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Abstract:

Targeted drug delivery to endothelial cells utilizing functionalized nanocarriers (NCs) is an
essential procedure in therapeutic and diagnosis therapies. Using dissipative particle dynamics
simulation, NCs have been designed and combined with the endothelial environment, such as the
endothelial glycocalyx (EG) layer, receptors, water, and cell wall. Furthermore, the energy
landscapes of the functionalized NC with the endothelial cell have been analyzed as a function of
properties such as the shape, size, initial orientation, and ligand density of NCs. Our results show
that a proper higher ligand density for each particular NC provides more driving forces than
barriers for the penetration of the NC. Herein we report the importance of shell entropy loss for
NCs shape effect on the adhesion and penetration into the EG layer. Moreover, the rotation of the
disc shape NC as a wheel during the penetration is an extra driving force for its further inclusion.
By increasing the NCs’ size larger than the proper size for each particular ligand density, due to
an increase in the NCs’ shell entropy loss, barriers surpass driving forces for NC’s penetration.
Furthermore, the parallel orientation provides the NC with the best penetration capabilities.
However, the rotation of the disc shape NCs enhances their diffusion in the perpendicular
orientation too. Overall, our findings highlight the crucial role of the shell entropy loss in
governing the penetration of NCs. Besides, studying NC with the homogeneous ligand

composition enabled us cross barriers and probe energetics after the complete inclusion of the NC.
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1. Introduction:

Targeted drug delivery applying functionalized NCs is a critical technique in therapeutic and
diagnosis treatments. However, the design of NCs for targeting endothelial cells is still a

biomedical and pharmacological challenge.

Successful targeting relies on various physiological factors that control the binding process,
including ligand density, the endothelial glycocalyx (EG) layer (composed of carbohydrates like
glycoproteins and proteoglycans'=), and receptor expression.* The EG layer signifies a

thermodynamic impediment to the adhesion of nanoparticles.

In experimental work, Mulivor et al.’> found that the elimination of the EG layer by enzymatic
(heparinase-mediated) degradation significantly affects the adhesion of NCs to endothelial cells.
These works emphasize the importance of studying the effects of the EG layer in creating a precise

model for nanoparticle adhesion.

Moreover, targeting efficacy is influenced by the number of design parameters such as shape, size,
and surface chemistry of NC.%-12 The latter is defined by the specific interactions between NC

surface ligands and the EG chains and cell surface receptors. '3-17

Researchers®® explored the role of the size and shape of carriers in drug delivery and found that
the carrier geometry influences endothelial targeting and disc shape has higher targeting specificity

while the sphere diffuses faster into the cell.
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Elias et al.” developed an experimental strategy to investigate the effect of ligand density of NCs
and figured out that cell binding is improved significantly by an intermediate optimal ligand

density.

The orientation of NCs at the point where it is attached to the cell defines the local shape of the
NCs. Champion et al.'® discovered that this local shape determines the diffusion rate of NCs into
the cell. For instance, an ellipse penetrates very fast through its pointed end while the same ellipse

penetrates extremely slower through its flat region.

Computational modeling can be implemented to reduce the time, effort, and cost required for the
development of desired NCs,!%-32 by predicting in vivo behavior of NCs and has a considerable

impact on biomedical research about NCs delivery to endothelial cells.

There are some models that study the mechanical properties of the EG layer*-* and

thermodynamic models that investigate the effect of the EG layer on NC binding.?3-3

While simulation studies have played a great role to predict the binding affinities of NCs to
endothelial cells, most of the studies so far have investigated the interaction of NCs and
endothelium at the continuum level>?3-3¢ and haven’t provided necessary insight into the molecular
structure. A molecular-level simulation is preferred to help us directly track NCs during adhesion
and penetration into the EG layer and calculate energetic change for all the physical parameters in

the system. +37-41

Cruz-Chu et al.*? suggested an all-atomistic model for EG chains with all details and high fidelity
however due to high computational cost their model cannot be used to investigate large time/scale
properties of the EG layer. In a more coarse-grained simulation 2424 the EG layer was studied as

a part of the endothelial cell.

Dissipative Particle Dynamics (DPD) is proposed as a mesoscale technique that prevents
drawbacks of atomistic and macro scale simulations and is used to explore the dynamics of NCs
in the vicinity of vessel wall where environment of endothelial cell will determine the NCs

adhesion to targeted areas.*>46
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Although there have been advances in the understanding of the structure of glycocalyx filaments
of endothelial cells and NCs’ effect on cellular uptake, NCs’ inclusion in endothelial cells has not

been sufficiently studied.

Moreover, a systematic study of the individual contributions of design parameters is lacking,
leading to a substantial quest for the optimal NC design. Specifically, it is imperative for ligand-
functionalized NCs to effectively penetrate the EG chains and access the receptors, enabling

ligand-receptor binding.

Using DPD simulation, we suggested a feasible method for incorporating the majority of
parameters that control the adhesion process of NCs, including the impact of the EG layer, which,

so far, has not been studied with a molecular simulation method.

In this paper, we systemically study the effect of NCs’ shape, size, initial orientation, and the effect
of NCs’ surface chemistry such as ligand density on the adhesion and penetration of NCs to the

EG chains and binding of ligands to receptors.

This paper is represented as follows. Section 2 presents the DPD simulation models for
functionalized NCs, EG layer, receptor and cell wall, and subsequent methods for examining the
penetration of NCs into the EG layer. The potential energy and entropy calculation methods are
also explained. In Section 3 we report the influence of the NCs’ shape, size, initial orientation, and
ligand density on NCs’ penetration into the EG layer. The interaction between NCs and EG chains
during penetration is calculated through potential energy and entropy analysis. Finally, section 4

concludes our investigation.

2. Methodology

DPD simulation has been proven to serve as a successful method to study soft matters and has

accurately captured the physics of functionalized nanoparticles*’-°.
The details of the DPD simulation technique are presented in the supporting information.

