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Adhesion dynamics of Janus nanocarriers to endothelial cells: A dissipative particle dynamics study
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Janus nanocarriers (NCs) provide promising features in interfacial applications such as targeted drug delivery.
Herein, we use dissipative particle dynamics simulations to study the adhesion dynamics of NCs with Janus
ligand compositions to the endothelial cell as a function of a series of effects, such as the initial orientation,
ligand density, shape, and size of Janus NCs. The Janus NCs, with its long axis parallel to the endothelial
glycocalyx (EG) layer, has the best penetration depth due to its lower potential energy and the lowest shell
entropy loss. Among different shapes of Janus NCs, both the potential energy and the EG entropy loss control
the penetration. In fact, at the parallel orientations, Janus shapes with a robust mechanical strength and larger
surface area at the EG/water interface can rotate and penetrate more efficiently. An increase in the ligand density
of Janus NCs increases entropy losses of both the hydrophilic and the hydrophobic ligands and decreases the
potential energy. Thus, for a specific Janus NCs, functionalizing with an appropriate ligand density would help
driving forces prevail over barriers of penetration into the EG layer. For a particular ligand density, once the
radius of the Janus NCs exceeds the appropriate size, barriers such as hydrophobic ligands and shell entropy
losses are also reinforced significantly and surpass driving forces. Our observations reveal that entropy losses
for hydrophobic ligands of Janus NCs and for the shell of NCs are decisive for the adhesion and penetration of

Janus NCs to endothelial cells.

DOI: 10.1103/PhysRevE.109.064408

I. INTRODUCTION

Nanoscale drug delivery systems show the remarkable
capability to help diagnosis and prognosis and to enhance
therapeutic intervention. A few nanocarrier (NC)-based meth-
ods have been applied in clinical use; for instance, Doxil® and
Abraxane® are NCs that deliver a large number of chemother-
apies [1-3]. The fate of nanomaterials in vivo is defined
by their chemical composition and physical properties, like
their shape [4]. While the literature implies that asymmetric
NCs with high aspect ratio can improve endothelial targeting
[1,3], mainly spherical nanoparticles are used in preclini-
cal research [5]. An important exception is the filomicelle,
an asymmetric material demonstrating interesting pharma-
cokinetics and tumor accumulation features in drug delivery
[6]. Applying functionalized NCs for targeted drug delivery
demonstrates many advantages, such as enhanced efficacy
and decreased toxicity, which are not seen in conventional
drug delivery methods. Among accessible technologies, using
precise receptor-mediated adhesion transferring of therapeutic
agents to the endothelium cells results in the enhancement of
specificity [7,8].

To reduce the time, effort, and cost required for developing
desired NCs, computational modeling can be implemented
to predict their in vivo behavior. Since complex drug deliv-
ery systems are rapidly developed, the integration of novel
computational simulations is needed to help the study and
development of NCs for diagnostics and therapeutics. For
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endothelial cells, a practical procedure is proposed to incor-
porate many of the system parameters that control the binding
process, as well as the effect of the endothelial glycocalyx
(EG) layer, a region outside the cell made of carbohydrates
like glycoproteins and proteoglycans [8,9], on the thermody-
namic impediment of nanoparticle adhesion to the cell walls.

The EG layer is well understood from the chemical com-
position perspective, but only some researchers explored its
ultrastructure and topology [10]. The properties of the EG
layer were investigated by previous simulations at the con-
tinuum level, but adequate understanding of the molecular
organization still needs to be provided. In recent studies
[10,11], the EG mechanics was probed using a bushlike simu-
lation model. Kabedev and Lobaskin [10] utilized this method
to explain the molecular structure of EG chains and their elas-
tic response to indentation. Incorporating the bushlike model
in their system, the authors could calculate the forces and
energies needed to conquer the mechanical resistance of the
EG layer. In general, there are not many studies that explore
adhesion of functionalized NCs to endothelial cells with a gly-
cocalyx layer. However, there are plenty of simulations about
NC adhesion to substrate coated with polymer brushes (PBs);
therefore, we provide an overview of some of these works to
have some insight into the possible effect of the EG layer on
adhesion of NCs. Adhesion of NCs and PBs was investigated
with a variety of computational techniques [12-20]. Among
them, molecular simulations [21-27] are of specific interest.
These methods can directly trace nanoparticles inside PBs and
calculate the change of free energy in the system.

Free energy is a critical factor for evaluating the state
of a thermodynamic system. In particular, the competi-
tion between energy and entropy controls the state of a
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thermodynamic system [28]. To explore the free energy of
NC adhesion to PBs, Cheng et al. [29]. incorporated the ghost
tweezer method [29,30], which is simpler than umbrella sam-
pling [30] which requires to calculate a probability histogram
to obtain the free energy profile. On the other hand, the ghost
tweezer method is not capable of analyzing complex free en-
ergy profiles with numerous reaction coordinates and entirely
flexible substances (like biological macromolecules). In our
work the penetration of NCs into the EG layer is probed as a
function of time. This goal can be achieved through studying
the alteration of potential energy and entropy of the system as
a function of time.

For the nanoparticle and PB the free energy of the sys-
tem is influenced by the presence of the nanoparticle in the
PB. The shape and size of nanoparticle and solvent-mediated
interaction of the polymer and nanoparticle will determine
whether the nanoparticle is repelled from or adsorbed by the
PB [31]. In two different studies, self-consistent field theory
(SCFT) was employed to explain the result of simulations
and to evaluate the free energy of the polymer brush (ligands
grafted on a nanoparticle) [32,33]. The effect of particle size
on the NC’s adhesion to blood vessel walls has been studied
through experiment and simulation [34,35]. It was found that
particles in the range 200-500 nm demonstrate weak per-
formance in adhesion to vessel walls [34]. Also, after cell
adhesion, nanosized particles show better diffusion in the cell
membrane [35]. Simulation studies of spherical nanoparticles
with different size and at different grafting densities of PB
were done by Milchev et al. [36] and Merlitz et al. [22]. Their
results demonstrated that the free energy of inclusion relates
to particle radius. Not only the size but also the shape of
NCs affects the adhesion. The majority of simulation works
are about spherical nanoparticles in the PB [23,29,36-38].
Yet, disks and rods have been studied in some simulations
and experiments [31,39,40]. One of the computational studies
shows that more oblate particles show higher efficiency than
spherical particles [41], while the experiment shows that disk
nanoparticles have better adhesion than spheres [42]. Thus,
the effect of the shape and size of NCs is still not totally
clear. The energy of inclusion relates to the surface area of the
nanoparticle and (for nonspherical substances) the surface-to-
volume ratio. For particles that are rotationally asymmetric,
it will be changed by the relative orientation of the object in
the brush [13]. In a recent study [43], it was indicated that for
rod-shaped particles the density of the PB defines the favorite
orientation of the particle (horizontal or vertical).

