
PCCP
Physical Chemistry Chemical Physics
www.rsc.org/pccp

ISSN 1463-9076

PAPER
ZhiGuo Qu, Feng Xu et al.
Molecular analysis of interactions between a PAMAM dendrimer–paclitaxel 
conjugate and a biomembrane

Volume 17 Number 44 28 November 2015 Pages 29397–30190



This journal is© the Owner Societies 2015 Phys. Chem. Chem. Phys., 2015, 17, 29507--29517 | 29507

Cite this:Phys.Chem.Chem.Phys.,

2015, 17, 29507

Molecular analysis of interactions between a
PAMAM dendrimer–paclitaxel conjugate and a
biomembrane†

XiaoCong He,ab Min Lin,bc TianJian Lu,b ZhiGuo Qu*ab and Feng Xu*bc

Understanding the underlying mechanism of nanomedicine–biomembrane interactions is important for

the design and optimization of payload delivery systems. This study investigates the interactions between

polyamidoamine (PAMAM) dendrimer–paclitaxel conjugates and biomembranes using coarse-grained

molecular dynamics simulations. We found that acidic conditions (e.g., pH B 5) and membrane

asymmetry can improve the conjugate penetration. Paclitaxel (PTX) distributions on a G4 PAMAM

dendrimer can affect interactions via the penetration mechanism, although they have no significant

effect on interactions via the adsorption mechanism. The random distribution of PTX can enhance the

ability of PTX molecules to pass through asymmetric membranes. Furthermore, the penetration process

becomes more difficult with increasing paclitaxel loading ratios. These results provide molecular insights

into the precise translocation mechanism of dendrimer–drug conjugates and thus provide suggestions

for drug design and delivery.

1. Introduction

Nanomedicine is finding widespread applications in almost
every aspect of human health.1–3 As an anti-cancer drug obtained
from the bark of Taxus brevifolia, paclitaxel (PTX) has been widely
used for the therapy of various cancers and sarcomas, including
lung, ovarian, breast, head and neck cancers and Kaposi’s
sarcoma.4–7 PTX molecules work by disrupting the normal
microtubule dynamics in the cell division process and are thus
particularly effective in killing cancer cells. However, the low
aqueous solubility of PTX molecules (approximately 0.3 mg mL�1)
constrains their therapeutic applications.8 In general, almost
40 percent of developed drug candidates are rejected by the
pharmaceutical industry due to their low aqueous solubility
and/or cell membrane permeability.4 Therefore, one of the key
challenges in nanomedicine is the design of carriers that
efficiently deliver drugs with low aqueous solubility to target
cell components.9

Among the various carriers identified thus far, polyamido-
amine (PAMAM) dendrimers offer several advantages, including
designable structures, high loading capability, monodispersity,
biocompatibility and controlled release properties.10,11 The drugs
can interact with the dendrimers to form conjugates or com-
plexes through either a covalent attachment via a selected linker
or a non-covalent attachment via an electrostatic attraction,
hydrophobic interaction or hydrogen bonding interaction.11

Compared with a non-covalent attachment, the covalent bonding
of PTX molecules to the dendrimer surface via a selected linker
offers advantages in controlling drug release and drug targeting.12

The PAMAM dendrimer and PTX molecule conjugate has become
a promising nanomedicine for cancer therapy.4

In a drug delivery system, PAMAM dendrimer and PTX
molecule conjugates should pass through the biomembrane
barrier to reach cellular compartments and exert their therapeutic
function.13 Tremendous efforts have been made to explore the
mechanisms of dendrimers entering cells by both direct pene-
tration and endocytosis pathways.14 However, the exact pathway
through which dendrimers enter cells remains elusive. For
instance, experimental studies have shown that the cytotoxicity
of PAMAM dendrimer–PTX conjugates is 10 times higher than
that of non-conjugated PTX molecules.6 Although cell viability
can be used to indicate drug cytotoxicity to cancer cells in
experimental studies as an endpoint marker, it is difficult for
experimental studies to determine an exact translocation
mechanism. Therefore, understanding the detailed interactions
between PAMAM dendrimer–PTX conjugates and biomembranes
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is necessary to reveal the potential mechanisms underlying the
fundamental cellular events.