In our DPD method, equal bead diameter and equal repulsion parameters for the same components

are used’’. According to Biagi et al.’, Deng et al.** and Neimark et al. 37 the particle-particle
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interaction parameter is considered equal to solvent-solvent interaction parameters (ags = app) and
the interaction between different beads (a;) are chosen as described below. The shell of NCs
(labeled N) and ligand with relatively low level of hydrophilicity have the attractive interaction of
a;j = 20 with water. Hydrophilic EG and receptor chains have the attractive interaction of a;; = 10
with water. Hydrophilic EG and receptor chains have the attractive interaction of a;; =5 with shell
and ligand chains with relatively low level of hydrophilicity. The “core” beads (labeled C) strongly
repel all other beads in the system like water, N, and ligand beads with the repulsive interaction of

a;j = 40 to ensure that NCs are impenetrable.
The reduced density of DPD beads p*=3 and the friction coefficient y=4.5 are implemented.

According to the original paper of Groot and Warren®’, the number of water beads is adjusted to
maintain density of 3 in the system. Water molecules are represented as single beads in this model.

The solid wall is made of three parallel layers of fixed beads. The box size is 30x30x60 R.3.

In this study, we employ the normalized length, mass, and time scale. The mass of solvent beads

is the unit of mass m. The cutoff radius R, is the unit of length. kgT is the unit of energy. NVE

1

mR.2 2
ensemble is used for DPD simulations with time step At = 0.01t wheret=(  * / kBT) .

The EG chain is modeled as a bead-spring chain with N=20 segments based on the physics of the
EG filament. The harmonic spring constant 100 and the equilibrium bond distance r.,=0.86 are
chosen according to the study of Deng et al. 4. To imitate the molecular structure of actual EG
filaments and since the tethered bead of the EG chain is not free to rotate we utilized the EG chains

with bush-like structure3®#*. EG chains are shown in Figure 1.

Table 1 shows the bond information and the interaction parameters for our endothelial system.

In this work, NCs are designed and combined with the endothelial environments such as the EG
layer, receptors, water, and cell wall. Simulation results show that we have the ability to prepare
features such as the structure and the height of the EG layer and grafting densities of ligands and

receptors that follows the experimental observations.
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Table 1. Interaction parameters for beads in the system and chain length and bond
parameters. The denotation of bead types: N is for the shell of the NC, C is for its core. K is the

bond strength and R, is the equilibrium distance.

Short-range conservative repulsion

aij EG receptor  wall water  C N ligand

EG (250) (250] (250] [(100] (300 (50 ) (_50]

receptor (250 ] [250]) (200] (300]) (50 ] (50)

wall (2s0] (2s0] (300] [250) [ 250]

c (250 ) (400] [ 400

N 25.0 25.0

ligand 25.0

Chain length and bond parameters
KT/R2 R, /R, KT/R2 R./R,

EG-EG 100 0.86 EG_wall 100 0.86
NP_NP 500 0.57 ligand_ligand 100 0.57
recep_recep 100 0.86 Ligand_NP 100 0.57
recep_wall 100 0.86

NC beads are structured into a simple hexagonal lattice bonded through harmonic bonds. We keep
the equivalent surface area for different NC shapes instead of the surface area to volume ratio, first

because the surface area defines the capacity of the NC to load it with the drug.

Second, at a specific ligand density, it is required to have the same number of ligands on every
shape of the NCs.#3-61.62 Thus, different shapes of NCs can exhibit equal binding strength between
ligands and receptors, helping us explicitly analyze the impact of the shape on the adhesion of NCs
to the endothelial cell. According to grafting density, ligand beads are permanently grafted at

random beads on the NC outer layer.
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Three NC diameters, 8 R., 12 R, and 16 R are made. These three sizes are constructed for the
disc and rod shape of the NC with equal surface areas to the sphere. Functionalized NCs for sphere,

disc, and rod shapes are shown in Figure 1.
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Figure 1. Model of (a) spherical shape, (b) rod shape, (c) disc shape of functionalized NCs with
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hydrophilic ligands (black), shell layer (brown) and core (blue), and (d) EG chains (blue), receptors
(pink) and cell wall (green). The size of the NC is 12 R...

DPD simulations are conducted for 10%¥10° time steps until the system reaches the equilibrium
state. To determine the time taken for the system to reach equilibrium, we monitor the temperature
of the entire system until it stabilized at 1. After 10*10"5 time steps, we observe no fluctuations

in temperature, indicating that the system has reached the intended equilibrium state®°.

During the equilibration of the system, the NC is in the bulk water. Then the NC is located on top

of the EG layer and another 30*10° time steps of NVE simulation is performed to study the
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adhesion and penetration of the NC to the EG layer. In fact, this 30*10° time steps run is enough
to study the complete penetration of the NCs through the EG layer and reach the receptor area. In
this study, three independent runs are conducted for the DPD simulation of each sample, and the

average of these three runs is plotted for all the properties.

In order to interpret the reason for the adhesion or repulsion of NCs by the endothelial cell we need

to monitor the variation of free energy contributions to this process.

We have studied the free energy of adhesion and penetration, which includes potential energy and
entropy terms.

In most energy studies of NPs adhesion to polymer brushes, energy is calculated related to the NP
distance from the substrate inside the polymer brush. However, in our dynamic study, the adhesion
and penetration of NCs to the EG layer can be visualized and at the same time, the energy change
can be recorded. So, this method helps us discover and interpret previously unseen events like the

rotation of NCs during the penetration into the EG layer.

The detail of the potential energy and entropy calculation is explained in the supporting

information.

In recent works, conformational entropy has been calculated as a main fingerprint to quantify
deformations and changes in the conformation of soft materials®3-6°. We measure conformational

entropy as well, to identify conformational deformations in the environment of endothelial cells.