Experimental groups studied different surface chemistries
of functional NCs, like Janus NCs, extensively as carriers
for drug delivery [44,45]. Indeed, Janus NCs, with two sides
having different chemical functionalities, offer opportunities
for loading multiple drugs and precisely control targeting and
cargo release. Although most of the simulation works only
concentrated on the adsorption of simple surface chemistry
of NCs in linear PBs, a few studies investigated the variation
of inclusion free energy with NC surface chemistry. In a
recent simulation study [37] of adsorption of nanoparticles in
brushes, the effect of Janus NCs on inclusion free energy was
investigated. The results showed that it is harder for PBs to
adsorb anisotropic Janus NCs than spherical Janus NCs. The
authors described the observations as a rivalry between the

enthalpic attraction of the polymer and the NC surface and
entropic repulsion caused by polymer chains.

Tremendous advances in computational systems over the
past few decades enabled computer simulation methods like
molecular dynamics to contribute enormously to the study of
polymeric materials at the atomic level [46]. However, these
methods cannot access the time and/or length scales of macro-
scopic phenomena that take place in biological systems, and
especially the problem investigated in this paper, which ranges
approximately between 10 and 200 nm in length scale. Fur-
thermore, implementing macroscale simulation methods will
neglect the underlying physics of parameters in our complex
system, such as interaction between NCs, ligands, receptors,
glycocalyx chains, and endothelial cells.

In this work, Dissipative Particle Dynamics (DPD) is pro-
posed as a mesoscale technique to overcome those drawbacks
and study the dynamics of NCs near vessel wall, where the
environment of endothelial cell will determine the adhesion
to targeted areas.

Our previous research [47,48] delved into the targeted de-
livery of drugs to endothelial cells using DPD simulations.
Within that study, we concentrated on analyzing how different
properties of functionalized NCs affect their ability to adhere
to and penetrate endothelial cells. Specifically, we investigated
how NC size, shape, and ligand density impact the target-
ing process. Our findings highlight the crucial role of shell
entropy loss in governing NC penetration. Furthermore, by
examining NCs with a uniform ligand composition, we were
able to overcome obstacles and explore the energetic aspects
following the complete integration of NCs.

Here, we systematically study the adhesion of Janus NCs to
endothelial cells under the influence of those parameters, like
Janus size, shape, interfacial orientation, and surface chem-
istry (ligand density). To understand the adhesion process, we
explore the interaction of Janus NCs and the EG layer through
their potential energies and entropy losses. Our investigation
of the dynamics reveals important parameters that can control
the adsorption process. Our results are anticipated to be valu-
able in guiding the design of NCs for specific targeted drug
delivery applications. Our numerical findings also elaborate
on the mechanism of Janus NC penetration into the EG layer
of endothelial cells.

II. METHODOLOGY
A. Simulation technique: Dissipative particle dynamics

As a particle-based simulation approach, DPD was de-
signed to find correct hydrodynamic behavior in fluids [49].
For each particle at each time and position (7;), the velocity
(v;) equation of motion is solved, and forces are calculated
and updated at each time step. It consists of conservative
(F©), dissipative (F?), and random force (FR) as pairwise
interparticle forces. Applying these forces makes each DPD
particle a frictional noisy soft sphere that interacts with other
DPD spheres over time. The total force within cutoff distance
which is applied by the jth neighboring particle on the ith
particle is written as

F=) Fi+ ) +F. M
JF#
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The conservative force FC is a soft potential which is
reduced linearly with respect to the center-to-center distance
of two particles [Eq. (2)].

Ff; = ai W (ri)eij. 2

By choosing a proper repulsion coefficient between par-
ticles i and j (a;;), this force can obtain equilibrium
thermodynamic properties like compressibility [29]. The
dissipative force FP [Eq. (3)] shows viscous resistance of
fluids, and its value is related to the relative velocity of the two
particles and works between the center-to-center distances of
particles, with the purpose of diminishing the relative veloci-
ties and kinetic energy of DPD particles:

F?j = _VijW/i]D(”ij)(Vij~eij)eij~ 3)

The Brownian motion in the system is represented by ran-
dom force FR [Eq. (4)], which, with the help of FP, controls
the temperature of the system. A proper correlation among

the values of these forces (;;, yi;) and the weight function is
required to maintain constant temperature:

0.
R
F;; = 5[,'"",'5("“)—%9;',',
L =T, “
2yij
The fluctuation-dissipation theorem [Eq. (5)] connects
these forces and provides a relationship between temperature
of the system and values of these forces:

W2 (i) = (WE (), 5)

Here r;; = r; —rj is the vector distance between the par-
ticles, r;; = |r;j|, and the unit vector e;; is given by e;; = :f—j
The relative velocity of the pair of particles i and j is v;; =
v; — vj, and 6;; represents a randomly fluctuating variable
with Gaussian statistics.

At distances smaller than the cutoff radius, con-
servative, dissipative, and random weight functions
are WUC (rij)s Wi? (rij), and Wif (rij),  respectively.
These weight functions have the structure WUC (rij) =
1 —|rijl/re, W,-? (lrij|)=‘/V[f () =0 —rj/re)*  at
rij < e, and O for any r;; > r.. The fluctuation-dissipation
theorem relates the dissipative and random weight functions,
which guarantees that the momentum is conserved and
hydrodynamics is preserved.

DPD simulation has been proven to serve as a successful
method to study soft matter and has accurately captured the
physics of Janus NCs [11,50-59].

