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ABSTRACT: Nanoparticle (NP)-assisted drug delivery has been emerging
as an active research area. Understanding and controlling the interaction of
the coated NPs with cell membranes is key to the development of the
eﬃcient drug delivery technologies and to the management of nanoparticlerelated health and safety issues. Cellular uptake of nanoparticles coated with
mixed hydrophilic/hydrophobic polymer ligands is known to be strongly
inﬂuenced by the polymer pattern on the NP surface and remains open for
further exploration. To unravel the physical mechanism behind this
intriguing phenomenon, here we perform dissipative particle dynamics
simulations to analyze the forces and eﬃcacy time as the copolymer-coated
NPs pass through the lipid bilayer so as to provide better design of coated
NPs for future drug delivery applications. Four characteristic copolymer
ligands are constructed to perform the simulations: hydrophilic−hydrophobic (AB), hydrophobic−hydrophilic (BA), hydrophobic−hydrophilic−hydrophobic−hydrophilic (BABA), and a random
pattern with hydrophilic and hydrophobic beads. We mainly study the critical force and potential of mean force required for
entering inside of the lipid bilayer and penetration force to pass all the way through the cell membrane as well as the
translocation time for these patterned NPs across the bilayer. Through copolymer ligand pattern designing, we ﬁnd a suitable
nanoparticle candidate with a speciﬁc polymer coating pattern for drug delivery. These ﬁndings provide useful guidelines for the
molecular design of patterned NPs for controllable cell penetrability and help establish qualitative rules for the organization and
optimization of copolymer ligands for desired drug delivery.

■

hierarchically organized superstructures.13−16 Amphiphilic copolymers can form micellar structures with a hydrophobic core
when in hydrophilic solvent.17 The amphiphilic polymer hybrid
NP consisting of three distinct functional components of a
hydrophobic polymeric core, hydrophilic polymeric shell, and
lipid monolayer behaves as a robust drug delivery platform with
high drug encapsulation yield and tunable and sustained drug
release proﬁle.18−21 However, the design principles of synthetic
nanoscaﬀolds with amphiphilic polymers for membrane transport are far from being comprehensively understood. The shell
formed by the polymer can protect the core by decreasing the
contact with inactivating species in the aqueous phase. When the
coating interacts with biocomponents such as cells and proteins,
it aﬀects their pharmacokinetics and disposition as well as their
surface properties. Here, we propose four diﬀerent kinds of
copolymer ligands to investigate the impact of surface properties
with respect to grafting pattern, density, and rigidity of the
polymer on the NP surface. The copolymer ligands are
considered to be linear and composed of diﬀerent patterns of
hydrophobic and hydrophilic beads.
Meanwhile, understanding the mechanical properties and
damage-response characteristics of biological cells caused by NP
translocation is essential for eﬀective therapeutic and scientiﬁc

INTRODUCTION
Recent years have witnessed the explosive growth of interest in
nanoparticles (NPs) with a wealth of biomedical applications
because they are widely used as carriers to translocate drug
molecules and useful materials into cell interiors. For these
applications, the eﬃcient uptake of NPs into cells emerges as a
critical issue by requiring the capability of NPs to transport
through cell membranes while NPs adhering to cells may trigger
damage to the cell membrane and induce adverse biological
eﬀects with the potential to introduce cytotoxicity.1−3 With this
regard in mind, understanding the fundamental mechanism of
cellular uptake of NPs holds the key to the advancement of NP
biomedical applications.
Due to the extremely small size, high surface energy, and high
surface area of the NP, the interaction between cells and NPs can
be heavily inﬂuenced by intelligent surface structure design.4,5 It
has been realized that functionalized gold NPs can potentially
deliver nucleic acids into the cell.6 Peptide-functionalized NPs
have been identiﬁed as an eﬃcient homing device to selectively
target pancreatic cancer cells,7 while folic-acid-functionalized
NPs can enhance the oral absorption of drugs with poor oral
bioavailability.8 Typically, NP interactions with cell membranes
are dictated by the chemical functionalities of the surface coating
in addition to their shape, size, and relative arrangement.9−12 A
variety of polymers have been demonstrated to generate
chemically nanopatterned NPs and modulate their stimuliresponsiveness as well as to direct their assembly into
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Figure 1. Schematic representation of the DPD model. In the following ﬁgures, unless otherwise stated, the hydrophobic bead on the membrane is
shown in blue while the hydrophilic is shown in green. To distinguish from the cell membrane, NP is shown in yellow, the hydrophobic bead of the
copolymer ligand is shown in purple, while the hydrophilic bead is shown in brown. The number of beads in a ligand is ﬁxed as 12.

