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ABSTRACT: Weemploy extensive coarse-grained molecular dynamics simulations to explore the influence
of rigidity of linear polyelectrolyte (PE) on the dendrimer—PE complexes. We find that the size of PE chain
increases and its shape changes from oblate to prolate concomitant with the interesting conformation
transformations from “coil”-like to “U”-like or “V”-like and further to “rod”-like as the stiffness of PE is
increased. We also find that, as a soft nanoparticle, the changes of the size and the shape of charged dendrimer
depend not only on the stiffness of PE but also on Bjerrum length of system. This can be explained in terms of
two competing interaction energies: the bending energy and the electrostatic attractive energy. Furthermore,
we witness that the effective charge of dendrimer exists a jump at both Bjerrum lengths studied, but the
overcharge only appears at the large Bjerrum length. Moreover, we propose that there may exist an optimum

stiffness of bioactive guest in the complexes for delivery and release.

I. Introduction

The search for an efficient and nontoxic vector for drug
delivery and gene transfection is the main issue of the delivery
of bioactive agents (e.g., drugs, RNA, DNA, and antisense
sequences) to their targets.'> On the other hand, medical imaging
has become a very important technology in medical diagnosis and
treatment. To find a safe and high-resolution agent is also a
s1gn1ﬁcant subject to which scientists have 1ntens1vely paid
attention.™* Dendrimer, a treelike macromolecule,” has been
demonstrated to possess an immense potential in these areas
due to its unique intrinsic properties, such as controlled mass,
uniform structure, surface functionality, good water solubility,
and biocompatibility.® For instance, complexes of DNA and
polyamidoamide (PAMAM) dendrimers were indicated to have
lower toxicity and higher transfection efficiency for gene deli-
very.” Dendrimer-functionalized shell-cross-linked iron oxide
nanoparucles were synthe51zed and used for in vivo magnetlc
resonance imaging of tumors.® Additionally, many studies™!
have focused on the interaction of nanoparticles with membranes
in order to understand the mechanism of delivery of “drugs” into
cells and to explore the parameters for improving the targeting
efficiency. It has been suggested that the size, shape, and net
surface charge of nanoparticles play a very important role in their
penetrating through the cell membrane.'"™'* Accordingly, it is of
great significance in understanding the interactions of dendrimers
as ideal nanocarriers with RNA, DNA, and other molecules. In
particular, exploring the size, shape, and effective charge of
charged dendrimers affected by these bioactive agents under
various conditions is a very interesting issue, since it represents
the very first step to understand the vehicle-mediated gene and
drug delivery.

Up to now, computational techniques have been proved to be
very effective in elucidating the structural properties of charged
dendrimer."”~'® However, there are only few studies paying
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attention to the com lexes between dendrimers and linear poly-
electrolytes (PEs)'®~** though it is very crucial to understand the
complexation of dendrimers with bioactive guests. The pioneer-
ing work of Welch and Muthukumar'? studied these complexes
by employing the Monte Carlo simulations as a model guest-
—host system for gene delivery. It was suggested that a charged
dendrimer can encapsulate or interpenetrate a linear polyelectro-
lyte (PE) or display a unique “chain-walking” behavior depend-
ing on the solution ionic strength, size, and charge density of the
dendrimer. Similarly, Lyulin et al.>! investigated the structural
aspects and dynamic behaviors of the complexes formed by a
cationic dendrimer and a long anionic PE chain via Brownian
dynamics simulations. They found that the PE wrapped the
dendrimer surface accompanied by the decrease of the size of
the dendrimer when the PE and the dendrimer had the same
number of charges. They also observed the overcharging pheno-
menon>>*® for longer PE chains with more charges than the
neutralization of dendrimers. Among others, Lyulin et al.>* also
suggested that a sufficiently long PE attached to a dendrimer
displays a very slow “non-random-walk” behavior. However, it
should be stressed that the above studies employed very simpli-
fied models in which the effects of counterions were taken into
account implicitly and the solvent was described as a continuum
dielectric medium. The electrostatic interactions were accounted
for within the Debye—Hiickel approximation, which may be
problematic when applied to charged dendrimers because it can
easily break down as the distance of charges goes below the
Bjerrum length.”