B. Simulation setup

Following the original paper of Groot and Warren [60],
the solvent-solvent repulsion parameter ay, is calculated based
on the dimensionless compressibility of water, k. L, =25
kgT /R, is obtained using a DPD system, and experimental
data of water at room temperature [61]. The Neimark [29] for-
mulation of the DPD method, which implements equal bead
diameter and equal repulsion parameters for the same compo-
nents, is used. According to Biagi et al. [61], Deng et al. [62],
and Neimark et al. [29,63], the particle-particle interaction

parameter is considered equal to the solvent-solvent inter-
action parameters (ay; = app) and the interaction between
different beads (a;;) are chosen as described below. The shell
of NCs (labeled N) and ligand 1 with relatively low level of
hydrophilicity have the attractive interaction of a;; = 20 with
water. Hydrophilic EG and receptor chains have the attrac-
tive interaction of a;; = 10 with water. Hydrophilic EG and
receptor chains have the attractive interaction of a;; = 5 with
shell and ligand 1 with relatively low level of hydrophilicity.
The ligand-2 beads (hydrophobic) have a repulsive interaction
of a;; = 30 with EG, receptor, N, and ligand-1 beads. The
“core” beads (labeled C) strongly repel all other beads in the
system like water, N, and ligand-1 and ligand-2 beads with
the repulsive interaction of a;; = 40 to ensure that NCs are
impenetrable.

In our simulation we use the normalized length, mass, and
timescale. The cutoff radius R, is the unit of length. The mass
of solvent beads is the unit of mass m; kg T is the unit of energy.

The microcanonical ensemble (NVVE), which assumes con-
stancy in the total number of particles in the system (N),
the system’s volume (V), and the total energy in the system
(E), is utilized for DPD simulations [28,64,65] with time step

1
At =0.017 with T = (" /7).

Accordingly, the reduced density of DPD beads, p*, and
the friction coefficient y are 3 and 4.5, respectively. The solid
wall is composed of three parallel layers of fixed beads. The
box size is 30 x 30 x 60 R>.

The EG chains are modeled as bead-spring chains with
N= 20 segments for each EG filament. The harmonic spring
constant is 100 and the equilibrium bond length 7.y = 0.86
are selected [62]. To mimic the molecular structure of actual
EG chains and since the tethered bead of the EG chains
is not free to rotate we employed EG chains with bushlike
structure [10,62].

In this study, the length scales are chosen based on the
macroscopic properties of the EG layer in water [8]. The
physical length scale [hys = 12.5 nm is calculated accord-
ing to the experimentally obtained distance of anchor points
of the glycocalyx chains, dpnys = 20 nm, and the space be-
tween 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 thicknesses for the actual
EG layer (100-1000 nm) [66], thereby validating our choice
of repulsion parameters and model against experimental
observations.

The chain length and grafting density of ligands and re-
ceptors are obtained from experimental values [8] and are
converted to the simulation scale using our physical length
scale.

The EG layer and receptors are exhibited in Fig. 1. The
interaction parameters and bond information for the whole
endothelial system are given in Table 1.

The sphere, disk, and rod shapes of nanoparticles are
structured into a simple hexagonal lattice connected through
harmonic bonds.

For different NC shapes, it is desirable to maintain the
constant surface area instead of a constant surface area to
volume ratio; first, because the surface area defines the ca-
pacity of the NC to load it with the drug, and second, at
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FIG. 1. Model of (a) spherical shape, (b) rod shape, (c) disk shape of Janus NCs with hydrophilic (black) and hydrophobic (yellow) ligands,
shell layer (brown) and core (blue), and (d) EG chains (blue), receptors (pink), and cell wall (green). The size of the NC is 12R,.

a specific ligand density, it is required to have the same
number of ligands on every shape of the NCs [32,67,68].
Hence, these different-shaped NCs will show equal binding
strength between ligands and receptors, letting us explicitly
probe the effect of shape on the adhesion of NCs to the
endothelial cell. According to grafting density, ligand beads
are permanently grafted at random beads on the outer layer
of the NC.

Three Janus diameters—a small size of 8R., medium size
of 12R., and large size of 16R,—are constructed. For other

shapes of NC, three different sizes with surface areas equal to
those of the sphere NCs are made. Janus NCs for sphere, disk,
and rod shapes are illustrated in Fig. 1.

DPD simulations are typically carried out for 10 x 10
time steps until the system reaches the equilibrium state. To
ascertain the time taken for the system to attain equilibrium,
we track the temperature of the whole system until it is stabi-
lized at 1. After 10 x 10° time steps, we detect no fluctuations
in temperature, signifying that the system has reached the in-
tended equilibrium state [60]. While the system is undergoing

TABLE I. Interaction parameters for beads in the system and chain length and bond parameters. Denotation of bead types: N is for the

shell of the NC and C is for its core.

Short-range conservative repulsion

ajj EG receptor wall water C N ligl lig2
EG 25.0 25.0 25.0 10.0 30.0 5.0 5.0 30.0
receptor 25.0 25.0 10.0 30.0 5.0 5.0 30.0
wall 25.0 25.0 30.0 25.0 25.0 30.0
water 25.0 40.0 20.0 20.0 40.0
C 25.0 40.0 40.0 40.0
N 25.0 25.0 30.0
ligl 25.0 30.0
lig2 25.0
Chain length and bond parameters
kT/R.* Re/R. kT/R.? Re/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

064408-4



ADHESION DYNAMICS OF JANUS NANOCARRIERS TO ...

PHYSICAL REVIEW E 109, 064408 (2024)

equilibration, the NC is in the bulk water. Subsequently, the
NC is repositioned on top of the EG layer and another 30 x
10° time steps of NVE simulation are done for the adhesion
and penetration step. This 30 x 10° time-step simulation is
enough to study the whole dynamics of the NCs in the system.
All prior studies about the adhesion of ligand-functionalized
NCs to endothelial cells, which considered all details of the
system such as NC, ligands, receptors, the EG layer, water,
and substrate, are continuum models [8,69]. Therefore, this
work represents an improvement on the state of the art.

C. Potential energy and entropy calculations

Monitoring the variations of energy contributions will pro-
vide a better understanding of the underlying physics of the
NC adsorption to the endothelial cell. In most energy studies
of NC adhesion to PBs, using SCFT or umbrella sampling,
the energy is calculated relative to the NC distance from the
substrate inside the PB [29,39]. Nonetheless, in our dynamic
study, the process of adhesion and penetration of NCs to
the EG layer can be visualized while the system’s energy
change can be recorded over time. To reach this goal, we
study the potential energy and entropy of the system during
the diffusion process. During the absorption and penetration
of NCs into the EG layer, there is a trade-off between en-
tropy losses and potential energy. Here, the potential energy
is calculated as a combination of all conservative energies
in the system and, thus, is obtained as the sum of all non-
bonded interactions between the NC’s shell and ligands with
the EG layer, water, receptors, and wall beads. These mainly
attractive interactions act as a driving force for the inclusion
of the NC into the EG layer. Average energies are collected
at each time step. The potential energy (PE) of the system
that is calculated as an integral of conservative forces is
shown in Eq. (6):

PE = / (aij(l — %)r,‘j>d1’,‘j. (6)

Wang et al. [65] studied the time evolution of conservative
energy of the system in a DPD simulation. Their results indi-
cate that the system always maintains a thermal equilibrium
due to the presence of random and dissipative forces (i.e., the
thermostat).