application in the medical ﬁeld, but the 4−6 nm thick plasma
membrane presents a challenging barrier that prevents it from
accessing the cytosol.22,23 Particularly, the eﬀect of externally
applied force on internal cells should be assessed in order to
design robotic surgical tools with optimal force during surgical
operations at nanoscale resolution.24−28 In this paper, by using a
dissipative particle dynamics (DPD) method, we will assess
various types of forces that aﬀect the passage of the hybrid NPs
across the cell membrane. The information about the forces
experienced is important for individual cell-based diagnosis and
pharmaceutical applications.

is a normalized distribution function, with rc being the cutoﬀ
radius. The parameters γ and σ are related to each other as σ2 =
2γkBT, with kBT being the unit of energy. The standard values σ =
3.0 and γ = 4.5 are used in our study.9 The mass, length, and time
scales are all normalized in the DPD simulations; the unit of
length is taken to be the cutoﬀ radius rc, the unit of mass is that of
the solvent beads, and the unit of energy is kBT, as previously
stated. All other quantities are expressed in terms of these basic
units. The reduced DPD units can be converted to SI units by
examining the membrane thickness and the lipid diﬀusion
coeﬃcient. The simulated value of the bilayer thickness is 5rc, and
the eﬀective time scale of the simulation can be determined from
the simulated lateral diﬀusion constants of the lipid bilayer.31 The
DPD bilayer thickness is about 4 nm, with a diﬀusion coeﬃcient
of around 5 μm2 s−1;32 by comparison with typical experimental
values, it can be shown that one DPD length unit corresponds to
approximately 0.8 nm in physical units and the time unit to τ =
24.32 ps. The time step is taken as Δt = 0.01τ. All simulations are
performed using LAMMPS.33
The dimension of the simulation box is 30rc × 30rc × 50rc. The
system contains a total of 135 208 particles, composed of
118 603 solvent (water) beads and 16 605 hydrophobic\hydrophilic beads (992 lipid molecules for the bilayer membrane, 512
hydrophobic bead for the rigid spherical NP of diameter 3.6 nm
coated with a selected pattern of hydrophilic−hydrophobic
copolymer ligand), with a particle density of approximately 3.34
The solvent beads are not shown in the following plots for clarity.
The lipid molecule is represented by the coarse-grained model
proposed by Groot and Rabone,29 as shown in Figure 1, with 3
lipid hydrophilic head beads and 10 lipid hydrophobic tail beads.
On the basis of the arrangement of the hydrophilic and
hydrophobic beads along the chain, four patterns of copolymer
ligand are classiﬁed as AB, BA, BABA, and random pattern, as
seen in Figure 1. The hydrophilic beads and hydrophobic beads
are shown as green and blue, respectively. The repulsive
interaction parameter between the same type of beads within
the NP, copolymer ligands, and membrane is set as aij = 25, and
for two beads of diﬀerent types, it is set as aij = 100. Within a lipid
molecule and copolymer ligand, there is also an elastic harmonic
force