The entropy is always negative, and the lower entropy demonstrates the more ordered
environment. In general, penetration of NC to the EG layer occurred when the driving force is

larger than the barrier.

3. Results and discussion:

In this section, we study the influence of a series of factors on the functionalized NCs adhesion
and penetration into the EG layer. First, we analyze the shape effect. Second, we use NCs with the

best shape to study the effect of size. Third, we use NCs with the best size to investigate the effect
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of the NC’s initial orientation to find the best position of the NC on top of the EG layer. Finally,
the best orientation is used to evaluate the effect of ligand density. The interaction between NCs,
EG and receptor chains during the penetration is quantified through potential energy and entropy

calculations.

3.1. Shape effect:

One of the parameters that affect the targeting capability of NCs is their shape. In fact, both the
surface area available for targeting ligands and the local curvature of different shapes of NCs

influence the ligand adsorption and the amount that NCs fit the contours of the cell.®

On the other hand, NCs with different biological applications require different shapes which have
been investigated extensively.®”-7% For instance, in a simulation study, the anisotropic NCs are

adsorbed into the polymer brushes more difficult than spherical NCs.”!

Accordingly, in our study, it is essential to understand how the shape of NCs can control their
penetration in the EG layer and their adhesion to receptors of the cell. In figure 2, snapshots,
density profiles, potential energies, and entropies of the 12 R, functionalized NCs are plotted as a
function of shape. In figure 3, Rg_Z plots of the EG chains are shown as a function of shape, size,

initial orientation, and ligand density of NCs.
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Figure 2. VMD snapshot and density profile of (a), (b) rod, (¢), (d) disc, and (e), (f) sphere after
30*10° time steps run. The time evolution of (g) Z_MSD, (h) potential energy, (i) shell entropy,

(j) EG entropy, (k) ligand entropy, and (1) receptor entropy of 12 R, NCs with different shapes.

The red curves indicate disc shape NC, while blue and green indicate rod and sphere shape NCs,

respectively.
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Figure 3. The time evolution of Rg? in Z axis for the EG chains as a function of (a) shape, (b) size,
(c) initial orientation, and (d) ligand density of NCs. Yellow curves show the Rg? in Z axis of

unembedded EG chains (no_np).

Density profiles (Figures 2a-2b, 2c-2d, 2e-2f, and S3a-S3b, S3c-S3d, S3e-3f) show that during
the simulation, the shell size (N) increases for the rod and sphere shapes, indicating significant
entropy loss in the shell. In contrast, for the disc, shell and ligand densities are similar and
distributed smoothly. This efficient ligand coverage allows the disc to rotate freely among the EG
chains. However, in the case of the rod and sphere, there is a disparity between ligand and shell
density, leading to uneven ligand distribution on the shell. Consequently, the rod and sphere shapes

cannot rotate and penetrate as effectively as the disc. (Figure 2g).

The NC adhesion and penetration to the EG layer and cell surface are mainly determined by the
delicate balance between the energetic gain due to the ligand-EG and ligand-receptor binding and

the entropies of various components including EG, NC’s shell, ligands, and receptors.’

At the initial steps of simulation, NCs with identical surface area, interaction strength, and grafting
density of the ligands, but with different shapes show different potential energies for the

penetration (Figure 2h). The explanation lies in the work of Ding et al.”> who demonstrated that
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the local shape (surface area) of the NC on the EG layer determines the initial potential energy.
Because the sphere has more surface area in contact with EG compared to the rod and the disc, it
possesses the highest driving force. The minimum energy observed at the ligand-receptor area
signifies that, in the case of the disc with complete penetration, ligands bind to receptors, leading

to the lowest potential energy for the disc.

However, the rod and the sphere struggle to penetrate effectively, resulting in a consistent trend of
potential energy from beginning to end. Despite the initially higher potential energy for the sphere,
penetration efficiency is not solely determined by potential energy; it is influenced by the entropy

losses induced by the NCs' penetration.

It should be noted that the difference between penetration amounts of different NC shapes is
governed by either the difference between potential energies of these shapes or the difference
between their entropy losses. In other words, when it is mentioned that for the shape effect, the
penetration amount is controlled by NCs entropy it means that the trend of penetration amount is

consistent with the trend of NCs entropy and not with the trend of potential energy.

The shell entropy plot shows a significant increase in entropy loss for the rod and the sphere
compared to the disc (Figure 2i). To explain this behavior precisely, we investigated the shape
effect on two other groups of samples. In the first group, there are 12 R, bare NCs with different
shapes and in the second group, 8 R, ligand functionalized NCs with different shapes are studied.
As it is shown in figure S1, for 12 R, bare, the shell entropy of the rod (around -100 K) is larger
than the shell entropy loss of 12 R, ligand functionalized rod (around -80 K). This indicates that
the presence of ligands dissipates the force on the NC shell and so decreases the shell entropy loss

for all different shapes.

Gao et al.”! discovered that when the nanoparticle is at the interface of the polymer brush and the
solvent, the surface tension controls the inclusion free energy. However, when the nanoparticle
has a deep inclusion inside the polymer brush the osmotic pressure determines the free energy

changes.

Accordingly, for 8 R, ligand functionalized NCs (figure S2) it is seen that the sphere has a

significantly larger shell entropy loss than the rod and the disc. In fact, when the rod and the disc
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are adsorbed by EG chains they can penetrate inside with their slim edge in contact with the EG
layer, hence they feel lower surface tension than the sphere with a wide local area and so they have

lower shell entropy loss.

However, for 12 R, bare NCs (figure S1), it is observed that like the 12 R, ligand functionalized
NCs (figure 2), sphere and rod have a huge increase in shell entropy compared to disc. In fact, at
this size, the surface area of the rod in contact with the EG layer is as wide as the sphere’s surface

area so both the rod and the sphere feel a large surface tension and have high shell entropy losses.