A biomembrane is a selectively permeable barrier to molecules
and plays an important role in nanomedicine–biomembrane inter-
actions.15 In many natural membranes, the lipid compositions of
two membrane leaflets are different, such as in human erythrocyte

membranes.16 In our previous study, we found that membrane
asymmetry can affect the fundamental cellular events, such as
cellular uptake.17 Therefore, considering membrane asymmetry in
the nanomedicine–biomembrane interaction is necessary.

This work included coarse-grained molecular dynamics (CGMD)
simulations to investigate the interactions between PAMAM

Fig. 1 Structures of the PAMAM dendrimer–PTX conjugate, lipid molecules and the simulation box. Mapping of the G2 PAMAM dendrimer–PTX
conjugate (a) and DPPC, DPPG lipid molecules (b) based on the Martini force field. (c) The detailed information on the simulation box.
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dendrimer–PTX conjugates and biomembranes. We analyzed
the effects of PTX molecule distribution at the dendrimer
surface and the PTX molecule loading ratio on the interactions.
In addition, the competitive relationship between the dendri-
mer properties and the PTX properties in the interactions is
shown. Our study provides deep insights into the mechanism
of interactions between nanomedicine and biomembranes at
the molecular level, which can impact nanomedicine design
and targeted drug delivery.

2. Model and methods

CGMD simulations are used to investigate the nanomedicine–
biomembrane interactions because they present larger spatial
and temporal scales compared with all-atom molecular
dynamics simulations.18–20 As a typical CG force field, the
Martini force field developed by Marrink et al.21 is used to
simulate biological systems (such as lipids, proteins, and
genes). Four types of particles (polar (P), apolar (C), non-
polar (N), and charged (Q)) are defined, and four heavy
atoms are generally represented by one CG particle. Thus, the
effective time is four times faster than that in an all-atom
model.22

In a physiological environment, the PAMAM dendrimer
consists of a primary amine group at each branch end and a
tertiary amine group at each branching point. The atomic
structure and CG mapping, based on the Martini force field
of a PAMAM dendrimer (generation two: G2), are shown in
Fig. 1a. We adopted this coarse-grained model of a PAMAM
dendrimer from the study of Lee et al.23 The tertiary amine

group and the primary amine group are coarse-grained to
particles N0 and Nda, respectively. The surface groups of the
dendrimer are represented by Qd. Each CG structure of the G4
PAMAM dendrimer contains 250 CG particles and 64 positive
charges. The parameters of bonded interactions (bond and
angle potential energy) and non-bonded interactions (Coulombic
energy and L-J potential energy) are listed in Table 1. To equili-
brate the CG dendrimer model, long simulations (1 ms) were
performed in the solvents.24 The gyration radius of the G4
dendrimer is 1.98 in the physiological environment, which coin-
cides with previous studies (Table 2).24–26

The experimental study of Khandare et al.6 showed the
structure of the PAMAM dendrimer–PTX conjugate, where the
PTX molecule and the PAMAM G4 hydroxyl-terminal dendrimer
were bonded to two sides of the linker (small molecule: succinic
acid) to form the PAMAM dendrimer–PTX conjugate. We used
the above conjugate structure in this study; the atomic and
coarse-grained structures of the conjugate are shown in Fig. 1.
We used the coarse-grained PTX molecule model from the
study of Peng et al.,27 and the detailed parameters of bonded
interactions are shown in Table 3. To equilibrate the CG
conjugate models, long simulations (1 ms) were performed in
the solvents for each conjugate.