Generally, it is simple to calculate the potential energy
but evaluating entropy is computationally expensive. In spite
of that, an expansion of the configurational entropy with
respect to multibody correlation functions leads to a sim-
ple formulation that provides an approximate evaluation of
entropy, given in Eq. (7) [70]. The second term of the
expansion consists of the pair correlation function and is
given by

Sy = —277,0ka [e(P)Ing(r) — g(r) + 1Ir?dr,  (7)
0

where p is the whole density, and the radial distribution func-
tion is g(r). To identify local structures, S, could be used as
a fingerprint if it properly applied to different atoms. The
projection on atom i is obtained from the equation

st = —2m pkp / [g),(MIng!, (r) — g,,(r) + 1]r*dr,  (8)
0

where g/ is the radial distribution function centered at the ith
atom and r,, is an upper integration limit.

This entropy calculation method provides an instantaneous
entropic snapshot of the system at each position within the
simulation cell, allowing investigation as a function of time.
In other words, this model can be used properly without prior
knowledge of the physical state of the system. Consequently,
it can be applied for dynamic systems where every step is not
equilibrated [28,71-74].

According to Hadi et al. [71], the radial distribution func-
tion (RDF) in this method does not represent an ensemble
average over all atoms in the system; rather, it contains
configurational information only within the immediate neigh-
borhood of a particular atom, providing local entropy.
Moreover, our goal is not to obtain a precise absolute value for
the entropy of the system but to detect a sharp change in con-
figurational entropy, which is produced by the NC penetration.
According to Piaggi and Parrinello [70], this entropy finger-
print can distinguish ordered structures in a complex situation.
The g(r) is normalized by the local density around each atom,
which is helpful when dealing with inhomogeneous systems,
such as those that have surfaces (e.g., the interface of EG and
water, and the surfaces of NCs and ligands). Ghaffarizadeh
and Wang [75] showed that total entropy is calculated as a
weighted average of the component entropies. This form of
entropy is decomposed by particle type and was used for soft
materials [28,72].

During the adsorption and penetration process, entropy
changes consist of three main parts: (1) the change in entropy
due to the configurational changes of EG chains, called EG
entropy; (2) the change in entropy due to the flexibility of
the shell of our soft NCs, called shell entropy; and (3) the
change in entropy associated with the conformational changes
of ligands, called ligand entropy.

The entropy is always negative and the lower the entropy,
the more ordered the environment. To have NC penetration
of the endothelial glycocalyx layer, driving forces should be
larger than barriers.

In the case of dynamics, for all the constructed NCs,
translational motion of their center of mass is probed. For
computing the translational motion of the NCs, the mean-
square displacement (MSD) is calculated [Eq. (9)]:

MSD (7) = ((F(t + At) — 7(t))* ), 9)

where At is the lag time between the two positions. To study
the diffusion of the NC to the EG layer, only the mean-
square displacement tensor in the Z axis (Z_MSD) of NCs is
computed.

III. RESULTS AND DISCUSSION

In this section, the influence of a series of factors on Janus
NC adhesion and penetration into the EG layer is studied.
First, the effect of the Janus NC initial orientation is inves-
tigated to find the best position of the NC on top of the EG
layer for optimal penetration. Second, NCs with the best initial
orientation are used to study the effect of ligand density. Third,
NCs with the best ligand density are utilized to analyze the
shape effect, and finally, the effect of size on the adhesion and
penetration of Janus NCs to the EG layer is evaluated using the
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FIG. 2. vMD snapshots of (a) 0° orientation, (b) 45° orientation, (c) 90° orientation, (d) 135° orientation, and (e) 180° orientation of 8R,
Janus rod after 30 x 107 time steps. Inset snapshots show the initial orientation of Janus NCs at time zero. (f) Z_MSD and (g) potential energy

for these NCs with different initial orientations.

best shape. The interaction between Janus NCs and EG chains
during penetration is quantified through potential energy and
entropy calculations.

A. Effect of initial orientation

The penetration of an NC into the EG layer is directly
correlated with the initial orientation of the NC. Gao et al.
[39] studied the effect of the NC orientation on the inclusion
energy and discovered that the orientation is controlled by
the adhesion energy obtained from the binding of ligands and
PB, as well as the entropic loss of the PB due to the con-
formational hindrance imposed by the NC. To understand the
effect of Janus NC orientation on its adhesion and penetration
to the EG layer, we plotted the Z_MSD, potential energy,
and entropy of the system as functions of NC orientation in
Figs. 2 and 3.

According to the Z_MSD plot [Fig. 2(f)] and the potential
energy plot [Fig. 2(g)], it is concluded that the significant
difference in penetration amount between the group of 0°,
45°, and 90° orientations, and the group of 135° and 180°
orientations, is determined by the significant potential energy
difference between these two groups. The potential energy
plot also shows that 135° and 180° orientations, with ligand
2 at the EG/water interface and ligand 1 in water, have the
highest potential energy. The reason for this behavior is that
ligand 1 exhibits a lower attractive interaction with water

compared to its interaction with EG, and ligand 2 experiences
a repulsive interaction with EG chains.

Furthermore, 135° and 180° orientations show no drop in
potential energy, which indicates that they cannot penetrate
into the EG layer. In contrast, among 0°, 45°, and 90° orienta-
tions, with ligand 1 located at the interface of the water and the
EG layer, the 90° orientation has the highest number of ligand
1 in contact with the EG layer. As a result, initially, the 90°
orientation has the lowest potential energy and the best driving
force for penetration. For these orientations, the decrease in
potential energy continues as the Janus NC penetrates further
into the EG layer.

Entropy plots (Fig. 3) indicate that, despite the stronger
attractive interaction between the NC with 90° (parallel) ori-
entation and EG chains, its penetration with the largest surface
area in contact with the EG layer results in more ordered EG
chains compared to the penetration of NCs with nonparallel
orientations [Fig. 3(a)]. This phenomenon occurs because the
penetration of the NC with parallel orientation occupies more
space between EG chains, limiting the freedom of motion for
the EG chains.

The time evolution of EG entropies for the EG with NCs
compared to the EG without NCs is presented in the Supple-
mental Material [76].