Very recently, Maiti and Bagchl24 studied dendrimer—ssDNA
complexes through atomistic molecular dynamics simulations
with explicit counterions and water molecules. They demon-
strated that the ssDNA can wrap around and significantly
penetrate into the dendrimer when it has enough positive charges
to neutralize the charges on the ssDNA. They also pointed out
that the stability of the complexes is strongly sensitive to the
ssDNA sequence because of a competition between binding
enthalpy and bending rigidity of ssDNA. While their landmark
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work provides a detailed molecular level understanding of the
structure and dynamics of the complexes, it should be noted that
its very high computational load prohibits systematic studies of
various factors that would affect the structures of the complexes,
such as ionic strength and pH value. Besides, another major
problem'** is the limitation of time scale and length scale in
atomistic methods because of their accurate nature. For these
reasons, the coarse-grained (CG) model at a lower resolution,
which reduces computational time considerably, is a suitable
approach for studying more generic features of the charged
dendrimers at a larger scale. On the other hand, if treating
ions' % explicitly, the CG model can go beyond the Debye—
Hiickel approximation. On the basis of this idea, Lyulin et al.*?
performed the extensive coarse-grained molecular dynamics
simulations on the complexes formed by a cation dendrimer of
the fourth generation and a relatively short anionic chain with
explicit counterions as well as solvent molecules. They focused on
the influence of the strength of electrostatic interactions on the
properties of the complexes and paid special attention to under-
standing the effects of counterions and PE chains with various
valencies. Their results revealed that the charged dendrimers have
the ability to encapsulate guest chains and to screen them
protectively from the surrounding solvent.

Although the above researches via different techniques have
provided important structural information for the charged den-
drimers interacting with linear PEs, a systematical study that
takes into account the effect of the chain rigidity is still lacking.
The present paper is aimed to explore qualitativel;/ the impact of
bioactive agents such as DNA, RNA, and drugs 7 with various
rigidities on the terminally charged dendrimers in the framework
of CG model, the level of which has been demonstrated to reach a
state where all relevant dendrimer properties can be modeled in a
realistic fashion as long as one is interested in qualitative
features.”® The remainder of the paper is organized as follows.
In section ", the model and the simulation algorithm are
described. In section ™ the results of our simulations and
discussion are presented. Finally, the conclusion is given in
section V.

I1. Model and Simulation Methods

We have performed the extensive molecular dynamics simula-
tions'® to study the complexes of a terminally charged dendrimer
and a linear PE within the framework of the freely jointed
bead—spring model."> As for the trifunctional dendrimer, the
total number N of monomers with generation G is defined by the
equation N = 3(2°"" — 1) + 1. The G = 4 is considered in our
system. Each monomer of the terminal generation is set to carry a
positive unit charge, corresponding to the protonated primary
amine of a PAMAM dendrimer under near physiological pH
conditions. A chain with the negatively charged monomers
is chosen to represent a linear PE. Each charged monomer
dissociates a monovalent counterion into the solution. Solvent
molecules'® described as Lennard-Jones (LJ) spheres are also
added into the system. All the simulation systems are preserved
overall charge neutrality. A schematical sketch of our model is
depicted in Figure 1.

The harmonic spring potential is used to maintain the
connectivity of the nearest-neighbor monomers

Ubond (1) = %Kb(/ —4o)? (1)

Here, 7y denotes the bond length, which will also be used as the
length unit in this text. The spring constant K, is equal to
10°kg T //02,18’23 where kg is the Boltzmann constant and 7 is
the temperature.
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Figure 1. A sketch of our model. Monomers of the terminal generation
are positively charged (black beads). Cations, anions, and solvent
molecules are represented by green, red, and gray beads, respectively.
A negatively charged polyelectrolyte (blue beads) was placed close to
the dendrimer. The complexes between a terminally charged dendrimer
of the fourth generation and a negatively charged chain with length of
16 monomers in our model were studied. The number of cations and
anions is 16 and 48 in our system, respectively.

Meanwhile, the harmonic bond angle potential is included to
. . . . . . 28
represent the intrinsic stiffness of linear PE chains

Uangle(r) = %KO(H _00)2 (2)
where 6 is the bond angle between three consecutive monomers
and the equilibrium bond angle 6, is equal to 180°. A few values
of the spring constants Ky have been used to represent the
different stiffness of PE.

All particles including the solvent molecules in our simulation
system interact through the purely repulsive truncated-shifted LJ
potential (good solvent) given by
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where r is the separation distance between the centers of particles
and € and o are the LJ energy and length scales, respectively.
In our model, we assume the same LJ length for inter-
actions between all particle pairs. Here, we set € = 0.3kgT and
o =08/

All charged particles also interact through Coulomb inter-
actions

UCoul(") =kp TIB@ (4)

where ¢; and ¢; are the valences of particles i and j with a
separation r. Iy is the Bjerrum length defined as the length at
which the electrostatic energy of two unit charges equals to the
thermal energy. It can be expressed as [y = ¢*/(4megekpT), where
eis the elementary charge, €, is the permittivity of vacuum, and &,
is relative dielectric constant of the solvent.