Table 1 Detailed description of the PAMAM dendrimer model and the lipid model in the Martini CG force field

Interaction Type Equation Parameter

PAMAM dendrimer model
Non-bonded interactions LJ potential

ULJðrÞ ¼ 4eij
sij
r

� �12
� sij

r

� �6� �
sij = 0.47 nm

Coulombic energy UelðrÞ ¼
qiqj

4pe0err
er = 15

Bonded interactions Bond potential energy Vb = 1
2Kb(dij � db)2 db = 0.5 nm

Kb = 1250 (kJ mol�1 nm�2)
Angle potential energy

Va = 1
2Ka[cos(yijk) � cos(ya)]2

ya1 = 1801
Ka1 = 150 (kJ mol�1 rad�2);
ya2 = 1201
Ka2 = 150 (kJ mol�1 rad�2)

Lipid model
Non-bonded interactions LJ potential

ULJðrÞ ¼ 4eij
sij
r

� �12
� sij

r

� �6� �
sij = 0.47 nm

Coulombic energy UelðrÞ ¼
qiqj

4pe0err
er = 15

Bonded interactions Bond potential energy Vb = 1
2Kb(dij � db)2 db = 0.47 nm

Kb = 1250 (kJ mol�1 nm�2)
Angle potential energy Va = 1

2Ka[cos(yijk) � cos(ya)]2 ya = 1801
Ka = 150 (kJ mol�1 rad�2)

Table 2 PAMAM dendrimer radii of gyration (Rg) under different pH
conditions in equilibrium compared with references

pH Maiti et al.25 Ma et al.24 Lee et al.26 Our simulation (G4)

5 1.9 2.22 2.99 2.52
7 1.7 1.81 2.67 1.98
10 1.68 1.69 1.48 1.70
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Two types of lipid molecules are used in our simulations,
including dipalmitoylphosphatidylcholine (DPPC) and dipalmi-
toylphosphatidylglycerol (DPPG). The lipid molecule consists of
a choline group, a phosphate group and a glycerol group for its
head group and two carbon tails (Fig. 1c). The mapping of
lipids based on the Martini force field21 is shown in Fig. 1c: the
choline groups of lipids are represented by the CG beads
Qo and P4 for DPPC and DPPG, respectively. The phosphate
group, the glycerol group and the carbon tails of all lipids are
represented by Qa, Na and C1, respectively. The parameters of
bonded interactions (bond and angle potential energy) and
non-bonded interactions (L-J potential energy and Coulombic
energy) for lipids in the Martini CG force field21 are shown
in Table 1. The DPPC : DPPG ratio is 3 : 1 for a symmetric
membrane, which is based on the membrane charge density.28

However, numerous studies15,29,30 have shown that the mem-
branes of most eukaryotic cells are asymmetric. For instance,
negatively charged lipids may be located in the inner membrane
leaflet, inducing significant differences in charge distribution
between the two membrane leaflets.29 The percentage of negatively
charged lipids in the inner leaflet among total membrane lipids
ranges from 6%31 to 33%15 in previous studies. Therefore, to
maintain the same charge density as the symmetric membrane

above (PG: 25%), we simulated the asymmetric membrane as
follows: the outer membrane leaflet is DPPC only and the ratio
of DPPC : DPPG is 1 : 1 for the inner membrane leaflet (Table 4).
Each membrane containing 1040 CG lipid molecules was equili-
brated in the solvent system for 200 ns with the NPT ensemble.