Over time, the shell entropy loss of the disc diminishes, while the rod and sphere continue to
experience high shell entropy losses. To understand this, examining the behavior of 12 R, bare
NCs is instructive. Since there's no penetration inside the EG chains, the shell entropy for the
sphere and rod remains significantly higher than that of the disc, persisting until the end of the
simulation. In contrast, for the 8 R, ligand functionalized sphere and disc capable of penetration
(Figure S2), the shell entropy loss fluctuates around zero. One possible explanation is that when
the sphere or the rod is inside the EG layer, the NC feels the osmotic pressure of EG chains which
is applied to the volume of the NC so causes low entropy loss of the shell. However, when they
cannot penetrate inside the EG layer like the bare sphere and bare rod, the NC feels the whole
surface tension of the EG layer only on its edge’s surface area which leads to a large entropy loss
of the NC. Therefore, the osmotic pressure can cause less shell entropy loss for NCs than the

surface tension.

In a theoretical study and a DPD simulation 737# of an elastic NC interacting with a cell membrane,
it is revealed that for soft NCs it is more difficult to penetrate into the membrane than for rigid

NCs and this is due to the existence of the extra bending energy of the NC itself.

Moreover, our observation indicates that since NCs with similar flexibilities (softness) do not want
to lose the freedom of motion of their shell beads therefore only NCs can penetrate that can keep
their disordered shell. For this reason, they need to have a slim edge like a disc in contact with the

EG layer.

Figure 2j depicts that the sphere has a lower entropy loss of EG chains. As it is shown in Figure

S9, for all NC shapes, EG chains are more disordered than the the unembedded EG chains. In fact,
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the functionalized NC with its high attractive interaction with the EG layer can provide the EG
chains more freedom to move. Therefore comaring the rod and the disc, the sphere with a higher
attractive interaction with the EG layer can make the EG layer more disordered. Overall, EG

entropy is a strong deriving force for the sphere’s pentertaion.

The time evolution of Rg for EG chains in Figure 3a demonstrates that all shapes can expand EG
chains more than unembedded EG chains. Moreover, with more penetration of NCs, Rg of EG
chains decreases more toward the Rg of unembedded EG chains. Moreover, rod expands the Rg
of EG chains more than other shapes. Comparing the EG entropy and the Rg of EG chains for
different shapes, it can be deduced that the increase in Rg of EG chains triggered by the NCs

penetration makes EG chains more disordered.

For the ligand entropy over time (Figure 2k), a similar trend to the shell entropy can be observed.
The ligand entropy loss decreases with the NC’s penetration to the EG layer. The disc shows a
higher amount and longer time of the ligand entropy loss than the other shapes due to its higher
depth and longer time of penetration. For the disc, the entropy loss of ligand over time (Figure 2k)
is significantly high. Indeed due to the lower attractive interactions of ligands with EG chains,

ligand chains of the disc are more ordered.

However, for the rod and the sphere their higher attractive interaction with the EG layer provides
ligand chains with more freedom to move. Therefore, at these shapes, the NC has more disordered

ligand chains.

As it was mentioned above, comparing to the disc, for the rod with a higher attractive interaction
with the EG layer, the EG chains are also more disordered. It can be concluded that the attractive
interaction between EG and ligand chains makes both the EG chains and ligand chains more
disordered. Comparing to other shapes, ligand entropy is a nominal barrier for the pentertaion of

the rod shape NCs.

Figures 21 and S13 show that there is not a clear distinction between the receptor entropy losses.
But it is expected that the penetration of the disc, which leads to denser and more ordered EG

chains, resulting in more ordered receptors.
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Kumar Sadhu et al’>. Champion et. al'® and G. Sharma et al’® studied engulfment of NCs with
different shapes. They observed that when the shape deviates from a sphere the engulfment times
increase. In our study the shell deformation of NCs with various shapes provides them different
capabilities. In fact, although the disc has the lower driving force like potential energy and higher
barriers such as the entropy loss of ligands, the sphere and the rod have a significantly higher shell
entropy loss than the disc. Therefore, the disc can penetrate better. In summary, at different shapes,

shell entropy loss controls the penetration.

Finally, according to Wang et.al’® and Walker et.al’”®, studying various shapes allows for the

manipulation of molecular environments within ligands, leading to distinct surface chemistries.

Consequently, molecules positioned on surfaces with varying curvatures can display diverse

interactions and penetration depths despite being the same molecule.

3.2. Size effect:

To characterize how the size of NCs can affect their penetration in the EG layer snapshots, density
profiles, potential energys, and entropies of the system as a function of NC diameter are plotted in

figure 4.
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Figure 4. VMD snapshot and density profile of (a), (b) 8 R, (c), (d) 12 R, and (e), (f) 16 R, disc
after 30*10° time steps run. The time evolution of (g) Z_MSD, (h) potential energy, (i) shell
entropy, (j) EG entropy, (k) ligand entropy, and (1) receptor entropy of discs with different sizes.
The blue curves indicate 8 R, NC, while red and green indicate 12 R, and 16 R, NCs, respectively.

Density profiles shown in Figures 4a-4b, 4c-4d, and 4e-4f illustrate that diameters of our NCs are
exactly 8 R, 12 R, and 16 R.. Moreover, it is seen that by increasing the size of the disc from the
8 R, (a smaller size than the EG height) to the 16 R, (a larger size than EG height), the penetration
speed decreased significantly (Figure 4g). The density profiles indicate that larger NCs require
more time for EG chains to cover all the ligands on the NC. However, a notable observation is that
the very large disc (16 R.) can penetrate the EG layer with a height shorter than its diameter. Figure
S4 illustrates that the 16 R disc, after staying at the EG-water interface for some time, begins
rotating backward and forward around 7*10° time steps. Through this rotation, the disc initiates a
diffusive motion. This is a unique feature of the disc NC and has not been observed for other

shapes of NCs. Furthermore, it is seen that for these three sizes, the ligand density is like the shell
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density. Thus, as mentioned above, this unique behavior provides the three sizes of the disc with

the capability of rotation and complete penetration inside the EG layer (figures S6 and S7).