Figure S1 [76] demonstrates that the EG chains for 0°, 45°,
and 90° orientations are more disordered compared to the EG
without NCs. The attractive interaction between ligand 1 and
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FIG. 3. Time evolution of (a) EG entropy, (b) ligand-1 entropy, (c) ligand-2 entropy, and (d) shell entropy of 8R. Janus rod with different
initial orientations. The blue, red, black, green, and orange (from the thinnest to the thickest) curves indicate Janus NCs with 0°, 45°, 90°, 135°,

and 180° initial orientations, respectively.

EG chains allows Janus NCs of these orientations to provide
EG chains with increased freedom of movement. Thus, the EG
entropy serves as a strong driving force for the penetration of
nonparallel orientations of Janus rods.

Furthermore, for 135° and 180° orientations, the loss of
ligand-1 entropy [Fig. 3(b)] is higher, resulting in more or-
dered ligand-1 chains. When ligand-1 chains are in contact
with water, as shown in Table I, they exhibit a lower attractive
interaction compared to when they are in contact with EG
chains. As a result, for the 135° and 180° orientations where
ligand-1 chains are completely inside the water, they are more
ordered. Conversely, for 0°, 45°, and 90° orientations, ligand-
1 chains are at the interface of EG and water, leading to an
attractive interaction between ligand 1 and EG chains. Conse-
quently, at the EG/water interface, ligand-1 chains have more
freedom to move and are more disordered. Therefore, ligand-1
entropy acts as a key factor influencing the penetration of
different orientations of Janus rods.

Furthermore, for 0° and 45° orientations, where ligand 2
is far from the EG layer, the entropy loss of ligand-2 chains
is lower, resulting in more disordered ligand-2 chains. In
contrast, the other three samples, where ligand 2 is in contact
with the EG layer, exhibit more ordered ligand-2 chains due to
the higher repulsive interaction of EG and ligand 2, resulting
in significant entropy loss. Overall, at the EG/water interface,
ligand-2 chains tend to be more ordered. The slopes of ligand-
1 and ligand-2 entropies also confirm that the penetration of
NCs over time, which enhances the attractive ligand-1/EG
interaction and the repulsive ligand-2/EG interaction, induces
ligand-1 chains to be more disordered and ligand-2 chains to
be more ordered.

Considering that the amount of shell entropy loss
[Fig. 3(d)] is similar to the amount of ligand-2 entropy loss
[Fig 3(c)] and both are two orders of magnitude larger than
the amount of ligand-1 entropy loss, it is concluded that
the shell entropy loss is mainly attributed to the ligand-2
entropy loss, generated by the strong repulsion of ligand 2
with EG and water. For 0° and 45° orientations, the shell
becomes more ordered, while for 90°, 135°, and 180° orien-
tations, the shell is disordered. Additionally, in these samples
with different initial orientations, since the ligand-2 density
is constant, the shell entropy loss is affected not only by
the entropy loss of ligand 2 but also potentially reflects the
direct effect of Janus orientation on the shell deformation.
For 135° and 180° orientations, repulsive forces are applied
to the ligand-2 side of the rod, where it is already com-
pressed (as observed in VMD snapshots). Consequently, this
side of the rod’s shell cannot be ordered any further. How-
ever, for 0° and 45° orientations, the ligand-1 side stretches
(as observed in VMD snapshots) due to the attractive inter-
action with the EG layer. Hence, one possible explanation
is that their shells undergo deformation, resulting in the
highest ordering. Therefore, the structural strength of the
Janus shell also influences the shell entropy. The 90° ori-
entation, with ligand 1 and ligand 2 located in the water
and the EG layer, respectively, exhibits the most disordered
shell. The rationale behind this is that for this orientation,
attractive and repulsive forces are equal and in opposite di-
rections, triggering a rotation of the 90° orientation rod with
the lowest shell entropy loss. Moreover, due to this rota-
tion, the ligand-2 entropy cannot significantly affect the shell
entropy.
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FIG. 4. vMD snapshots of (a) 76 ligands and (b) 152 ligands of 8R. Janus rod after 30 x 10° time steps. (¢) Z_MSD and (d) potential

energy for these NCs with different ligand densities.

Comparing the 90° and 45° orientations, the former ini-
tially has a lower potential energy and lower shell entropy
loss, potentially leading to fewer barriers for the penetration
of Janus rods with different sizes and shapes. Furthermore,
during the penetration, the 0° orientation shows a higher po-
tential energy and a larger ligand-1 entropy loss compared
to the 45° and 90° orientations, resulting in the largest shell
entropy loss. Therefore, for the remaining study, the 90° or
parallel orientation of Janus NCs is chosen as the initial
orientation.

In general, Janus NCs exhibit different final penetration
depths and energies, suggesting that the ultimate states of
Janus NCs strongly depend on their initial orientations. An
experimental study by Champion and Mitragotri [77] revealed
that the local shape of NCs plays a crucial role in determining
their diffusion rate within cells. Specifically, the orientation
of NCs at the attachment point to the cell defines their local
shape. Therefore, for different orientation degrees, penetra-
tion is sensitive to the initial contact between NCs and EG
chains (local shape). Each individual orientation degree, char-
acterized by the initial contact area of the hydrophobic and
hydrophilic sides of the Janus NC at the EG/water interface,
exhibits unique potential energy and entropies, resulting in
varying penetration amounts. These observations remain con-
sistent even within the context of 0°, 45°, and 90° orientations.
Furthermore, Champion and Mitragotri [77] also discovered
that a nanoparticle penetrates significantly faster through its
sharp end than through its flat region. Interestingly, their
findings align with our observation for the NC with a 90°
orientation, which, due to its larger surface area and sharp

edge at the EG/water interface, can penetrate faster than other
orientations.

B. Effect of ligand density

To investigate the impact of Janus NC ligand density on the
interaction with the EG layer, the potential energy and entropy
for the penetration of NCs with various ligand densities into
the EG layer are computed. Figures 4 and 5 illustrate the
Z_MSD, potential energy, and entropy of the system as a
function of the Janus ligand density.

The Z_MSD plot [Fig. 4(c)] reveals that the NC with a
higher ligand density experiences a stronger driving force for
penetration, resulting in longer penetration. Additionally, the
potential energy plot [Fig. 4(d)] illustrates the initial binding
energy, indicating that NCs with higher ligand density exhibit
larger binding energy between EG ligands and lower potential
energy. The steeper slope in the reduction of potential energy
for Janus NCs with high ligand density indicates that a larger
portion of the Janus NC is inside the EG layer, leading to more
ligands binding to the EG layer. Consequently, the potential
energy difference becomes a determining factor for the pene-
tration amount.