■

MODEL AND METHOD
The simulations in this paper are based on DPD, a mesoscopic
coarse-grained simulation method for soft materials and
biomembrane systems.29,30 In DPD simulation, a small group
of atoms is treated as a single bead located at the center of mass of
the group. Beads i and j interact with each other via a pairwise
force consisting of a conservative force FCij representing thr
excluded volume eﬀect, a dissipative force FDij representing
viscous drag between moving beads, and a random force FRij
representing stochastic impulse. Both FDij and FRij act together as a
thermostat for the beads. Similar to molecular dynamics
simulation, time evolution is also governed by the Newton’s
equation of motion. The total force on bead i can be expressed as
Fi =

∑ (FijC + FijD + FijR )
i≠j

=

∑ (aijω(rij)riĵ − γω2(rij)(riĵ ·vij)riĵ + σω(rij)ζijΔt −1/2riĵ )
i≠j

where aij is the maximum repulsive force, rij the distance, r̂ij the
unit vector, and vij the relative velocity between beads i and j; ζij
denotes a random number with a zero mean and unit variance,
and
rij
⎧
rij < rc
⎪1 −
rc
ω(rij) = ⎨
⎪0
rij > rc
⎩
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⎛
rij ⎞
FijS = ks⎜1 − ⎟riĵ
rs ⎠
⎝
used to connect two consecutive beads, where ks and rs are the
spring constant and equilibrium bond length, respectively. Here,
we use ks = 100.0, rs = 0.7rc for the lipid molecule35 and ks = 200.0,
rs = 0.25 for the copolymer ligand.9 The copolymer ligands are
also anchored to the NP surface by a spring force ks = 200.0, rs =
0.25 in order to prevent the rearrangement or detachment of the
coating copolymer ligands during the simulation. The bending
resistance of the lipid and copolymer chain is represented as an
additional force due to a harmonic constraint on two consecutive
bonds
F θ = −∇Vbend = −∇[kθ(θ − θ0)2 ]

where kθ, θ, and θ0 are the bending constant, inclination angle,
and equilibrium angle, respectively. For three consecutive lipid
tail beads or three consecutive lipid head beads in a lipid
molecule, we take kθ = 6 and θ = 180°; for the last head bead and
the top 2 tail beads, kθ = 3 and θ = 120°; for the bottom two
consecutive head beads and the ﬁrst bead in each tail, kθ = 4.5 and
θ = 120°.9 For three consecutive copolymer ligand beads, we take
kθ = 5 and θ = 180°.

Figure 3. Evolution of the penetration force with the ligand coating
pattern and density. Subplots (a−d) show the penetration through the
moment of AB, BA, BABA, and random patterned NP, respectively.

■

RESULTS AND DISCUSSIONS
For a pure hydrophobic NP, it is very challenging for it to enter
inside of a cell membrane as the hydrophobic lipid tails of the NP

Figure 4. The PMF as a function of the distance between the NP and the
bilayer membrane center under diﬀerent coating patterns of the NP. The
coating density is set as 100%.

velocity of 0.1rc/τ.36 Here, we systematically study the entry
force FE for diﬀerent copolymer patterns at diﬀerent coating
densities ρ (100, 50, 33.3. 25, 20, 16.7%), as shown in Figure 2. FE
is calculated by averaging the force when the NP attaches to the
membrane surface and the force when the NP arrives in the
middle of the bilayer. For the AB and random patterns, the NP
cannot enter inside of the membrane easily due to the energy
barrier caused by the central hydrophobic layer of the membrane.
As the driving force continues to increase, the membrane begins
to bend until it fractures at an FE = 191.9kBT/rc. For the BA
pattern, because the outer hydrophobic property of the
copolymer pattern makes it less inclined to stay in the
hydrophilic environment (water), the NP takes less eﬀort to
attain entry into the membrane with an average FE = 23.04kBT/rc.
The FE shows little diﬀerence between diﬀerent coating densities,
which further demonstrates that spontaneous entry of a NP is
likely to occur for the BA pattern when it approaches the
membrane11 Similar to the AB pattern, the FE for the BABA
pattern decreases with the coating density; however, the NP can
get inside of the membrane more easily. It is also observed that
when the coating density is lowered to ρ = 16.7%, the