In the initial state, the PAMAM dendrimer–PTX conjugate
was placed 6 nm above the membrane (center of mass separation
distance in the z-direction (z-distance)) (Fig. 1d). The box size in the
initial state is 18.06 � 18.06 � 25 nm. The periodic boundary
conditions were used in all simulations. After energy minimization,
a constrained simulation (force constant: 1000 kJ mol�1 nm�2) was
performed to constrain the membrane and the conjugate in order
to equilibrate water and ions. Long MD simulations (960 ns) were
then performed to ensure that the systems achieved an equilibrated
state. The NPT ensemble was used in the simulations: Berendsen
thermostat and pressure couplings were used to maintain constant
system temperature (323 K) and pressure (1 bar).32 A particle mesh
Ewald summation (PME) method33 was used to chart electrostatic
interactions, and a cutoff of 1.2 nm was used for van der Waals
(vdW) interactions. To reduce the cutoff noise, the L-J potential was
smoothly shifted to zero between 0.9 and 1.2 nm. For the potential
of mean force (PMF) calculation, the umbrella sampling34 and
weighted histogram analysis35 methods were used. Initialized
conformations were assessed with a 0.2 nm step size. A long run
of 360 ns was performed in each sample, and the last 240 ns run
was used for data analysis. GROMACS 4.5.4 package36 and Visual
Molecular Dynamics (VMD) 1.9 software37 were used to perform all
simulations and present the results.

3. Results and discussion
3.1 Effect of pH

Previous studies have demonstrated that pH conditions can
affect the effective interaction between pH-sensitive dendrimers
and biomembranes.38 The pH environment can be different
in biological systems, for instance, the pH value is near 5 in
endosomal vesicles and near 7 in the cytoplasm. Under acidic
conditions (pH B 5), all primary amine groups and tertiary
amines are protonated (positively charged) (Fig. 2a). At physio-
logical pH (B7), only the surface monomers are protonated
(Fig. 2b). Under high pH conditions (B10), no amines are

Table 3 Detailed description of bonded interactions for the CG PTX
molecule model in the Martini CG force field

i j

Bond
length
L (nm)

Force
constant
K (kJ mol�1

nm�2) i j k
Bond
angle y (1)

Force
constant
K (kJ mol�1

rad�2)

1 2 0.5 1250 1 2 3 180 150
2 3 0.5 1250 2 3 4 149 100
3 4 0.340 7500 3 4 5 97 100
4 5 0.325 7500 4 5 6 91 100
5 6 0.258 7500 4 5 13 154 100
6 7 0.353 7500 5 6 7 107 100
6 10 0.318 7500 5 6 10 75 100
5 13 0.198 7500 5 13 14 80 100
13 14 0.227 7500 5 13 23 158 100
7 8 0.270 1000 6 7 8 173 100
7 9 0.270 1000 6 7 9 109 100
8 9 0.270 1000 6 10 11 143 100
10 11 0.270 1000 6 10 12 105 100
10 12 0.270 1000 13 14 22 95 100
11 12 0.270 1000 13 14 15 127 100
13 23 0.223 7500 13 22 24 85 100
14 23 0.342 7500 14 23 22 60 100
14 15 0.382 7500 14 15 16 52 100
15 16 0.519 7500 14 15 17 36 100
15 17 0.609 7500 15 17 22 53 100
17 18 0.578 7500 15 17 18 85 100
18 19 0.289 7500 15 17 19 48 100
17 19 0.469 7500 16 17 24 31 100
17 22 0.138 7500 17 19 21 120 100
19 20 0.349 7500 18 19 20 115 100
19 21 0.249 7500 18 19 21 121 100
22 24 0.368 7500 18 17 19 30 100
22 23 0.369 7500 22 18 19 54 100
24 25 0.238 7500 22 19 20 105 100
25 26 0.270 1000 22 24 25 125 100
25 27 0.270 1000 23 22 13 75 100
26 27 0.270 1000 23 22 24 96 100

24 25 26 128 100
24 25 27 165 100

Table 4 Parameters of simulation systems

System pH Membrane
Membrane
charge NP NP charge Ions

1 5 Symmetrica 260� G4-1PTX 125+ 135 Na+

2 5 Asymmetricb 260� G4-1PTX 125+ 135 Na+

3 7 Symmetric 260� G4-1PTX 63+ 197 Na+

4 7 Asymmetric 260� G4-1PTX 63+ 197 Na+

5 10 Symmetric 260� G4-1PTX 0 260 Na+

6 10 Asymmetric 260� G4-1PTX 0 260 Na+

7 7 Asymmetric 260� G4-4PTX 60+ 200 Na+

8 7 Asymmetric 260� G4-8PTX 56+ 204 Na+

9 7 Asymmetric 260� G4-16PTX 48+ 212 Na+

a Symmetric membrane: DPPC : DPPG = 780 : 260. b Asymmetric
membrane: outer leaflet DPPC = 520; inner leaflet DPPC : DPPG =
260 : 260.
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protonated and the dendrimer is neutrally charged (Fig. 2c).38