In addition, an exploration of the impact of entropy on
penetration reveals that, despite the heightened attractive in-
teraction between the NC with 152 ligands and EG chains, its
rapid penetration leads to more ordered EG chains compared
to the penetration of the NC with 76 ligands [Fig. 5(a)]. This
occurrence is attributed to the extensive penetration of the NC
with 152 ligands, which occupies more space between EG
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FIG. 5. Time evolution of (a) EG entropy, (b) ligand-1 entropy, (c) ligand-2 entropy, and (d) shell entropy of 8R. Janus rod with different
ligand densities. The red (thin) and green (thick) curves indicate Janus NC with 76 and 152 ligands, respetively.

chains, thereby constraining the freedom of motion for the EG
chains.

As observed in Fig. S2 [76], both high and low ligand
densities of Janus NCs lead to lower EG entropy loss (i.e.,
more disordered EG chains) compared to unembedded EG.
Due to the stronger attractive interaction between ligand 1
and EG chains, all ligand densities of Janus NCs facilitate
increased freedom of movement for the EG chains. Overall,
the EG entropy loss plays a crucial role as a driving force for
the penetration of Janus rods with low ligand density.

Furthermore, Janus NCs with higher ligand density exhibit
lower ligand-1 entropy loss [Fig. 5(b)]. The presence of more
ligand 1 at the EG/water interface results in a highly attractive
interaction, offering ligand-1 chains greater freedom to move.
Consequently, at this ligand density, the Janus NC has more
disordered ligand-1 chains. Thus, ligand-1 entropy loss acts
as a delicate barrier for the penetration of high-ligand-density
Janus rods.

Moreover, Janus NCs with higher ligand density expe-
rience a larger entropy loss of ligand 2 [Fig. 5(c)]. The
high-ligand-density Janus NC encounters greater repulsion of
EG and ligand 2, resulting in more ordered ligand-2 chains.

For Janus NCs with high ligand density, the shell exhibits
greater orderliness [Fig. 5(d)] compared to low-ligand-density
Janus NCs. The higher repulsion of EG and ligand 2 on the
former Janus NC leads to a larger entropy loss in the shell
for its ligand-2 functionalized hemisphere. As expected, the
influence of penetration on the ligand-2 entropy loss is also
reflected in the shell entropy loss.

In general, increasing the ligand density enhances both the
driving force, such as potential energy, and barriers to Janus

penetration, such as EG chains, ligand-2, and shell entropy
losses. Thus, the proper ligand density is the one that results
in more driving forces than barriers.

A Monte Carlo simulation conducted by Liu er al. [69]
demonstrated that an expansion in ligand density of NCs
enhances their targeting to endothelial cells, which aligns with
our observations regarding Janus NCs.

In the context of this study, an elevation in ligand density
was found to correlate with an increase in penetration depth.
However, it is important to conduct additional investigations
across various ligand densities to find scenarios where the es-
calation in ligand density helps the barriers surpass the driving
forces.

C. Effect of shape

The simulation of NC inclusion into the PB has primarily
focused on spherical NCs [37,78-80]. However, the specific
functions required for various applications call for different
shapes of NCs, which have been extensively studied for their
potential in biological applications [44,45]. One simulation
study involving NCs with different shapes found that, com-
pared to spherical NCs, the penetration of anisotropic NCs
into a PB is more challenging [39]. Therefore, in our study,
it is crucial to understand how the geometry of NCs can
influence their penetration into the EG layer. Figures 6 and
7 present the Z_MSD, potential energy, and entropy of the
system as a function of NC shape.

The Z_MSD plot [Fig. 6(d)] and the potential energy plot
[Fig. 6(e)] indicate that, despite having the same ligand den-
sity, each of the three shapes of Janus NC exhibits a different
initial driving force for penetration.
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FIG. 6. VMD snapshots of (a) rod, (b) disk, and (c) sphere of 8R, Janus NC after 30 x 10° time steps. (d) Z_MSD and (e) potential energy

for these NCs with different shapes.

Disks, with the largest surface area in contact with EG
chains compared to rods and spheres, have the highest at-
tractive interaction with EG, resulting in the lowest potential
energy. On the other hand, spheres, with the smallest surface
area at the EG/water interface, have the lowest attractive in-
teraction and thus show the highest potential energy. As time
progresses, disks and rods experience a reduction in potential
energy during penetration into the EG layer, with a higher
number of ligand 1 in contact with EG chains, leading to
greater attractive interactions. In contrast, spheres are un-
able to penetrate into the EG layer, resulting in no drop in
potential energy over time. In summary, the shape with the
elevated driving force exhibits deeper penetration. Therefore,
for different Janus shapes, the potential energy difference
determines the penetration amount.

Furthermore, for the disk-shaped NCs the EG entropy loss
[Fig. 7(a)] is lower, indicating more disordered EG chains. As
shown in Fig. S3 [76], the entropy loss of EG embedded with
all shapes of Janus NC is more disordered than the entropy
loss of EG without NCs. The attractive interaction between
ligand 1 and EG chains in all shapes of Janus NCs allows
for increased freedom of movement for EG chains during
penetration.

Conversely, the Janus NC with a disk shape exhibits a
distinctive characteristic. Despite its notable attraction to EG
chains, resulting in the highest penetration depth, the pene-
tration of the disk into the EG chains does not make them
more ordered. Overall, the EG entropy loss serves as a strong
driving force for the penetration of Janus disks.

For spheres, a high percentage of ligand 1 is located in
contact with water, resulting in lower attractive interactions.
As a consequence, the entropy loss of ligand 1 over time
[Fig. 7(b)] is substantial, leading to more ordered ligand-1
chains. In contrast, the disks and rods experience highly at-
tractive interactions of EG and ligand 1, offering ligand-1
chains more freedom to move. Thus, at these shapes, Janus
NCs exhibit more disordered ligand-1 chains, leading to fewer
barriers for penetration. As mentioned before, the disk also
results in disordered EG chains. This suggests that the attrac-
tive interaction of EG and ligand 1 contributes to increased
disorder in both EG chains and ligand-1 chains. Compared to
other shapes, the ligand-1 entropy loss acts as a weaker barrier
for the penetration of Janus disks.