We study a linear PE chain composed of 16 monomers. The
seven bond angle constants, Kj, are varied as follows: 0.0, 5.0,
10.0, 20.0, 40.0, 70.0, and 140.0 kg T} /rad2 for exploring the effects
of the rigidity of chain (from the flexible to stiff). In addition, to
represent different dielectric permittivities of environments, we
choose two Bjerrum lengths, i.e., 1.3/ (e.g., water solution) and
10.0/y (e.g., hydrophobic core of cell membranes).”* For refe-
rence, the simulations of isolated PEs and dendrimers with their
counterions in solution are also performed.
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Initial configurations of dendrimers were generated via using
the procedure suggested by Murat and Grest.”> A linear PE
chain was placed nearby the dendrimer. Counterions and solvent
molecules were randomly inserted in the simulation box with all
particles concentration C = 1.688/ ~3. The simulations were
performed using the open source software LAMMPS™ with a
cubic box size of 17.75/, under periodic boundary conditions
along three directions. For large Ky(40, 70, 140), the box size is
increased to 35.5/y in order to avoid the finite size effect. The
long-range electrostatic interactions were handled by the
particle—particle particle—mesh (PPPM) method®' with the
sixth-order charge interpolation scheme. The particles were
assumed to have the same mass m. After prepared initial configu-
rations, each system was subjected to 1000 steps of conjugate
gradient minimization of potential energy. Then the simulation
was run orderly 10° time steps in Langevin thermostat with the
time step 0.0057 and 10° time steps in Berendsen thermostat with
the time step 0.00247, where T = (mly>/e)"* is the time unit of our
model. Finally, the conﬁgurdtlons of complexes were collected
every 10° time steps in constant energy (NVE) ensemble with the
time step 0.00127 as previous work,> and the total product runs
of each case are 107 time steps.

II1. Results and Discussion

A. Radii of Gyration. It has been suggested that the
charged nanoparticles can embed in membrane and may
induce a hole formation depending on their sizes.** It is very
interesting to study the size of dendrimers (soft nanoparti-
cles) as well as PE in the complexes. We use the mean-square
radius of gyration to characterize the sizes of the PE and the
charged dendrimer. The mean-square radius of gyration,
(Rgz), is calculated by the equation

(R?) = <}vZ<FI»—Fm>2> (5)

where N is the number of monomers on the linear PE or on
the dendrimer, r ; is the position vector of the ith monomer,
and r ¢y 1s the center of mass of the PE or the dendrimer in the
complexes.

Figure 2 shows (R,°) of the PE and the whole dendrimer as
a function of PE rigidity under two different dielectric
permittivity conditions, namely the Bjerrum length is 1.3/
and 10.0/,. We also plot the (R, 2 of isolated PEs as refe-
rences. With the increase in the PE stiffness, one expects that
the size of PE chain in the complexes increases at both
strengths of electrostatic interactions. This indicates that
the compaction of PE induced by the charged dendrimer
becomes troublesome due to the increase in elastic energy of
PE originating from its bendmg as the reduced spring
constant k (k = Kp/(kgT, /rad ), which is a dimensionless
quantlty) increases. This result is also manifested by compar-
ing the (R, %) of PE with dendrimer dnd without dendrimer.
Ateach «, we can also observe that (R, %y of PE at /Iy = 10.0
becomes smaller with respect to that at Ig/lp = 1.3 in the
complexes due to a stronger electrostatic interaction between
the PE and other charged particles including terminally
charged monomers of dendrimer and counterions of PE.
Similarly, the size of dendrimer in the case of /g//y = 10.0 is
smaller than that in the case of /g/l[y = 1.3 at each «. The
result is in agreement with the finding of Lyulin et al.'®?3
They demonstrated that the size of dendrimer decreases with
increasing the strength of electrostatic interactions when
lg > 1.0/y in the complexes, possibly due to the effect of
multipole attraction between different parts of dendrimer
caused by the condensed counterions of dendrimer. This
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Figure 2. Mean-square radii of gyration, (Rgz), of the linear PE and the
charged dendrimer in the complexes as a function of PE rigidity, «, with
the chosen Bjerrum lengths /p/ly = 1 .3 and 10.0. The dimensionless
quantlty, K, is equal to Ky/(kgT/rad®). In addition, the (Ry 3s of the
isolated PEs for g/l = 1.3 (¥) and 10 (V) and error bars are also
presented. The (R, )of the dendrimer without the PE is 7.93/,% at I /I, =
1.3 as well as 5. 18/0 at lg/ly = 10.

implies that the conformations of dendrimers show more
collapse in the hydrophobic core of cell membranes with
respect to that in the bulk of polar solvent in spite of stiffness
of bioactive guests attached on the dendrimer.