Thus, three conjugates (pH B5, B7, and B10) interacting with
symmetric and asymmetric membranes were simulated to
obtain insights into the effect of pH conditions on conjugate–
biomembrane interactions.

In assessing the conjugate–symmetric membrane interactions
under different pH conditions, snapshots in equilibrated states
(Fig. 2d–f) show that the conjugate tightly adsorbs onto the
membrane and induces a negative curvature in the membrane
under low pH conditions (B5). This phenomenon is different
from results of a previous study38 that showed a G4 dendrimer
penetrating into the lipid bilayer under acidic conditions (pH B5).
This difference is attributed to the dendrimer concentration (ratio
of dendrimer and lipid) that was verified to affect the interaction –
a higher concentration positively affects the dendrimer insertion
into the membrane.22 Under physiological conditions (pH B7),
the conjugate simply rests on the membrane surface. Furthermore,
we observed that the conjugate under acidic conditions was more
expansive than that under physiological conditions (top views).
Because the conjugate under low pH conditions is more positively
charged than that under physiological conditions, the enhanced
electrostatic attraction leads to tighter adsorption and membrane
curvatures. Under high pH conditions (pH B10), the conjugate
remains far above the membrane due to its hydrophilic property
and the absence of charges.

However, different phenomena were observed for asym-
metric membrane cases where the conjugate inserts into the
lipid bilayer under acidic and physiological conditions (Fig. 2g–i).
These results can be attributed to the electrostatic interactions
between the conjugate and the DPPG lipids in the inner membrane

leaflet, which have been proven to play a major role in the
penetration process.17 The above results indicate that the pH
environment significantly affects the interactions between con-
jugates and biomembranes based on their pH sensitivity, which
was also shown in experimental studies.39

Furthermore, it was observed that the PTX molecule within
the conjugate can pass through the membrane from the outer
leaflet to the inner leaflet under a physiological pH condition in
equilibrium (Fig. 2h). To understand this, we checked the
conjugate penetration process (Fig. 3). The conjugate rapidly
adsorbs onto the membrane and induces a membrane curvature
within 30 ns, primarily because of electrostatic attraction. At
approximately 78 ns, the dendrimer inserts into the lipid bilayer,
while the PTX molecule remains on the outer membrane leaflet.
The time required for the PTX molecule to arrive at the
membrane center and the inner membrane leaflet is 90 ns
and 150 ns, respectively. Finally, the PTX molecule remains in
the inner membrane leaflet in an equilibrated state (960 ns). In
this process, the hydrophobic PTX molecule prefers to stay at
the membrane center to interact with the carbon tails of
the lipids. However, the dendrimer branch linked to the PTX
molecule is hydrophilic. The dendrimers exert a dominant role
in this situation, which brings the PTX molecule to the lipid
head groups. An experimental study6 investigating the cellular
localization of the dendrimer–paclitaxel conjugate showed
that a PAMAM dendrimer can enhance paclitaxel penetration
into cancer cells and showed a significantly higher toxicity to
A2780 human ovarian carcinoma cells (the drug dose required
to kill 50% of the cells was ten times lower) than the free
paclitaxel drug.