The ligand-2 entropy loss [Fig. 7(c)] is higher for the disk
shape, resulting in more ordered ligand-2 chains. As expected,
the disk with the highest attractive interaction of EG and
ligand 1 experiences the highest repulsion of EG and ligand
2, leading to the most ordered ligand-2 chains. Conversely,
the sphere, with the least attractive potential energy, exhibits
the most disordered ligand-2 chains.

Comparing to other shapes, the rod’s shell becomes the
most ordered [Fig. 7(d)]. It was anticipated that the disk,
with a higher repulsion force on ligand 2, would cause a
larger entropy loss of the shell. However, the rod, with a
less repulsive interaction, shows the most entropy loss in its
shell. One possible explanation is that the disk, with higher
structural strength, undergoes less deformation than the rod.
Consequently, the structural strength of the NC’s shell can
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FIG. 7. Time evolution of (a) EG entropy, (b) ligand-1 entropy, (c) ligand-2 entropy, and (d) shell entropy of 8R, Janus NC with different
shapes. The blue, red, and green (from the thinnest to the thickest) curves indicate rod-, disk-, and sphere-shape Janus NCs, respectively.

control the shell entropy loss. As explained earlier, a Janus
NC with a parallel orientation can rotate around the distinc-
tion line of ligand 1 and ligand 2 on its surface to penetrate
inside the EG. The attraction of EG and ligand 1 and the
repulsion of EG and ligand 2 act as two opposite forces on
two hemispheres of the Janus NC, supporting its rotation. For
a structurally strong shape of Janus NC like the sphere, these
rotations over time do not significantly increase the shell’s
entropy loss. However, for structurally weak shapes like rods,
these forces cause a bending of the rod at the distinction line,
leading to a substantial rise in the shell’s entropy loss. The
penetration of the disk, with a moderate structural strength,
results in a smaller shell entropy loss. As a result, the attrac-
tive force on ligand 1 can push the disk inside EG chains
more effectively than the rod, which has less structural stiff-
ness, providing further support for the better penetration of
the disk.

In general, although the sphere has the lowest barriers,
such as ligand-1 and shell entropy losses, the disk has the
highest driving forces, such as the lowest potential energy
and the lowest EG entropy loss, and thus penetrates better.
In summary, driving forces control the penetration in different
shapes. The superior penetration of the disk, with the largest
surface area at the EG/water interface, aligns with the obser-
vations of Champion et al. [81], who studied the shape effect
experimentally. They found that the surface area available
for ligand adhesion from different shapes of NCs influences
ligand adsorption and the amount of NC penetration.

Furthermore, studies by Sadhu et al. [82], Champion
and Mitragotri [77], and Sharma et al. [83] delved into the
engulfment of NCs with varying shapes. Their observations
indicated that deviations from a spherical shape led to

increased engulfment times. Our findings align with and
support their observed trend.

D. Effect of size

Gao et al. [39] conducted a study on the effect of size
on the inclusion energy of NCs into a PB and demonstrated
that the osmotic pressure of the polymer brush layer deter-
mines the inclusion energy of the NC. In Figs. 8 and 9,
the Z_MSD, potential energy, and entropy of the system are
plotted as a function of NC diameters to characterize how the
size of NCs can affect their penetration into the EG layer.
According to the Z_MSD plot [Fig. 8(d)] and the potential
energy plot [Fig. 8(e)], the initial potential energy indicates
that the larger Janus NC, with a greater number of ligands,
experiences a larger attractive interaction between EG and
ligand 1, resulting in a lower potential energy. Changes in
potential energy over time demonstrate that the penetration
of the larger Janus NC leads to a greater exhausting of ligands
through interactions with EG chains, resulting in less potential
energy. For 8R, and 12R, Janus NCs, the trend of Z_MSD
aligns with the trend of potential energy, where the 12R.
Janus NC, with a higher driving force, can penetrate more
than the 8R, Janus NC. Hence, the potential energy largely
determines the penetration amount. However, the 16R. Janus
NC, despite having the highest driving force, cannot overcome
the barriers, resulting in the lowest penetration among the
different sizes of Janus NC.

Upon investigating the entropy losses during penetration,
it is observed that, despite the increased attractive interaction
between larger NCs and EG chains, their penetration leads
to more ordered EG chains compared to the penetration of
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the penetration of larger NCs occupies more space between the

(a) 4.0

2.57

ooy
o

entropy (k)
S
(6,

— 8Rc
= 12 RC
— 16 Rc

—_
O

~—
o
o

entropy (k)
Loa
- T .
ﬁ

chains, therefore constraining the freedom of motion for
EG chains.

-2.0
-1.5
-3.5
-5.0 v ne . .
0 10 20 30x(105%% 10 20 30x(109)
time step time step
0
(c) (d) ©
__—200
=z ¥ -100-
5—400 §
€ 600 S -200
—800+
- - 5300 - ‘
0 10 20 30x(10%) 0 10 20 30x%(10%)
time step time step

FIG. 9. Time evolution of (a) EG entropy, (b) ligand-1 entropy, (c) ligand-2 entropy, and (d) shell entropy of disk-shaped Janus NC with
different sizes. The blue, red, and green (from the thinnest to the thickest) curves indicate 8R., 12R,, and 16R, Janus NCs, respectively.

064408-12



ADHESION DYNAMICS OF JANUS NANOCARRIERS TO ...

PHYSICAL REVIEW E 109, 064408 (2024)

As shown in Fig. S4 [76], for all sizes of Janus NC, the EG
chains are more disordered than the unembedded EG chains.
The attractive interaction of all Janus NCs with the EG layer
allows for more freedom of movement for the EG chains.

In conclusion, for larger sizes of Janus NC, in addition
to the attraction between EG and ligand 1, size-induced re-
striction on the conformation of EG chains can control the
EG entropy loss [39]. Comparatively, for smaller Janus disks,
the EG entropy loss becomes a strong driving force for their
penetration.

Figure 9(b) illustrates that for the larger Janus NC with
more attractive potential energy, despite the expected increase
in disorder of ligand-1 chains, there is a greater ligand-1
entropy loss. As mentioned earlier regarding the EG entropy
loss, larger NCs occupy more space between EG chains, re-
sulting in increased ordering of EG chains. Additionally, there
is a direct relationship observed between the entropies of EG
chains and ligand 1. Larger NCs experience a larger entropy
loss of EG chains, which also leads to a larger entropy loss of
ligand-1 chains.