What is more interesting is the fact that the size of the
dendrimer depending on the PE rigidity is not monotonic at
both Bjerrum lengths; i.e., (R, %y of dendrimer increases with
the increase of PE strffness when Kk is below 40, and then it
slightly decreases with increasing « further (Figure 2). As we
know, dendrimer possesses the internal conformational
degrees of freedom because of its intermediate nature
between polymer and colloid. In the complexes, the confor-
mation of PE gradually unfolds with the increase of the
elastic energy among PE’s segments via increasing «; this
drives the expansion of the conformation of dendrimer
because of the strong electrostatic interactions between the
PE chain and the terminal monomers of the dendrimer. But
for stronger stiffness, PE seems like a rod which lowers the
average number of PE monomers condensed onto the den-
drimer due to the decrease of contact area, and then the
electrostatic interactions between them are weakened. As a
result, the size of dendrimer decreases as the size of PE
increases. This also implies that the PE stiffness reduces its
ability for directing the collapse of charged dendrimer. For
isolated dendrimer, the (R, Natlg/ly = 1.3 is about 7.9/,%. It
is slightly larger than the ﬁndlng of work"'® which is in the
framework of implicit solvent model, but 1t 1s in accordance
with the finding of all-atomic simulations.*?
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Comparing the sizes of PEs and dendrimers at the same
value of k, we can witness that the size of PE is larger than the
size of dendrimer when « is beyond a critical value at both
Bjerrum lengths; e.g., the (R,”) of PE is smaller than that of
dendrimer when « < 20 and is larger when x > 20 at lg/[, =
1.3. This reveals that a cationic dendrimer can be considered
as rather effective vector for compaction of flexible bio-
agents, while it does not seem to be appropriate for packing
relatively long stiff bioactive agents. Therefore, one needs
more dendrimers** to protect the bioactive agents from
degradation within the extracellular environment, since it
is an imlportant prerequisite for efficient drug and gene
delivery.'?

B. Shape Anisotropy. It has been demonstrated that the
shape of nanoparticles for drug delivery is very important for
the membrane permeability and the maximal intracellular
uptake.*>3¢ Dendrimer is a soft nanoparticle. As a host, the
shape of dendrimer can be affected by other guest molecules.
Thus, the asphericity, which can be used to quantitatively
analyze the shape of the complexes, is another very interest-
ing quantity. Generally, the instantaneous shape of macro-
molecules can be analyzed quantitatively by means of the
radius of gyration tensor

1T
Rap = N Z(”i,a ~Fem, o) (Fiy g ~Tem, p) (6)

i=l

where o and 8 (= x, y, or z) are the three Cartesian
components and 7;q, Femo as well as r;g, remp are the
coordinates of the ith monomer and of the center of mass
of macromolecules, respectively. The two invariants /; = I, + I, +
I, I, = I, + I,I. + LI are used to define the asphericity
a = 1 = 3{L,/I;), where I, I,, I are the three eigenvalues,
corresponding to the three semiaxes of equivalent ellipsoid,
of the 72p; the brackets, (), stand for the ensemble average.
The value of a is between 0 and 1. Specifically, a = 0, 1/4,
and 1 represent spherical, oblate, and extremely elongated
ellipsoids, respectively.

The stiffness effect of PE on its asphericity is shown in
Figure 3. In the absence of charged dendrimer, the a in-
creases monotonically with the increasing of « at both /g due
to the increase in bending energy. However, it is shown that
the asphericity of PE exists a slight decrease as « increases
from 0 to 5 at both Bjerrum lengths in the complex. As «
increases further, the asphericity of PE increases from 0.25 to
1.0. This indicates that the shape of PE in the complexes
exists a slight fluctuation around oblate object at small value
of «, where the elastic energy of PE is not comparable with
electrostatic attractive interactions. When the inherent elas-
tic energy of PE is comparable and beyond the electrostatic
interaction energy between PE and dendrimer (« = 70), the
PE displays a prolate or “rodlike” shape.

Meanwhile, the effect of the conformational change of PE
on the dendrimer in the complex is also shown. We can
observe that the asphericity of dendrimer in the complex
increases from 0.05 to 0.08 with increasing the PE rigidity
when « is below 40 at the Bjerrum length of 1.3/,. With
further increasing «, the value of a of the dendrimer only
shows a slight increase. All asphericity values are less than
0.1, implying that the dendrimer does not take on conforma-
tions deviating by a large amount from a spherical shape at
Ig/ly = 1.3. In the case of Bjerrum length equal to 10.0/,, the
value of @ increases from 0.05 to 0.16 with the increase of «
(below 70). What is more interesting is that the asphericity of
dendrimer decreases as « increases further (above 70). The
above results indicate that the PE rigidity has a stronger
impact on the shape of dendrimer at /z/l, = 10.0 than at
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Figure 3. Average relative shape anisotropy of the PE chain and the
dendrimer, a, as a function of rigidity of PE, «, for the specified Bjerrum
lengths /g/ly = 1.3 and 10.0. The « of the isolated dendrimer is 0.047 at
Ig/ly = 1.3 as well as 0.044 at Ig/l, = 10.