Fig. 2 Snapshots of interactions between conjugates and biomembranes under different pH conditions in an equilibrated state. Left row: schematics of
the PAMAM dendrimer CG structure under acidic (a), physiological (b) and alkaline (c) conditions. Middle row: snapshots of conjugates interacting with
symmetric membranes under acidic (d), physiological (e) and alkaline (f) conditions in equilibrated states. Right row: snapshots of conjugates interacting
with asymmetric membranes under acidic (g), physiological (h) and alkaline (i) conditions in equilibrated states.
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The quantified z-distance (the center of mass separation dis-
tance on the z axis) between the PTX molecule and the membrane
in the penetration process was analyzed to further understand the
above interaction (pH B 7) (Fig. 4a). The fast drop near 30 ns is
due to the membrane curvature (Fig. 3b-ii); the subsequent slow
drop indicates the PTX molecule penetration. In combining the
top and side views of the snapshots, we observed that a hydrophilic

hole forms in the membrane during the conjugate insertion
(Fig. 4b). Radial distribution functions (RDFs) of the PAMAM
dendrimer and each lipid group with respect to the PTX molecule
are shown in Fig. 4c. All RDFs were averaged over the last 200 ns.
There were two high peaks at approximately 1 nm and 3 nm in the
RDF of the PAMAM dendrimer with respect to the PTX molecule
(purple line in Fig. 4c) because the inserted dendrimer remains

Fig. 3 Time sequence of snapshots of interactions between conjugates and asymmetric membranes under physiological conditions. (a) Top view and
(b) side view.

Fig. 4 Penetration mechanism of conjugate–membrane interactions. (a) The z-distance (between PTX molecule and membrane), (b) the hole formation
mechanism and (c) RDFs (PTX molecule with respect to other groups) of interactions between conjugates and asymmetric membranes under
physiological conditions.
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separate at the outer and inner membrane leaflets, which was also
shown in previous simulation studies.9,23 The second-highest peak
was observed in the phosphate and glycerol groups (red and blue
lines in Fig. 4c). Two other peaks were observed in the choline
groups (black line in Fig. 4c) and tail groups (pink line in Fig. 4c).
These results indicate that the PTX molecule adsorbs at the bottom
of the lipid head groups. This phenomenon is similar to the
interaction between positively charged peptides and bio-
membranes.40 This can be attributed to the fact that the positively
charged PAMAM dendrimer repels positively charged choline
groups and attracts negatively charged phosphate groups. The
PAMAM dendrimer branches surrounding the PTX molecule play
a dominant role, even though the PTX molecule prefers to interact
with lipid carbon tails.

3.2 The effect of PTX molecule distribution

Nanoparticle shapes and sizes are the two most important
factors in nanomaterial–biomembrane interactions.41,42 The
PTX molecule distribution on the polymer surface can affect
the shape and size of the polymer–drug conjugate.27 To under-
stand the effect of PTX molecule distribution on these inter-
actions, we simulated conjugates with clustered or random
distributions of four PTX molecules interacting with either
symmetric (Fig. 5) or asymmetric membranes (Fig. 6). As to
interactions with symmetric membranes, the results show that
conjugates adsorb onto the membranes in both clustered and
random distributions (Fig. 5a). This result can also be con-
firmed by the z-distances between the conjugates and the
symmetric membranes (Fig. 5b). The red and black lines almost
overlap with each other, indicating that the PTX molecule
distribution has no significant effect on conjugate–symmetric
membrane interactions.

However, as to the case of asymmetric membranes, the
results are different (Fig. 6a). With a clustered distribution of
PTX molecules, the conjugate inserts into the symmetric
membrane, while most PTX molecules gather at the membrane
center. As to the random distribution, the conjugate inserts
into the membrane, but one in four PTX molecules penetrates
through the membrane to arrive at the inner membrane leaflet.
To improve the statistics, we repeated the above interaction

(four PTX molecules, random distribution) four more times.
The snapshots in the equilibrated states and the z-distances
between the PTX molecules and membranes are shown in the
ESI† (Fig. S1). In the other four attempts, one in four PTX molecules
penetrated through the membrane in three of the attempts
(Fig. S1a–c, ESI†). Only one attempt showed a single PTX molecule
going to the outer membrane leaflet (Fig. S1d, ESI†).