Figure 2. Evolution of the entry force with the ligand coating pattern
and density. Subplots (a−d) show the entry moment of AB, BA, BABA,
and random patterned NP, respectively.

inhibit its further penetration after it attaches to the membrane
surface. However, diﬀerent ligands outside of the NP could
change its chemical properties and manipulate the penetration
process. To initiate the penetration process, the patterned NP
needs to overcome the mandatory energy barrier in order to go
inside of the cell membrane. With a coating of copolymer ligands,
it should be interesting to study how large of a force is needed for
the coated NP to enter inside of the cell membrane. The
patterned NP is initially placed a distance of 15rc away from the
membrane in the z direction. The system is relaxed for 12.16 ns
while the NP is ﬁxed. The edges of the lipid bilayer are then ﬁxed,
and the NP is pulled down toward the bilayer membrane by using
steered molecular dynamics (SMD) with a constant pulling
3788
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However, NPs with diﬀerent grafted ligands could change its
chemical properties and manipulate the penetration process due
to external stimuli such as pH and temperature. Besides, the pure
NP may trigger damage to the cell membrane and introduce
nanotoxicity. These aforementioned points illustrate the
advantage of the grafted NPs.
To further explain the eﬀect of copolymer ligand patterns of
NPs on their penetrability into cells, here we investigate the
penetration force FP for diﬀerent hybrid NPs. At the beginning of
the NP translocation process, in order to penetrate through the
ﬁrst layer of the lipid membrane, the NP needs to push the ﬁrst
layer and tear the head groups apart to make room for its
penetration. The resistance from the head group depends on the
ligand types on the NP surface.37 This explains why FE is needed
to enter inside of the lipid bilayers. However, diﬀerent from FE, FP
is deﬁned as the value of the pulling force when the NP detaches
from the membrane after passing through. When the NP crosses
the second layer, the attractive interaction between lipid tails and
the NP slows down the movement of the NP. FP should be large
enough for the NP to exit the cell membrane. As shown in Figure
3, FP displays a similar downtrend to FE for decreasing density of
the ligand coating. Interestingly, the AB and random patterns do
not show any diﬀerence for FE and FP due to density. The AB and
random patterned NPs leave the membrane quickly after
entering inside as the membrane structure is broken after
accumulative bending. FP varies from 195kBT/rc to 80kBT/rc as
coating densities decrease, which is in good agreement with
previous research work.9,10 For the AB pattern, the hydrophilic
outlayer of the coating copolymer on the shell prohibits the NP
from entering inside of the middle hydrophobic layer of the
bilayer membrane. However, when it enters inside of the lipid
bilayer, the hydrophilic outlayer coating of the NP makes it easy
to get out of the hydrophobic middle layer of the membrane.
This also explains why the force to enter inside of the membrane
is diﬀerent from the force penetration through the membrane.
However, for the BA pattern, penetration is impeded by the
middle hydrophobic layer of the membrane, which leads to a
large diﬀerence between the entry force FE = 23.8kBT/rc and the
penetration force FP = 155.2kBT/rc at ρ = 100%. There exists a
large friction between the BA pattern NP and the membrane
during the ﬁnal stages of translocation. The BABA pattern also
shows diﬀerences between FE =120.7kBT/rc and FP = 167.9kBT/
rc due to its layer-by-layer arrangement of hydrophilic and
hydrophobic beads. The frictional eﬀect however is not as
obvious compared to that of the BA pattern. In order to obtain a
more quantitative picture of the interaction between patterned
NPs and the bilayer membrane, we take patterned NPs with
100% coating density as an example to calculate the potential of
mean force (PMF) as shown in Figure 4. The PMF has been
considered an important factor to understand the penetration
process of the NP through the cell membrane. According to data
analysis, for the BA pattern, the free energy decreases as the NP
enters the bilayer membrane, indicating that there is a preferred
location inside of the membrane for the BA pattern. For AB,
BABA, and random patterns, the free energy increases as the NP
enters inside of the lipid bilayer. Due to the symmetric structure
of the bilayer membrane and the NP, the BA patterned NP can
easily enter inside of the membrane; however, it is diﬃcult for it
to get out of the membrane. It is relatively easy for the BABA
patterned NP to enter inside of the membrane conpared to the
AB and random patterned NP. The free-energy change
corresponding to the phenomena that we observed for diﬀerent