Ig/ly = 1.3. Furthermore, we witness that the asphericity of
dendrimer at /g/l; = 10.0 is larger with respect to that at
Ig/ly = 1.3, especially when « = 70. This suggests that the
conformations of dendrimer gradually depart spherical
shape as the complexes approach the cell membrane because
of the increase in the strength of electrostatic interaction. In
our model, the shape change of dendrimer is induced by
electrostatic interactions between the charged dendrimer and
PE with the various conformations, unlike that induced by
the increase of generation number, which is possibly owing
to the steric and entropic effects.?’ In the absence of PE, the
a of the charged dendrimer is near 0.045 at both Bjerrum
lengths. This is in good agreement with the finding of
all-atomic simulations of Maiti et al.*®

Furthermore, we also calculate the average aspect ratios
defined as a, = I/l and a,. = I./I.(I, = I, > I.) to analyze
the shape change of PE and dendrimer in the complexes or as
aisolated one in detail. We plot the average aspect ratios, a,,,
and a.., of PE and dendrimer as a function of the PE rigidity
in Figures 4 and 5, respectively. It can be found that a,, and
a.. of the isolated PE increase with the increase of « at both
Bjerrum lengths, and it is the same with that of PE in the
complex. However, the a,, and a,. of PE in the complex are
smaller than that of an isolated PE at a given «, which
indicates that the charged dendrimer has an ability to change
the conformation of PE in the complex to a certain extent due
to the electrostatic attraction. The amount of a,.. is about 10
times larger than a,, at larger « (>10) at both Bjerrum
lengths. Accordingly, these average aspect ratios support the
shape of PE transforming from oblate to prolate with
increasing its stiffness and also are a manifestation of
unfolding of PE. As for dendrimer (see Figure 5), we find
that within « studied the values of @, are between 1.4 and 1.7,
and the values of a,. are between 2.1 and 3.0 at the Bjerrum
length of 1.3/y. For the Bjerrum length of 10.0/y, the values of
ay, are between 1.4 and 2.5, and the values of a,.. are between
2.1 and 3.9. This means that the shape of dendrimer shows a
slight change with the increase of k at Ig/ly = 1.3 with respect
to that at /g/ly = 10.0, consistent with the result that the PE
rigidity has a stronger impact on the shape of dendrimer at
[B/ZO = 10.0 than at IB/Z() = 1.3.
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Figure 4. Average aspect ratios a,, and a,. of PEs as a function of
rigidities of PEs for the specified Bjerrum length /z//, = 1.3 and 10.0.
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Figure 5. Average aspect ratios ay, and a,. of dendrimers as a function
of rigidities of PEs for the specified Bjerrum length /g/l, = 1.3 and 10.0.
The ay, for the isolated dendrimer is 1.42 at [g/ly = 1.3 as well as 1.35 at
Ig/ly = 10. Meanwhile, the a,.’s of the isolated dendrimers at both
Bjerrum lengths are 2.14 and 2.12, respectively.

Snapshots of the typical conformations of dendrimer—
chain complexes with the specified PE stiffness at /g/ly = 1.3
are displayed in Figure 6. It is very interesting to see that the
chain of PE collapses into the actual domain of charged
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Figure 6. Sndpshots generated with the Visual Molecular Dynamics
(VMD) package,® of the dendrimer—chain complexes with the speci-
fied rigidities of PEs atk = 0, 10, 20, 40, and 140 for the case /g/ly = 1.3.

dendrimer at x = 0, consistent with the flndmg of Lyulin
et al.?® for flexible PE. As the PE stiffness increases, the
conformation of PE changes from “coil”-like (x = 10) to
“U~-like (k = 20) or “V”-like (x = 40) and further to “rod”-
like (« = 140). This is a clear manifestation of unfolding of
the conformation of PE. The above conformations of PE
were also found in the Prewous theoretical modeling* and
computer simulations,* which focused on the complexes
of hard spheres and PEs. This can be explained as a con-
sequence of several competing effects: the electrostatic
attractive interactions between the PE and the monomers
of dendrimer force the chain to collapse and penetrate into
the dendrimer, while the electrostatic repulsion between the
chain monomers and the intrinsic chain rigidity forces the PE
to undergo a structural transition and adopt an extended
conformation. In our model, the bond length Iy~ 6.7 A%
and the intrinsic persistence length which is a basic mecha-
nical property quantifying the stiffness of a PE, can be
estimated by L, = Kolo/2ksT.*® Thus, _the persistence length
forx = 10.0 and 140.0isequal to 33.5 A (experimental values
of ssDNA ranging from 7.5 to 30) and 469.0 A (experimental
values of dsDNA = 500), respectively The coil-like and rod-
like conformations are in harmony w1th the findings of
atomistic simulation of Mariti et al.>*** for the complexes
formed by dendrimer and ssDNA or dsDNA.