As time passes and ligand 1 penetrates into the EG layer,
there is no longer any contact between water and ligand 1,
causing the entropy of the latter to reduce to zero. The faster
ligand 1 penetrates into the EG layer, the steeper the slope
of decrease in the entropy loss of ligand 1. In summary, the
ligand-1 entropy loss serves as a weak barrier for the penetra-
tion of smaller size disks.

Similarly, the ligand-2 entropy [Fig. 9(c)] is also greater
for larger Janus NCs, as expected. Larger size NCs with higher
attractive interaction of EG and ligand 1 also exhibit higher re-
pulsion of EG and ligand 2, resulting in more ordered ligand-2
chains.

Furthermore, for the larger size of Janus NC, the shell
becomes more ordered [Fig. 9(d)] compared to the smaller
size of Janus NCs. In the case of larger disks, the higher
repulsion force on the ligand-2 side causes a larger entropy
loss of the shell for the ligand-2 functionalized hemisphere
of the Janus NC. In other words, the increase in the ligand-2
entropy loss directly contributes to the overall increase in the
shell entropy loss of the Janus NC. One possible explanation
for the high shell entropy loss of the 16R, Janus NC is that
the two forces acting on the hydrophilic and hydrophobic
hemispheres cause bending of the large disk at the distinction
line, and this significant deformation can be a barrier for the
slower diffusion of larger Janus NCs.

Although the 16R, Janus NC has the highest driving force
for the penetration, such as the lowest potential energy, its bar-
riers, such as EG chains, ligand 1, ligand 2, and shell entropy
losses, are significantly high, thus resulting in the slowest
dynamics. On the other hand, at this grafting density, the 12R,
Janus NC has enough driving force and a strong structure that
it can rotate around the distinction line and penetrate well into
the EG layer.

Overall, for different sizes of NCs, barriers play a key
role in controlling the penetration process. Gao et al. [39]
discovered that the penetration free energy is affected more
by the increase in the size of NCs. Their results support
our observation about the effect of size, which induces more
entropy losses than attractive potential energies, resulting in
NCs penetrating in lower amounts.

Also Sadhu er al. [82] explored the engulfment of NCs
with varying sizes. Their findings revealed that extremely
small particles face challenges in internalization due to high
bending energy of the vesicles, whereas excessively large par-
ticles necessitate larger vesicles for complete internalization.
In our system, the 8R. Janus NC, similar to the findings in
their study, encounters limitations in deep penetration due
to a relatively low attractive interaction with the EG layer.
Conversely, the 16R, Janus NC penetrates less than others,
which is primarily attributed to the substantial initial entropy
loss of the EG chains during its penetration.

In general, the penetration amount of Janus NCs is influ-
enced by the interplay of various properties. Each individual
property has its distinct impact on the penetration process,
and, when combined, these properties can collectively affect
the overall penetration amount. In other words, a Janus NC
with a variety of properties has a unique combination of
driving forces and barriers for penetration. By changing the
assortment of properties, the combination of driving forces
and barriers can be altered, leading to changes in the pene-
tration depth. For instance, the 8R, Janus rod with high ligand
density can penetrate inside the EG layer, whereas the sphere
shape or 16R, size Janus NC, with their high ligand density,
have lower penetration depths compared to other shapes or
smaller sizes, respectively.

Finally, it should be noted that the repulsion parameters
used in this coarse-grained simulation are chosen to cover
all interaction types in the process of adhesion and penetra-
tion of Janus NCs to endothelial cells. However, there is a
significant need for a multiscale simulation of this system to
accurately determine the repulsion parameters of the protein
constituents comprising the receptors, EG chains, and ligands.
These parameters can be extracted from an atomistic molec-
ular dynamics simulation and applied to this coarse-grained
DPD simulation of NCs targeting endothelial cells. Such a
multiscale approach would enhance the accuracy and reliabil-
ity of the simulation results and provide deeper insights into
the penetration process of Janus NCs.

IV. CONCLUSIONS

In this study, the adhesion and penetration process of
Janus NCs with varying initial orientations, ligand densities,
shapes, and sizes to endothelial cells is thoroughly investi-
gated. The role of potential energy and entropy in relation to
several parameters, such as the characteristics of the endothe-
lial cell layer, the presence of hydrophilic and hydrophobic
ligands, and the properties of the NC shell, is explored. Re-
garding the effect of initial orientation, it is observed that
when Janus NCs aligned their long axis in parallel with
the EG layer, the resulting low potential energy and min-
imal shell entropy loss facilitated a substantial penetration
of Janus NCs into the cell layer. Moving on to the ligand
density effect, it is found that Janus NCs with higher ligand
density exhibited increased ligand-1 and ligand-2 entropies.
Despite this, the higher potential energy associated with
higher ligand density allowed the NC to overcome entropic
penalties, resulting in faster dynamics. As ligand density in-
creased, both driving forces and barriers also rose. However,
for specific Janus NCs with an optimal ligand density, the
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driving forces prevailed over the barriers, facilitating penetra-
tion into the endothelial cell layer. The shape effect suggests
that, initially, the disk shape has the highest driving force for
penetration due to its larger surface area in contact with the
EG layer. On the other hand, the rod and the sphere shapes
have higher barriers, resulting in a less favorable penetra-
tion. The weaker structural strength of certain shapes leads
to higher shell entropy loss, creating more barriers to pene-
tration. Both potential energy and shell entropy loss play a
role in controlling the penetration of Janus NCs for different
shapes. Regarding the size effect, it indicates that there exists
a threshold size for Janus NCs at a certain ligand density.
Janus NCs larger than this threshold size face higher barriers
that hinder effective penetration. To improve penetration for
larger Janus NCs, the ligand density can be increased or the
structural strength of the NC can be enhanced. By fine-tuning
the size and stiffness of Janus NCs at a specific ligand density,
barriers can be reduced, enhancing the adsorption of Janus
NC:s to the cell. The increase in ligand density amplifies both

driving forces and barriers for penetration, making it crucial
to find the proper ligand density that enables driving forces to
surpass barriers.

In conclusion, the shell entropy loss of Janus NCs is a
dominant factor in determining the effects of initial orienta-
tion, shape, and size on their penetration. For the size and
ligand density effects, the ligand-2 entropy loss controls the
shell entropy loss, while for the shape and orientation effects,
the structural strength of the shape or orientation plays a
role in determining the shell entropy loss. Notably, the shell
entropy loss caused by the structural strength is significantly
higher than the shell entropy loss influenced by the ligand-2
entropy loss.
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