 could be used as a fingerprint if it properly applied to different
atoms. The projection on atom i is obtained from the equation:
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Where 9 m is the radial distribution function centered at the “th atom and "m is an upper integration
limit. This entropy calculation method provides an instantaneous entropic snapshot of the system
at each position within the simulation cell which can be investigated as a function of time. In other
words this model can be used properly without prior knowledge of the physical state of the system
therefore it can be applied for dynamic systems where every step is not equilibrated.!%-14

According to Sefiddashti et al '° the radial distribution function (RDF) in this method is not an
ensemble-averaged over all atoms in the system rather it contains configurational information only
within the immediate neighborhood of a particular atom and thus provides local entropy. On the
other hand, our goal is not obtaining a precise absolute value for the entropy of the system rather
is detecting a sharp change in configurational entropy which is produced by the NC penetration.

According to Piaggi et al.? this entropy fingerprint can distinguish ordered structures in a complex
situation. In fact the g(r) is normalized by the local density around each atom. This is helpful when
dealing with inhomogeneous system such as those that have surfaces (like the interface of
EG/water and surface of NCs and ligands). Ghaffarizadeh et al.!> shows that total entropy is
calculated as a weighted average of the component entropies. This form of entropy decomposed
by particle type and was used for soft materials.!!-12

During the adsorption and penetration of NC to endothelial cells, entropy changes contain four
main components:

(1) The change in entropy of EG chains due to changes in their conformation is called EG
entropy.

(2) The change in entropy of the NC shell which is caused by the flexibility of the soft NCs
shell and is called shell entropy.

(3) The change in entropy of ligands related to change in their conformation and is called
ligand entropy

(4) The change in entropy of receptors associated with changes in their conformation is called
receptor entropy

To quantify the size of the EG chains as a function of NCs penetration, their radius of gyration
tensor in the Z axis (Rg Z) in the water is computed. Rg Z of EG chains is employed as a
representative of their morphological properties. In order to compare Rg Z plots of all different
samples, only the 30*10° time steps of the penetration stage are illustrated.

To investigate dynamics, for all the constructed NCs, the translational motion of the center of mass
is explored. For calculating the translational motion of the NCs, the mean-square displacement
(MSD) is determined (Equation 9).

MSD (1) = {(F(t + At) - 7(£))), 9)



where At is the interval time between the two positions. To examine the diffusion of the NC to the
EG layer, mean-square displacement tensors in the Z axis (Z MSD) and the X axis (X _MSD) of
NCs are recorded.

I.  Effect of shape:

In figure S1 we investigate the shape effect on penetration of 12 R, bare NCs. The time evolution
of Z MSD, potential energy and shell entropy of the rod, sphere, and the disc are compared.
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Figure S1. VMD snapshots of (a) rod, (b) sphere, and (c) disc shapes of 12rc bare NCs after 30*103
time steps run. The time evolution of (d) Z MSD, (e) potential energy, and (f) shell entropy of
12rc bare NCs with different shapes.



Figure S2 compares the penetration of 8 R functionalized NCs with different shapes. The time

evolution of Z MSD, potential energy and shell entropy of the rod, sphere, and the disc are
compared.
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Figure S2. VMD snapshots of (a) rod, (b) sphere, and (c) disc shapes of 8rc functionalized NCs
after 30*10° time steps run. The time evolution of (d) Z MSD, (e) potential energy, and (f) shell
entropy of 8rc functionalized NCs with different shapes.

In figure S3 we compare the density profile of 12 R, functionalized NCs with different shapes at
the beginning of penetration step and at the end of simulation.
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Figure S3. VMD snapshot and density profile of (a), (b), (c), and (d) rod, (e), (f), (g), and (h)
disc, and (1), (j), (k), and (1) sphere shapes of 12rc functionalized NCs at 0 time step and after

30*10° time steps.

Figure S4 demonstrates the time evolution of penetration of 16 R functionalized disc into the

EG layer.
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Figure S4. VMD snapshots of the 16rc functionalized disc during the 30*105 time steps run. The
two ligands at the two opposite sides of the disc are shown in red so that the rotation of the disc
versus a parallel line to the wall (orange dashed line) can be observed.

In figure S5 we explore the initial orientation effect on penetration of the 8 R¢ functionalized rod.
The time evolution of Z MSD, potential energy and shell entropy of parallel and perpendicular
orientations are compared.



II.  Effect of initial orientation
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Figure S5. VMD snapshots of (a) perpendicular, and (b) parallel orientation of 8rc functionalized
rod after 30*10° time steps run. Time evolution of (d) Z MSD, (d) potential energy, and (¢) shell
entropy of 8rc functionalized rod with different initial orientations.

In figure S6 we show the time evolution of penetration of the 8 R functionalized disc into the
EG layer.

Figure S6. VMD snapshots of the 8rc functionalized disc during the 7*10° time steps run (until
the disc reaches to the receptor area). The two ligands at the two opposite sides of the disc are
shown in red so that the rotation of the disc versus a parallel line to the wall (orange dashed line)
can be observed.



The time evolution of penetration of the 12 R functionalized disc into the EG layer is illustrated

in figure S7. The X _MSD of disc with initial parallel and perpendicular orientation are compared
in this figure.
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Figure S7. (a) VMD snapshots of the 12rc functionalized disc during the 30*10° time steps run.
The two ligands at the two opposite sides of the disc are shown in red so that the rotation of the

disc versus a parallel line to the wall (orange dashed line) can be observed. (b) The X MSD of
the parallel and (c) perpendicular initial orientations

In figure S8 we show initial orientations of a disc on top of the EG layer. @ =90 is for parallel
disc and @ =0 is for perpendicular disc.
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Figure S8. Schematic showing the angle ? between the long axis of the NC and the EG layer
normal at initial step where t =0 and D= ¢0.



III.  EG entropies

entropy (k)
S & o
s [N) o

I
o
o

entropy (k)

I
Vi

o

10 20 30
time step (1075)

— rod
— disc

A~

10 20 30
time step (10°5)

no_np

sphere

| |
S o o
i N o

entropy (k)

I
e
o

| |
o o o
S N o

entropy (k)

|
e
o

o

10 20 30
time step (1075)

/ / A
A \
\
)

10 20 30
time step (1075)

Figure S9. Time evolution of EG entropy of 12 R, functionalized NCs with different shapes. The
yellow curve is for unembedded EG chains.
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Figure S10. Time evolution of EG entropy of disc shape NCs with different sizes. The yellow
curve is for unembedded EG chains.
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Figure S11. Time evolution of EG entropy of 12 R, disc shape NCs with different initial

orientations. The yellow curve is for unembedded EG chains.
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Figure S12. Time evolution of EG entropy of 12 R, disc shape NCs with different ligand
densities. The yellow curve is for unembedded EG chains.



IV.  Receptor entropies
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Figure S13. Time evolution of the receptor entropy of 12 R, functionalized NCs with different
shapes. The yellow curve is for unembedded EG chains.
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Figure S14. Time evolution of the receptor entropy of disc shape NCs with different sizes. The
yellow curve is for unembedded EG chains.
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Figure S15. Time evolution of the receptor entropy of 12 R, disc shape NCs with different initial
orientations. The yellow curve is for unembedded EG chains.
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Figure S16. Time evolution of the receptor entropy of 12 R, disc shape NCs with different ligand
densities. The yellow curve is for unembedded EG chains.
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