The amount of potential energy (Figure 4h) at the initial steps implies that all different sizes of the
NC with the same ligand density have the same initial potential energy. Wang et.al’”® and Walker
et.al’”” noted that as the NP size increases, its curvature decreases, leading to a reduced average
distance between ligands and consequently a lower fraction of ligands. Despite larger NPs having
more ligands, our study found that the increase in NP size was balanced by the decrease in ligand

surface density, resulting in similar potential energy between larger NPs and smaller NPs.

Minimum energy at ligand-receptor area shows that the 16 R has the largest exhausting of ligands
by binding of ligand-receptors and has the lowest potential energy. Although all different sizes
have the same initial driving force, the penetration speed does not follow the potential energy trend
and therefore is determined by the amount of entropy losses of the penetration. In fact, for the 12
R, NC, the employed ligand density generates enough driving forces to overcome barriers caused
by its large size but for 16 R. NC driving forces are not enough to defeat barriers of such a large

size NC as well. This implies that the penetration is determined by the amount of entropy losses.

Investigating entropies, it is observed that the 16 R disc has the largest shell entropy loss (Figure

4i) and EG entropy loss (Figure 4;j).

Gao et.al 7! explored the effect of size on the inclusion energy of NC in a polymer brush. They
showed that for a polymer brush with a high grafting density, like the grafting density of EG chains
in our work, with nanoparticles at the polymer/solvent interface, penetration free energy is affected
by surface tension of the form ~R% p. However, when nanoparticles have a deep penetration inside

the polymer brush, penetration free energy is influenced by osmotic pressure of the form~R3p.

Thus, the larger is the NC the more difficult is the penetration of NC into the EG layer, and this
difficulty is reflected in the EG entropy and the shell entropy losses. Furthermore, the contact area
between the NC and the cell surface defines the penetration capability of NCs.”?As it was
mentioned before since the local surface area of the larger disc is wider than smaller discs so

initially, it feels more surface tension and therefore has more shell entropy loss. It also indicates
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that the smaller disc has more mechanical stiffness than the larger one, so the smaller disc has less

shell entropy loss.

Over time, the NC shell entropy loss decreases with more penetration of the NC and when the 8
R, disc is completely inside the EG layer the shell entropy loss is zero. One possible explanation
is that osmotic pressure deforms the shell only during the penetration so when the NC reaches to
the receptor area and its ligands are bonded to the receptors the osmotic pressure does not deform

the NC’s shell anymore.

As it is illustrated in Figure 4], 8 R, disc shows a lower entropy loss of EG chains and thus 8 R,
disc makes EG chains more disordered. Furthermore, as it is shown in Figure S10, with the
penetration of all sizes of the disc, EG chains get more disordered than unembedded EG chains. In
fact, all sizes of NCs with the attractive interaction with the EG layer can provide EG chains more

freedom to move.

Although larger size NCs have more attractive interaction with EG chains, the penetration of larger
size NCs leads to more ordered EG chains than the penetration of smaller size NCs. The reason
for this behavior is that, larger NCs occupy more space between EG chains and so EG chains have
less freedom of motions. In other words, EG entropy follows the trend of shell entropy and since
the local surface area of a larger disc is wider than smaller discs, initially it causes more EG entropy
loss. Besides, the penetration of larger NCs with a more ordered shell, resulted in more ordered
EG chains. Hence, there is a direct relationship between the ordering of EG chains and the NC’s

shell.

Overall, for large NC sizes in addition to the attraction of EG chains and ligands, the size induced
restriction on the conformation of EG chains controls the EG entropy. Moreover, EG entropy is a

strong deriving force for the pentertaion of the smaller disc.

The time evolution of Rg of the EG chains in Figure 3b demonstrates that the penetration of all
sizes of NCs can expand EG chains more than unembedded EG chains. Moreover, with more
penetration of NCs, Rg of EG chains decreases more toward the Rg of unembedded EG chains.
Only the 16 R, disc penetration occupies a large space among EG chains and therefore the Rg of

EG chains reduces less than that of unembedded EG chains. Moreover, 8 R, disc expands the Rg
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of EG chains more than other sizes due to the less restriction on the conformation of EG chains.
Comparing the EG entropy and the Rg of EG chains for different sizes of NCs, it can be concluded
that the increase in the Rg of EG chains due to the NCs penetration makes EG chains more

disordered.

The entropy change of ligand over time (Figure 4k) is larger for the 12 R, than the 16 R, NC and
therefore its ligand chains are more ordered. This behavior aligns with our expectations that the
larger NC with the lower potential energy produces more disorderd EG chains and more disorderd
ligand chains. Though the 8 R, NC shows more disordered ligand chains than larger NCs. To
explain the reason, as it is mentioned for the EG entropy, larger NCs occupy more space in between
EG chains and make them more orderd. However, the 8 R, disc with a smaller diameter than the
EG layer height does not occupy that much a space. It was seen before that there is a direct
relationship between the ordering of EG chains and ligand chains. For the size effect also, ordering
of EG chains with the penetration of larger NCs makes ligand chains more ordered. Comparing to

larger size discs, the ligand entropy is a weak barrier for the pentertaion of smaller size discs.

Although all NC sizes can completely penetrate inside the EG layer and reach to the receptor layer
and have ligand/receptor binding, the entropy loss of receptors is lower for 12 R, disc (Figures 41,
S14). The reason is that comparing to 8 R, NC thel2 R, NC with a higher attractive interaction
can penetrate more and get closer to receptor chains and make them more disorderd. For 8 R, the
receptor entropy is not significantly different than unembedded receptor entropy. Comparing to

16rc, 12 R, has more disordered EG chains causes more disordered receptor chains.