Figure 5. (a) Penetration force as a function of ligand rigidity of diﬀerent
coating patterns. (b) PMF as a function of the distance between the NP
with the BA coating pattern and the bilayer membrane center under
diﬀerent bending rigidity of the coating polymer. The coating pattern is
BA, and the coating density is chosen as 100%.

hydrophobicity of the pure NP appears to contribute to an
increment of the entry force compared with a high-density
coating. For the BABA pattern, FE increases from 72.36kBT/rc to
78.41kBT/rc, while for the BA pattern, FE increases from
21.1kBT/rc to 27.1kBT/rc. For the AB and random patterns, the
outside hydrophobic portion of the copolymer ligand possesses
similar properties as the naked NP; therefore, FE is consistent
with the abatement of ligand density. According to Figures 2 and
3, the critical forces for the NP to enter and penetrate decrease
with decreasing grafting density. It seems that a bare NP (without
surface coating) could be more eﬃciently uptaken by the cell.
However, interactions of a NP with the cell membrane are
dictated by the chemical properties of the surface coating of the
NP in addition to its shape, size, and relative arrangement. The
NP with an amphiphilic polymer consisting of three distinct
functional components, a hydrophobic polymeric core, hydrophilic polymeric shell, and lipid monolayer, behaves as a robust
drug delivery platform with high drug encapsulation yield and a
tunable and sustained drug release proﬁle. For a pure
hydrophobic NP, it is very challenging for it to enter inside of
a cell membrane as the hydrophobic lipid tails of the NP inhibit
its further penetration after it adheres to the membrane surface.
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Figure 6. Dynamic process of four diﬀerent patterned NPs passing through the cell membrane.

NPs, we take the BA patterned NP as an example to depict the
free-energy change described by the PMF. In Figure 5b, as the
bending rigidity increases, the change of the PMF decreases,
which means that the critical force for NPs to penetrate the lipid
bilayer decreases. A possible explanation is that as the bending
rigidity of the coating polymer increases, the polymer loses
certain ﬂexibility to accommodate its conﬁguration change,
therefore lowering the adhesive interaction between coating
polymers and the cell membrane.
Figure 6 shows the whole penetration process for the AB, BA,
BABA, and random patterns. For the purpose of illustration, the
coating density is chosen as 33.3%. The whole penetration
process is comprised of three phases: attaching, inserting, and
detaching. For the AB pattern, the hydrophilic outside layer of
the NP closely attaches to the hydrophilic lipid head on the
membrane; however, it cannot get through the hydrophobic
layer composed of lipid tails. For the BA pattern, the NP is
diﬃcult to attach to the cell membrane surface without any
external force; however, it can easily enter inside of the
hydrophobic layer of the membrane after attaching the
membrane surface. The alternate hydrophobic−hydrophilic
behavior of the NP with the BABA pattern attenuates the
interaction between the NP and membrane when the NP
attaches to and passes through the cell membrane. The NP
passing the membrane can introduce disruption of the cell
membrane and may cause cell death.4,39−42 From the penetration
process, it can be found that the cell membrane is strongly
aﬀected by diﬀerent ligand coatings on the NP. The AB pattern
and random pattern leave a hole on the membrane when they
pass through the cell membrane, which breaks the integrity of the
cell membrane. The BA patterned NP does not bend the
membrane to such an extent before entry; however, it prefers to
stay with the hydrophobic lipid tails when pulled out. The mild
deformation of the membrane is quickly healed by the
hydrophobic lipid tails reﬁlling the hole created by the BA
patterned NP. A portion of lipid tail is pulled out as well with the
NP, which indicates strong friction between the NP and the