C. Effective Charge. The overcharging phenomenon,
which is very interesting in colloid and surface science, has
attracted considerable attention because it is with potentlal
relevance to the development of biological applications.*>*
To clarify the impact of the PE rigidity on the effective charge
of dendrimer, we calculate the number of adsorbed negative
particles for all the systems studied. If a particle has a
terminal monomer of the dendrimer in its first coordination
shell, we consider it to be condensed on the dendrimer. To
evaluate the size of the shell, we first calculate the radial
distribution functions for particles between the dendrimer
monomers and the PE monomers as well as the counterions
of dendrimer. The radius of the first coordination shell is
then extracted from the position of first minima in the radial
distribution functions. This method was used by the previous
studies.'®?**7 We find that the radii are the same for the
above particles in all the systems and are nearly equal to 1.3/,
consistent with the previous study.?’

Generally, we find that the effective charge does not
change significantly at small x, where the bending energy is
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Figure 7. Effective charge of a cationic dendrimer Q. as a function of
PE rigidity, «, for the specified Bjerrum lengths /z//{, = 1.3 and 10.0.
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Figure 8. Average number of condensed counterions (anions) of the
dendrimer and the monomers of PE on the dendrimer as a function of
PE rigidity, «, for the specified Bjerrum lengths /z/fy = 1.3 and 10.0.
Note that the number of cationic monomers of one dendrimer is 48.

minor relative to electrostatic interaction (see Figure 7). At
large x« where the bending energy of PE is beyond the
electrostatic interactions between the monomers of PE and
the terminal monomers of dendrimer, the effective charge
does not change significantly either. It is very interesting that
the Qe¢r exists a jump between « = 20 and 70 at lg/ly = 1.3,
while the jump of Q. is between k = 10 and 40 at /g/ly =
10.0. The above behavior of Q. origins from the change of
the condensed counterions of dendrimer and anionic mono-
mers of PE on the dendrimer (see Figure 8). When I/l = 1.3,
the average number of condensed monomers of PE decreases
with the increase of x because of its unfolding. At small «, the
average of condensed counterions of dendrimer slightly
increases with the increase of k because of the following
two reasons: the decrease in the number of PE monomers
and the increase in the size of dendrimer, which provides a
large interface or volume for the counterions of dendrimer
being trapped. The effects of entropy due to the increase in
the volume of system lead to the decrease in the average
number of condensed counterions between x = 20 and 40. It
should be noted that the effect of entropy is not the dominat-
ing reason, instead of the unfolding of PE, for the appearance
of jump of Q.. When « > 40, the average number of
condensed anions increases with the increasing of «, mainly
due to the unfolding of PE induced by the increase of its
inherent persistent length. This means that the decrease of
the condensed monomers of PE is compensated by the
counterions of dendrimer to neutralize the charge of den-
drimer. The occurrence of jump of Q. is mainly because
that, with the increase in « from 20 to 70, the number of
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condensed monomers of PE decreases about 5, which is 2
times more than that of anions. As for /g = 10.0/,, the
condensed number of anions increases and that of monomers
of PE nearly keeps unchanged at small « (<10), which can
explain the slight deceasing of effective charge of dendrimer
at the small « (see Figure 7). As the PE chain changes from
flexible to rigid, there may exist a zone of Bjerrum lengths, at
which the effective charge is negative at small « but positive
at large k.

As expected, the number of condensed anion at the large
Bjerrum length is more than that at small one, which is a
main reason for the difference of Q. at different Bjerrum
lengths, because of stronger electrostatic interactions bet-
ween the charged monomers of dendrimer and its counter-
ions (see Figure 8). Consequently, the effective charge of
dendrimer is positive at /g = 1.3 while it is negative at [z =
10.0. In other words, we witness a noticeable overcharging
for the dendrimer in the complexes, regardless of the value of
Kk at the large Bjerrum length. This result contrasts with the
findings of a recent simulation study by Majtyka and Klos,*
who studied single charged dendrimers under the presence of
mono- and divalent salt but did not observe overcharging of
dendrimers. However, the present result agrees with the
finding of Lyulin et al.”* who studied the complex of
dendrimer and short flexible PE chain, and the finding of
our previous work® which paid attention to a charged
dendrimer in multivalent salt solution. It should be stressed
that this charge inversion of dendrimer in the complexes
reduces its potential ability to binding to the healthy cell
membrane which carries a net negative charge of about
0.02 C/m?*° because of the electrostatic repulsion between
the complexes with negatively effective charge and mem-
brane. There may exhibit a overcharging phenomenon,* as
the dendrimer—chain complexes approach the membrane
from water phase to membrane interior. Thus, this app-
roaching process will become more and more troublesome
due to the unfavorable electrostatic repulsion.