Kumar Sadhu et al.” investigated the engulfment of nanoparticles (NCs) of different sizes. They
discovered that extremely small particles cannot be internalized due to high bending energy, while

excessively large particles require larger vesicles for complete internalization.

In our work, although larger NCs have more driving force for the penetration such as a low
potential energy, their barriers such as shell and ligand entropy losses are higher, thus they have
slower dynamics. On the other hand, NCs smaller than a certain threshold exhibits a low driving
force for the penetration. Therefore, NCs with the moderate size (12 R.) possess sufficient deriving

force to overcome barriers, enabling faster and more effective penetration.
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3.3. Orientation effect:

The penetration of a NC into the EG layer is directly related to the initial orientation of the NC, @,
(Figure S8). In fact, the orientation of NCs at the point where it is attached to the cell defines the
local shape of the NCs. Champion et al.'® discovered that this local shape determines the diffusion
rate of NCs in the cell. In a DPD simulation study by Yang et al.”’, it is observed that the initial

orientation of a nanoparticle affects its interaction with the cell membrane substantially.

Therefore, it is crucial to understand the effect of NCs orientation on their adhesion and penetration
into the EG layer. For this purpose, snapshots, density profiles, potential energies, and the entropies

of the system as a function of NC orientation are plotted in figure 5.
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Figure 5. VMD snapshot and density profile of (a), (b) parallel, and (c), (d) perpendicular

orientation of 12 R, disc after 30*105 time steps run. The time evolution of (e) Z_MSD, (f) potential
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energy, (g) shell entropy, (h) EG entropy, (i) ligand entropy, and (j) receptor entropy of 12 R, NCs
with different initial orientations. The red curves indicate perpendicular orientation, while green

indicate parallel orientation.

The density profiles (Figures 5b, and 5d) show that the parallel-oriented disc exhibits lower ligand
density than shell density, limiting deep penetration in the EG layer. Conversely, perpendicular-
oriented discs, with equal ligand and shell density, rotate freely within EG chains, enabling deeper

penetration.

In fact, according to Wang et.al’”® and Walker et.al” the greater the curvature of NCs, the greater
the average distance between ligands. In simpler terms, changes in the curvature across the
particle's surface led to variations in ligand surface density. Therefore, the parallel-oriented disc
with the higher curvature at the edge has a lower surface density of ligands. Consequently, this
orientation of disc yields the lower contact of the ligands with the perpendicular-oriented EG

chains.

Conversely the perpendicular-oriented disc with two flat surfaces has higher surface density of

ligands which enhances the contact of the ligands with the perpendicular-oriented EG chains.

Furthermore, this presence of the disc with parallel orientation among the EG chains results in the

increase of the EG chains density around the disc.

The amount of driving force (Figure 5f) at the initial steps reveals that while both NCs with 0
(perpendicular) and 90° (parallel) orientations have the same ligand density, parallel has more
ligands in contact with the EG layer so has a lower potential energy or a higher driving force.
Minimum energy at the ligand-receptor area indicates that both the parallel and perpendicular
orientations can completely go inside the EG layer and have a large exhaustion of ligands through
the adhesion of ligand-EG. Though the driving force is initially higher for the parallel orientation
its penetration is significantly slower than the perpendicular orientation which implies that the

penetration is determined by the amount of entropy losses.
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Exploring the entropies, reveals that perpendicular orientation initially has a larger shell entropy
loss (Figure 5g). The parallel-oriented disc demonstrates greater mechanical stiffness against the

surface tension at the EG/water interface.

As it is illustrated in figure S5, for the 8 R rod also the parallel orientation has the lower shell
entropy loss than the perpendicular orientation. Moreover, during the penetration of the disc into
the EG layer, the entropy loss of the shell decreases due to osmotic pressure of EG chains until the
parallel disc stops moving among the EG chains or ligands of perpendicular disc bind to the

receptors.

EG entropy plot (Figure 5h) shows that the penetration of the parallel orientation, with a higher
attraction of EG chains and ligand, offers a lower EG entropy or more disordered EG chains than
the penetration of the perpendicular orientation. As it is shown in Figure S11, by penetration of
the disc with these orientations, EG chains are more disordered than the unembedded EG chain.
In fact, by having the attractive interaction between ligands and EG chains, these orientations of

NCs can provide EG chains with more freedom to move.

Besides, the penetration of the parallel orientation with a more disordered shell, resulted in more
disordered EG chains. In summary, the EG entropy is a strong deriving force for the pentertaion

of parallel orientations of NCs.

The density profile of the parallel orientation (Figure 5b) shows that the penetration induces an
increase in the density of EG chains around the EG/water interface. The density profile of
perpendicular orientation (Figure 5d, S3f and S3g) displays that the penetration leads to an increase
in the density of EG around the receptor area. These local increases in the density of the EG layer

results in a higher expansion of EG chains than EG chains without NCs.

The time evolution of the Rg of EG chains in Figure 3c clearly illustrates that parallel and
perpendicular orientations of the disc can expand EG chains more than the unembedded EG chains.
Moreover, with more penetration of NCs, the Rg of EG chains decreases more toward the Rg of
the unembedded EG chains. Moreover, the parallel orientation of the disc, with its higher density
at the interfacial area, increases the density of EG chains and therefore expands the Rg of EG

chains more than the perpendicular orientation. Comparing the EG entropy and the Rg of EG
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chains for different ligand densities, it can be deduced that the increase in the Rg of EG chains by

the NCs penetration makes EG chains more disordered.