To further assess the interactions with asymmetric membranes,
we quantified the z-distances between the PTX molecules with
clustered/random distributions and the G4 PAMAM dendrimer
(Fig. 6b and c). The z-distances ranged from �1.5 to 1.5 nm at the
initial moment for a clustered distribution (Fig. 6b), while they
were still within this range in the equilibrium state. However,
when the PTX molecules are in a random distribution, the
z-distances are almost at 0 nm at the initial moment (Fig. 6c).
However, three PTX molecules are still near the dendrimer
center, while the fourth PTX molecule separates far away from
the dendrimer in the equilibrated state (PTX4 in Fig. 6c). These
results indicate that the random distribution of PTX can enhance
the chance of PTX molecules passing through the asymmetric
membrane.

To further understand the differences in interactions
with random/clustered PTX distributions, we calculated the
potential of mean force (PMF) as a means of understanding
the energetic costs of the interactions (Fig. 6e). The value of the
PMFs for interactions with both random and clustered PTX
distributions decreased at the onset due to the electrostatic
attractions. They eventually reach a local minimum free energy
value near 0.5 nm in the z-distance between the conjugate and
the membrane, which are the preferred positions of the con-
jugates. Furthermore, compared with these two PMF curves, the
PMF curve with clustered PTX distributions has a narrower
shape, which indicates that the probability of the conjugate
finding the preferred position is higher.28 However, in the case
of random PTX distributions, the PMF profile changes slightly
around the preferred position. This result indicates that bringing
the PTX molecules to the lipid head groups of the inner leaflet
of the dendrimer branches is a difficult process because the
PTX molecule is hydrophobic and thus prefers to stay within
the lipid tails.

Fig. 5 Interactions between symmetric membranes and conjugates with different PTX molecule distributions. (a) Snapshots of conjugates with
clustered and random PTX molecule distributions interacting with symmetric membranes in equilibrated states. (b) The z-distance between conjugates
and symmetric membranes.
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3.3 The effect of the PTX molecule loading ratios

Achieving a high drug loading ratio is one of the most impor-
tant goals in nanoparticle design and drug delivery,11 However,
existing evidence has shown that attaching a large number of
drugs results in conjugate insolubility, thus affecting the inter-
actions with the cell membrane.43 For instance, complexes
become insoluble when attaching five or more ibuprofen
molecules to G4 PAMAM dendrimers.44 To understand the
effect of PTX molecule loading ratios on interactions, four
conjugates were designed with different PTX molecule load-
ing ratios (one, four, eight and 16 PTX molecules), and their

interactions with asymmetric membranes were investigated
(Fig. 7).

As to the interaction with one PTX molecule, the PTX molecule
passes through the membrane (Fig. 7a), and one of the four PTX
molecules arrives at the inner membrane leaflet for the inter-
action with four PTX molecules (Fig. 7b). However, in the cases of
eight and 16 PTX molecules, all of the PTX molecules gather at
the membrane center (Fig. 7c and d). These results indicate that
conjugate hydrophobicity increases with increasing PTX mole-
cule loading ratios. The PTX molecules prefer to stay within lipid
carbon tails due to their poor water solubility. The hydrophobic

Fig. 6 Effects of different PTX molecule distributions on the interactions. Snapshots of conjugates with (a) clustered and (b) random PTX molecule
distributions interacting with asymmetric membranes in equilibrated states. (c and d) The z-distance between PTX molecules and G4 PAMAM dendrimer:
PTX molecules with clustered (b) and random (c) distributions. (e) PMF of interactions between conjugates with clustered/random PTX molecule
distributions and asymmetric membranes.
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property of the conjugate dominates the interaction in these
situations. However, an experimental study showed that PEG
chains can improve the solubility.45 For instance, PEGylated
dendrimers can conjugate a maximum of 32 ibuprofen
molecules.43