D. Radial Number Distribution. The location of the PE
chain relative to the dendrimer is very relevant to drug and
gene delivery. We use the component-wise distributions for
the number of particles in complex as a function of the radial
distance r from the center of mass of the dendrimers to
analyze this property (see Figure 9). First, the terminal
monomers are found to be broadly distributed at all « studied
here, implying considerable backfolding. This result is in full
agreement with the findings of previous studies'®**** due to
the entropy effect of the terminal monomers. Second, we find
that the peak of the distribution of PE particles shifts away
from the center of mass of the dendrimer as « increases. This
strongly suggests that the stiffer the PE, the closer to the
dendrimer surface it is. Further, we can also see that the
distribution is not zero in the exterior of the dendrimer when
Kk is beyond a critical value. This is most likely because the
electrostatic interaction energy between PE and dendrimer
cannot effectively induce the bending of the stiff PE due to
the large bending energy. This finding is another manifesta-
tion of our conclusion that a dendrimer cannot effectively
compact a stiff bioagents for protecting them from the
surrounding medium. Furthermore, the distributions of
counterions of dendrimer at the large values of « (= 40,
70) also give insight into that there are more counterions of
dendrimer trapping in the dendrimer with the increasing of «,
which has been demonstrated by the average number of
condensed anions. Moreover, cations (data not shown) are
mainly distributed around the charged dendrimer at all «’s
studied because of the electrostatic repulsions between
cations and terminal monomers of dendrimer.
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Figure 9. Distributions for the number of particles as a function of the
radial distance r from the center of mass of the dendrimer for the
specified PE rigidities in the case of /g = 1.3. Shown are results for the
whole dendrimer, terminal monomers (G4), chain (PE), and counter-
ions of the dendrimer (anions). For the sake of clarification, counterions
of PE (cations) are not shown.

The distribution of PE relative to the dendrimer at small «
also demonstrates the penetration of PE into the dendrimer.
This result is in excellent agreement with that of Maiti et al.,**
who found the complete penetration of the almost whole
ssDNA into G4 dendrimer with atomistic molecular dynamics
simulations. Such a penetration effect is important for protect-
ing guest molecules, but a strong penetration of a guest into a
dendrimer may complicate the guest release, which would make
the use of the dendrimers as nanocarriers difficult, although
there exist other methods for controlling the release, such as
changing the pH of systems.>* In addition, the stiffer the PE, the
closer to the surface of dendrimer it is. A large stiffness induces
some of the monomers of PE to be exposed to solvent. Hence,
we expect that there may exist the most optimal stiffness of
relatively short bioactive guests for delivery and release,
whereas we cannot give the optimum parameter on the basis
of our simple model. The guest at the most optimal stiffness
cannot be degraded in the process of delivery due to the
penetration into the host (dendrimer) but can be easily released
due to modest penetration as it reaches the target.

The conformational change of dendrimer with varying the
PE stiffness also suggests that, to a certain extent, it is not
reasonable to treat the charged dendrimer as an impene-
trable hard sphere® > with fixed size. This conclusion is
consistent with that of Qamhieh et al..> who investigated the
interaction between positively charged dendrimers of G4 and
very long DNA via a theoretical model. On the basis of the
experimental data,’’ they treated the dendrimer as a soft
sphere and found that the optimal number of dendrimers per
DNA decreases for smaller dendrimer radii, meaning that
the more compressed the dendrimer becomes upon DNA
interaction, the less dendrimers will bind the DNA molecule
due to the increased cost in the elastic (bending) free energy.
Their results pronouncedly suggested that the dendrimer
should not be modeled as a hard sphere with a fixed radius.
It should be pointed out that the length of PE in the present
model is much shorter than that of Qamhieh et al.;>® under-
standing the effects of PE length is a very interesting issue for
further research.