Moreover, for the parallel orientation the ligand entropy loss (Figure 5i) is lower. For this
orientation, ligand chains have a very attractive interaction with the EG layer and and the Rg of
EG chains is increased. Therefore, parallel orientations of NCs can provide ligand chains with
more freedom to move. As it was mentioned above, for the parallel orientation the EG chains are
also disordered. Thus the attractive interaction between EG chains and ligands makes both EG
chains and ligands more disordered. Comparing to the perpendicular orientation, ligand entropy is

a weak barrier for pentertaion of the parallel orientation.

Although, the perpendicular orientation of the disc can completely penetrate inside the EG layer
and have ligand/receptor binding, the entropy loss of receptors is higher for the perpendicular
orientation than the parallel one (Figures 5j, S15). Density profiles show that for the parallel
orientation more stretched part of EG chains are near the receptor layer but for the perpendicular
orientation the denser (collapsed) part of EG chains is near receptors. Therefore, more stretched

part of EG (more disordered EG chains) causes more disordered receptor chains.

According to Kumar Sadhu et al.”> oblate NCs with the top close to the vesicle can be engulfed
slower than oblate NCs with the side in contact with the vesicle. In our work also, it is expected
that the disc in the perpendicular orientation (the top in contact with the EG layer), with lower
driving forces such as the potential energy, EG chains and receptors entropy losses and higher
barriers such as entropy losses of the shell and ligands, has slower dynamics than the parallel
orientation. Though, as mentioned before the perpendicular orientation of the disc can rotate
clockwise and counterclockwise and this capability has a stronger effect on the penetration than
the entropy losses of ligands or the shell. Hence the perpendicular orientation of the disc can
penetrate better than the parallel orientation. In figure S7, the VMD snapshots for the rotation of
the perpendicular disc at different time steps are shown. This 12 R disc shows a higher MSD value
which indicates that besides the penetration inside EG chains in the Z-direction the disc can rotate
and move forward in the X-direction. As it is illustrated in figures S6 and S7, the 8 R, disc can

rotate more and therefore can penetrate faster than the 12 R, disc.
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In general, there are different final penetration depths and energies for these NCs. It implies that
the final states of NCs clearly depend on their initial orientation. Actually, the orientation of NCs
at the EG/water interface defines the local shape of NCs and the diffusion rate in the cell is
determined by those local shapes'®. In other words, initial driving forces for NCs penetration to
the EG layer greatly vary by the initial contact area of NCs with the EG layer and the final

penetration depths and energies of NCs are determined by these initial orientations.

3.4. Ligand density effect:

To assess the effect of ligand density of functionalized NCs on the interaction of NCs with the EG
layer and receptors, we calculate the potential energy and entropy of the penetration of NCs
without ligands, with low and high ligand densities into the EG layer. Figure 6 shows snapshots,
density profiles, potential energies, and the entropies of the system as a function of NC ligand

density.
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Figure 6. VMD snapshot and density profile of (a), (b) bare, (c), (d) 170 ligands, and (e), (f) 340
ligands after 30*10° time steps run. The time evolution of (g) Z_MSD, (h) potential energy, (i)
shell entropy, (j) EG entropy, (k) ligand entropy, and (1) receptor entropy of 12 R, discs with
different ligand densities. The blue curves indicate bare NC, while red and green indicate NC with

170 ligands and 340 ligands, respectively.

The density profiles (Figures 6a-6b, 6¢-6d, and 6e-6f) show that in the bare disc, there is an
expansion of EG due to the EG chains covering the surface of the shell instead of binding to the
ligands, as observed in ligand-functionalized discs. As mentioned earlier, in discs with high ligand
density where ligands cover the shell, complete penetration is possible, allowing the disc to rotate
and penetrate fully (Figure 6g). The optimal ligand density is achieved when ligands and shell
densities at the EG/water interface match. Additionally, the density profiles demonstrate that in
discs with 340 ligands, complete penetration increases the density of EG chains in the area close

to receptors.
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The amount of the potential energy (Figure 6h) at initial steps implies that the NC with higher
ligand density has a lower potential energy or a larger driving force. The presence of ligands
enhances the driving force significantly for low and high ligand densities more than the bare NC.
Minimum energy at the ligand-receptor area suggests that the NC with higher ligand density which
penetrates more has the largest exhausting of ligands through the adhesion of ligand/EG and
ligand/receptor. Since the trend of penetration is like the trend of the potential energy, thus, the

potential energy difference determines the penetration amount.

On the other hand, the amount of entropy for the penetration in Figure 6i shows that the 340 ligands
disc initially has a larger shell entropy loss than the 170 ligands and the bare disc which is due to
the surface tension force triggered by the EG layer. As it was explained about the dominant role
of potential energy on the penetration, the high ligand density NC with the lowest potential energy
has the fastest penetration into the EG layer. This fast initial motion leads to a high surface tension

at EG/water interface and thus high shell entropy loss for the disc.

Over time the entropy loss of the shell, which is influenced by the osmotic pressure of the EG
layer, decreases by the penetration of NCs inside the EG layer and when the 340 ligands disc is
completely inside the EG layer it reaches zero. Besides, since the 170 ligands disc has a shallow
penetration inside the EG layer, it has larger entropy loss of the shell than the bare disc due to the

surface tension of the EG layer.

Figure 6j displays that for the NC with 170 ligands the EG entropy is lower and hence EG chains

are more disordered than for the NC with 340 ligands.

Despite the stronger attractive interaction between the NC with 340 ligands and EG chains, its
faster penetration results in more ordered EG chains compared to the penetration of the NC with
170 ligands. This phenomenon occurs because the extensive penetration of the NC with 340

ligands occupies more space between EG chains, limiting the freedom of motion for the EG chains.

On the other hand, as it is shown in Figure S12, for low and high ligand density NCs, EG chains
are more disordered than unembedded EG chains. In fact, by having more attractive interaction
between ligands and with EG chains, ligand functionalized NCs can provide EG chains more

freedom to move. Only the penetration of the bare NC with the lowest attractive interaction with
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the EG layer make EG chains as ordered as EG chains without NCs. Comparing to the high ligand

density NC, EG entropy is a strong deriving force for the penetration of the low ligand density NC.