To further understand the effect of PTX molecule loading
ratios, we quantified the time evolution of the system’s total
energy of interactions (four PTX molecules, random distribution)
with an asymmetric membrane (Fig. 7e). We observed two
declines in total energy during the process. The first involves
the adsorption of the conjugate onto the membrane, while the
second small decline in energy can be attributed to the penetra-
tion of the conjugate. Based on the representative snapshots
(Fig. 7e), we observed that the time for conjugate insertion into
the membrane was approximately 652 ns, which is much slower
(B600 ns delay) than the interaction between a conjugate with
one PTX molecule and an asymmetric membrane (Fig. 3).
Furthermore, the PFMs of interaction between conjugates with
different drug loading ratios and asymmetric membranes
showed that the preferred positions for conjugates are 0.32 nm,
0.54 nm and 0.73 nm in the z-direction between the conjugate
and the membrane for drug loading ratios of 1PTX, 4PTX and
16 PTX, respectively (Fig. 7f). These results indicate that penetra-
tion becomes more difficult with increasing PTX molecule loading

ratios because of the decrease in the positively charged conjugate.
A previous study showed the importance of electrostatic inter-
actions in the dendrimer insertion process: the electrostatic
potential energy decrease was 50 times greater than the potential
energy decrease in the interactions.38

In addition to the factors mentioned above, different gen-
erations of PAMAM dendrimers can significantly affect the
interactions between nanoparticles and biomembranes.17,22,46

For instance, a previous study17 showed that compared with a
G4 PAMAM dendrimer a G5 dendrimer creates more perturba-
tion to the asymmetric membrane and induces transient pore
formation. As to high-generation PAMAM dendrimers, another
study46 showed that G7, G8, and G9 dendrimers changed their
configurations very slightly during the interaction, indicating
that these high-generation dendrimers can be regarded as rigid
nanoparticles. In addition, membrane wrapping was observed
in high-generation dendrimers when the dendrimer interacted
with a defective membrane with pores.

All simulations in this work were conducted under the
framework of the Martini force field. As any other model, the
Martini model has limitations. The Martini model has been
proven to break down in the case of pore formation in the lipid
bilayer.47 Bennett and Tieleman observed pore formation and
membrane structure defects in an atomistic simulation, even

Fig. 7 Effects of different drug loading ratios on the interactions. Snapshots of interactions between asymmetric membranes and conjugates with
different drug loading ratios in equilibrated states: (a–d) 1, 4, 8, and 16 PTX molecules, respectively. (e) Time evolution of system’s total energy of
interactions (four PTX molecules, random PTX molecule distribution). (f) The PMF of interactions between conjugates with different drug loading ratios
and asymmetric membranes.
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though no pores were formed with the Martini model in their
study.48 However, this work focused on analyzing the competi-
tive relationship between dendrimer properties and PTX prop-
erties in the interactions. Therefore, although limitations exist
in the Martini model, our simulations provide insights into the
translocation mechanism of conjugates and offer suggestions
for drug design and delivery.

4. Conclusions

In this study, the interactions between PAMAM dendrimer–PTX
conjugates and biomembranes were investigated through
CGMD simulations. We discussed the interaction mechanism,
the effect of pH conditions, the PTX molecule distributions
and the PTX molecule loading ratios on these interactions to
indicate the competitive relationship between dendrimer pro-
perties and PTX properties in the interactions. It was found that
acidic conditions (e.g., pH B 5) and membrane asymmetry
can improve conjugate penetration. The paclitaxel (PTX) dis-
tribution on G4 PAMAM dendrimers can affect interactions
with the penetration mechanism, although these distributions
exert no significant effect on interactions with the adsorption
mechanism. A random distribution of PTX can enhance the chance
of PTX molecules passing through asymmetric membranes.
However, the penetration process becomes more difficult with
increasing paclitaxel loading ratios. These results provide mole-
cular insights into the mechanism underlying the interactions
between dendrimer–drug conjugates and biomembranes, as well
as suggestions for nanomedicine design and drug delivery.
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