Figure 7. Translocation time as a function coating pattern and coating
density. Subplots (a−f) show the diﬀerent densities of the AB patterned
NP.

patterned NPs is in good agreement with that of other
researchers’ work.9,38
Actually, the NP can be either rigid or soft depending on the
ligand coating. Here, the conformational characteristics of the
ligand consisting of a ﬂexible backbone depend on the rigidity of
the chain that is simply described by kθ, the angle potential
constant between the ligand beads. The angle potential conﬁnes
the freedom degree of the ligands. Because the extendibility of
the ligands is constrained by the rigidity, the ligands are
approximately distributed uniformly on the surface when kθ
increases. As shown in Figure 5a, despite coating ligand patterns,
FP decreases with the increase of rigidity, causing the more rigid
NPs to create small deformations in the membrane so that it is
easier for them to pass through despite their hydrophobicity,
which is in agreement with high rigidity leading to a high
engulfment degree of NPs.12 To better quantify the eﬀect of
bending rigidity of coated polymers on the penetration process of
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Figure 8. Dynamic process of a group of BA patterned NPs passing through the membrane with the highest coating density (100%).

Figure 9. Dynamic process of the drug delivery based on the BA patterned NP. The drug particle is shown in gray color.

membrane. For the BABA pattern, the NP does not break the
membrane by creation of a hole accompanied by a few lipid
molecules leaving from the cell membrane system. These
intriguing ﬁndings inform us that the BA and BABA patterns

are robust coating strategies for the NP as they do not cause
permanent damage to the cell membrane when penetrating it.
Understanding the penetration force is helpful to design healthy
and robust drug delivery nanodevices.
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environments.48−50 Figure 9 shows the automatic and dynamic
process for the BA pattern entering inside of the cell. The BA
patterned NP is put 15rc away from the cell. It takes 12 ns before
the NP attaches to the cell surface. After attaching, because the
surface of the BA pattern is hydrophobic, it can spontaneously
insert into the cell membrane, as shown in Figure 9a−d. The
internal dynamic bonds of the BA polymer are completely
broken in Figure 9e, and the broken polymer branches
accumulate behind the NP and slowly diﬀuse into the middle
of the cell membrane. When the bond is broken, the local density
of the hydrophobic portion of the BA copolymer prohibits the
NP from leaving the cell membrane; therefore, the NP with the
remaining hydrophilic covering has more than a 50% probability
to enter inside of the cell due to the fact that the hydrophilic
portion will prefer not to stay inside of the hydrophobic middle
layer. The hydrophilic portion of the BA polymer is dissembled
by detaching the bonds through the controllable external stimuli
such as pH, light, and temperature, and the drug inside of the
core can be released. The method of the drug delivery process
that we propose here is considered as a pathway to transport the
drug by using multiple shell layers through designing the
hydrophobicity of layers. Our simulation oﬀers a novel way to
guide nanocarrier design with nanomaterials in medical research.