Comparing the EG entropy and the Rg of EG chains (Figure 3d) for different ligand densities, it
can be deduced that NCs penetration increases the Rg of EG chains and makes them more

disordered than unembedded EG chains.

The time evolution of Rg of EG chains displays that high and low ligand density discs can expand
EG chains more than unembedded EG chains. However, with the more penetration of the high
ligand density NC, Rg of EG chains decreases toward the Rg of unembedded EG chains. Only the
bare disc penetration with the lowest attractive interaction with the EG layer does not expand the
Rg of EG chains more than that of the unembedded EG. Furthermore, the low ligand density disc

expands the Rg of EG chains more than other discs.

As it was explained for the shell entropy loss, high ligand density disc with a rapid penetration rate
encounters the higher surface tension of EG at the water/EG interface. As a result, the penetration

of the high ligand density disc leads to higher EG entropy loss and a lower Rg of EG chains.

On the other hand, ligand entropy loss (Figure 6k) is lower for NCs with the higher ligand densitiy..
In fact, the high ligand density NC has more ligands at the interface of EG/water with a very
attractive interaction to the EG layer. This highly attractive interaction and increase in the Rg of
EG chains offers the ligand chains more freedom to move. Therefore at this ligand density, the NC
has more disordered ligand chains. Overall, the ligand entropy is a weak barrier for the pentertaion

of high ligand density NCs.

Furthermore, the disc with 340 ligands, with more ordered EG chains produces a more entropy
loss of the receptors (Figures 61 and S16) than the disc with 170 ligands ergo the receptor entropy

loss is a barrier for the penetration of the high ligand density disc.

Using a Monte Carlo simulation Liu et al.*¢ found that the targeting of NCs to endothelial cells

enhances by the increase in ligand density of NCs.
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In our work also, the disc with 340 ligands presents more barriers for penetration, including high
shell entropy loss. However, its substantial driving forces from low potential energy and receptor

entropy loss can overcome these barriers, leading to its exceptionally fast dynamics.

Indeed for each individual property of a NC the peneteration depth is governed by the interplay of

energies and entropies generated by that specific property.

In contrast, for each NC with a combination of properties, the penetration depth is determined by
the complex interplay of all energies and entropies that are induced by that specific combination

of properties.

Subsequently, there is not a direct relation between the penetration depth of a NC and each property
of that NCs.

To put in another way it is not possible to claim that always a specific property provokes or

prevents NCs penetration.

For instance the disc shape and the 12 R, NC with the high ligand density can penetrate deeper
inside the EG layer than other shapes and sizes, respectively. Conversely, the sphere shape or 16
R¢ NCs at their high ligand density, have lower penetration depth or slower penetration speed than

others shapes or smallers sizes, respectively.

Moreover, the negatively charged nature of EG chains provides a charge barrier for blood vessels®.
In fact, EG chains can adhere to plasma proteins and ions with positive charges. Therefore, it is

important to study the effect of charged EG on adhesion and penetration of charged NCs.

There are also studies about ion molecules and charged colloids in contact with charged surfaces

and mixed fluid vesicles31-82.

Therefore, the influence of adding positive charge to NCs on the penetration depth of NCs and the

free energy perturbation in the drug delivery system are also worth exploring.

4. Conclusion and summary
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We have studied the adhesion and penetration process of nanocarriers (NCs) with different surface
chemistry of varying shapes, sizes, and initial orientations to endothelial cells. The mechanism of
potential energy gains and entropy losses in a series of parameters, such as EG, ligands, NC shell,

and receptors were systemically investigated.

The shape effect expressed that although initially spheres and rods have higher driving forces than
discs due to the larger local surface area at the EG/water interface, barriers such as the shell entropy
loss for the former is larger, therefore discs show the best penetration amount. In fact, the NC
shape with the weaker mechanical stiffness has more barriers to penetration. In other words, at a
specific driving force for different shapes of NCs, the shell entropy loss controls the penetration

of NCs. Moreover, the rotation of the disc during penetration is an extra driving force.

Size effects imply that at a specific ligand density, there is a threshold for the NC size. For a NC
with larger size than the threshold size, the driving force cannot overcome barriers such as the shell
entropy loss. Therefore, for larger NCs, it is necessary to either increase the ligand density or
improve the mechanical stiffness of the NC. In other words, at a specific ligand density by tuning
the size and stiffness of the NCs, the barriers can be diminished and therefore enhance the

adsorption of NCs to the cell.

The initial orientation effect demonstrates that the best orientation for the penetration of the disc
NC is the perpendicular one. On the other hand, perpendicular orientation has higher potential
energy and thus is less favorable than parallel orientation. Moreover, the perpendicular orientation
of the disc NC has more entropy losses of the shell and ligand chains. Nevertheless, it can exceed
the lower driving force and higher barriers with the help of rotating clockwise and
counterclockwise, and this feature has a stronger effect on the penetration than the shell and ligands

entropy loss.

In what concerns the ligand density effect, although the NC with higher ligand density has more
shell entropy loss, its lower ligand entropy loss and the favorable energetic behavior leads to faster
dynamics. In fact, an increase in the ligand density results in an increase in the driving force and
in barriers. Consequently, for each NC, a proper ligand density is required so that driving forces

can overcome barriers.
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In conclusion, for the initial orientation, shape, and size effects on the NC penetration, the NC
shell entropy is a dominant factor. Besides, when the NC is at the EG/water interface, the NC feels
the whole surface tension of the EG layer only on the surface area of its edge. Though, when the

NC is inside the EG layer, the whole volume of the NC feels the osmotic pressure of EG chains.
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