Generally speaking, dendrimer (nanoparticle)—chain
complexes are interesting in that they combine the subtle

Macromolecules, Vol. 43, No. 3, 2010 1581

interplay between electrostatic interactions and elastic en-
ergy as well as entropic effects due to conformational
changes of the PE chain, leading to a wide range of structural
properties. Here, we only focus on the electrostatic inter-
actions among charged monomers and the stiffness effect of
PE. The inner-dendrimer hydrophobic components may
play different roles in the morphology changes and binding
structures of the dendrimer in the complexes. Besides, studies
of other factors such as solvent quality, size of nanoparticles
(generation of dendrimers), ion valency, and concentration
are also needed to clarify their roles in the size, shape, and
effective charge of dendrimer in the complexes. Further-
more, a further improvement of our dendrimer model
through incorporating the angle and torsional potentials is
very important to diminish the discrepancies between the
coarse-grained model and the atomic-scale simulations or
experimental data. Moveover, the simulation box in our
model was enlarged at large k. Although some free ions will
move away the charged dendrimer due to the entropy effect,
the increase of box does not have a significant change of the
ambiance of dendrimer because the effective screening length
is associated with the local region rather than the bulk
region."> Additionally, there are only two main competing
interactions in our system: electrostatic energy and bending
energy. As the « of PE increases, there exists the transition of
dominant interactions from the electrostatic energy to the
bending energy at a given Bjerrum length. Thus, we believe
that the electrostatic interaction induced by box change only
is slightly strengthened around the dendrimer, and it will not
change our conclusion except a slight change of « at which
the transformation of PE conformation and the jump of
effective charge appear.

IV. Conclusions

We investigate the effects of chain stiffness on the complexes
between a cationic dendrimer of the fourth generation and an
anionic PE chain by means of molecular dynamics simulations
with explicit free ions in a framework of an extensive coarse-
grained model for the dendrimer and the PE where solvent
molecules are also incorporated. To the best of our knowledge,
this is the first coarse-grained computational investigation of
complexes between dendrimer and linear PE of various rigidities.
We pay attention to the influence of the PE stiffness on the size,
shape, effective charge of dendrimer, and the distribution of PE
monomers relative to the dendrimer because of their relationship
to the toxicity and efficiency of nanoscale “drug” carriers.

We find that the size of PE chain increases and the shape
changes from oblate to prolate concomitant with the interesting
conformational transformations from “coil”-like to “U”-like or
“V-like and then to “rod”-like due to the increase in bending
energy with increasing the PE stiffness in the complexes. We also
find that the size of dendrimer increases with the unfolding of the
structure of PE at small k. At large «, the size of dendrimer is not
sensitive to the PE stiffness at the small Bjerrum length while that
shows a slight decrease with the increasing of the value of k at a
larger Bjerrum length. Further, the spherical shape of dendrimer
shows a slight change with the changing of PE’s conformation at
the small Bjerrum length but displays a pronounced change at the
larger Bjerrum length. This can be explained as a result of several
competing factors: the electrostatic repulsions between the PE
monomers and the intrinsic chain rigidity induce the PE to
undergo a structural transition and adopt extended conforma-
tions; the electrostatic attractive interactions between the PE and
the dendrimer force the PE to bend and penetrate into the
dendrimer; and the structure of PE also impacts the conforma-
tion of dendrimer in the complexes. Furthermore, we witness that



1582  Macromolecules, Vol. 43, No. 3, 2010

the effective charge of dendrimer exists a jump at both Bjerrum
lengths studied here, but the overcharging phenomenon only
occurs at the large Bjerrum length due to stronger electrostatic
interactions between dendrimer and anionic particles including
counterions of dendrimer and monomers of PE. Moreover, the
radial number distributions demonstrate that the stiffer the PE,
the closer to the dendrimer surface it is. Some of the PE
monomers will be exposed to the outer environment when the
stiffness of the PE reaches a certain degree.

Our results indicate that the compaction and penetration of PE
induced by charged dendrimer become troublesome when the PE
becomes stiff with the increasing of elastic energy and that the
stiffness of PE reduces its ability for propelling the collapse of
charged dendrimer. Therefore, a cationic dendrimer can be
considered as an effective vector for compaction of flexible
anionic bioagents, but it should need more dendrimers to protect
the stiff bioactive molecules, such as DNA, from degradation for
delivery. We speculate that there may exist the most optimum
stiffness of bioactive guests for delivery and release. In addition, it
should be unreasonable to treat the charged dendrimer as an
impenetrable hard sphere with a fixed size.

Finally, understanding the complexes formed by the charged
dendrimers (or other nanoparticles) and bioactive molecules
through the cell membrane is a subject of interest in improving
drug and gene delivery vehicles. It has been suggested that there
is a finite region of parameter space in which a complex may
successfully land on a cell membrane and stay intactly long
enough for cellular entry to occur.”® Thus, understanding of
the transit process of dendrimer—PE complexes through a lipid
bilayer® is an important issue addressed in our further work.*
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