The translocation time, the time that a particle passes through
the cell membrane, is a key factor for a cell to regulate the
movement of a variety of substances in order to maintain the
functional balance of ions, water, oxygen, carbon dioxide,
nutrients, and other molecules.43 Understanding the translocation time for a NP to enter inside of the cell is crucial to the
bioactivities necessary for maintaining the function of the cell and
drug delivery system. The translocation time of the drug through
the cell membrane is also crucial for drug delivery eﬃciency.11 By
tuning the coating pattern, density, and rigidity of the polymer on
the surface of the NP, we can control the drug delivery process.
Therefore, the translocation time of the NP through the cell
membrane is an important factor for evaluating the drug delivery
eﬃciency. Here, we investigate the translocation time for the
patterned NP with diﬀerent ligands, as shown in Figure 7. The
translocation time is deﬁned as time diﬀerence between when the
NP attaches to the membrane surface and when it leaves the
opposite side of the membrane. For all types of patterns, the
translocation time is shortened with a decrease of ligand density.
At high density, the BABA patterned NP needs the shortest time
to pass through the membrane because it overcomes a smaller
energy barrier than the AB pattern and does not have as large of a
friction inside of the membrane as the BA pattern. The BA
patterned NP is challenging to move out from the hydrophobic
middle layer, as we discussed in the previous section; therefore, it
takes a relatively long time to pass through the membrane. The
AB and random patterns take a longer time to pass through the
membrane at high density because of the diﬃculty in entering the
membrane. From the analysis of the translocation time, the
coating pattern plays a crucial role in designing the NP complex,
and the BABA pattern is the most eﬃcient and preferable coating
to allow a NP to pass through the membrane easily.
NPs are known to have high drug-loading capacity, high water
solubility, and appropriate size for long circulation in the blood.
The core−shell architecture of hybrid NPs possesses advantages
for drug delivery with their unique core−shell architecture. The
hydrophobic drugs can be solubilized into the hydrophobic core
by interactions such as metal−ligand coordination bonding and
electrostatic interaction.44−46 From the discussion of the four
coating patterns above, the BA pattern is chosen to design a drug
delivery carrier as it needs the least energy to enter inside of the
cell. However, the BA pattern has diﬃcultly leaving the
membrane and getting inside of the cell. Also, as expected, the
BA patterned NPs can conglomerate together in the solvent if
they get exposed together. However, in Figure 8, we have
demonstrated that agglomerated NPs can be considered as a
large hydrophobic particle, and it still can enter inside of the cell
by a similar mechanism as we discussed for a single BA patterned
NP in Figure 6. The membrane keeps its integrity except for that
a portion of lipids are carried away with the large BA patterned
NP. For an ideal drug delivery vector, in addition to the NPs’
entry inside of the cell membrane, the outside hydrophobic layer
of the NP needs to be detached from the NP in order to get into
the cell when the hybrid NP enters inside of the membrane. The
detaching process can be done by creating dynamic covalent
bonds between the hydrophobic and hydrophilic portions of the
BA copolymer as well as between the NP and copolymer.11 The
dynamic bonds are deﬁned as any class of bond that can
selectively undergo reversible breaking and re-formation, usually
under equilibrium conditions.47 The breakage of dynamic
covalent bonds can be mimicked by using a pH-sensitive
polymer or thermosensitive polymer as the ligand to control the
cellular attaching and detaching under diﬀerent external

■

SUMMARY
In summary, we have performed dissipative dynamics simulation
to investigate how the NP coated with diﬀerent amphiphilic
copolymers enters inside of the cell. The entry force and
penetration force needed for entry inside of the lipid bilayer and
penetration through the cell membrane have been discussed with
four diﬀerent coated NPs. BA and BABA patterns have signiﬁcant
impacts on entry and penetration forces, while the AB and
random pattern have negligible eﬀect. Through investigation of
the eﬀect of coating density and polymer rigidity for the
penetration forces and translocation time, we ﬁnd that NPs
coated with more rigid copolymer ligands possess better
capability and use less time to pass through the cell membrane.
Our simulation suggests that the NP with copolymer coat can act
as a multishell carrier for the desired drug delivery carrier and also
provides a design guideline for a novel drug delivery system.
Here, we focus on the eﬀect of surface coating of the NP on its
entry and penetration forces; there is plenty of room for further
exploration on the eﬀect of the NP from its size, shape, and
electrical charges.
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