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ABSTRACT: We report the results of stochastic molecular dynamics simulations for the structural
formation of charged dendrimers and dendrimer-based star polymers. The variation in the radius of
gyration explains quite well recent small-angle neutron-scattering experiments for higher-generation
charged dendrimers under different pH conditions. We also clarify the properties of effective interaction
between dendrimers for weak and strong electrostatic couplings in an aqueous solution.

Introduction

Many kinds of dendrimers, with different initiator
cores and branches, have been synthesized in this
decade, for which intensive studies have been performed
on their practical use as a new functional material in
biochemical and medical applications.’=> Dendrimers
have numerous potential applications such as utilizing
their inner space (i.e., nanosized molecular encapsula-
tion) in drug-delivery systems, and as contrast agents
for visualizing blood vessels and bloodstreams in mag-
netic resonance imaging(MRI).67°

It is quite significant to understand the conformation
of dendrimers in solution for their application as nano-
capsules. Dendrimers are formed by a step-by-step
iterative reaction starting from a core. The resulting
treelike molecules have a well-defined number of end
groups and narrow molecular weight distributions. A
key problem is their spatial structures and the location
of the end groups. Small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS) ex-
periments have been performed in order to elucidate the
spatial structure of dissolved dendrimers.10-14 SANS is
the optimal tool for probing the location of end groups,
because their contrast can be greatly enhanced using
the deuterium labeling technique. Recently, SANS
studies have been conducted to discuss the gyration
radius of dendrimers bearing deuterated end groups.t>~17
The experiments have revealed that the conformation
and the gyration radius of dendrimers change as a
function of the pH condition and the ionic strength of
the solution. On the contrary, Nisato et al.l” have
reported results of SANS experiments on G8 PAMAM
dendrimers, claiming that the gyration radius does not
depend on the pH condition of the solution. These
results indicate that the structural changes become
negligible in higher-generation dendrimers. Thus, a
definite conclusion about the size variation of dendrim-
ers is still unclear.

We present the results of stochastic molecular dy-
namics simulations in order to reveal the nanosized
structural formation of charged dendrimers, and den-
drimer-based star polymers in solution.1819 We calculate
the gyration radius, density distribution function, and
the structure factor of these systems under different pH
conditions, ionic strengths, and number of generations.
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In addition, the effective interaction between dendrimer
molecules is investigated numerically. The results show
that the effective force between dendrimers is repulsive
with weak electrostatic couplings and is inversely
proportional to the distance between molecules.

This paper is organized as follows. In section 2, we
describe the model of polyelectrolyte dendrimers in
solution. Section 3 reports the numerical results on the
conformation of polyelectrolyte dendrimers and den-
drimer-based star polymers in solution. We also discuss
the variation of the gyration radius in detail. The
effective interaction between dendrimers in an electro-
lyte solution is presented in section 4. The conclusions
are given in section 5.

2. Models

We study the conformation of dendrimers in a solution
by using the stochastic molecular dynamics simula-
tions.?% The solvent is treated as a continuum, which
acts as a heat bath for the molecules and produces a
viscous drag when each segment moves. The equation
of motion for the ith segment with mass m is given by

md_zr_(t) =- VU, — ml‘gr-(t) +Wi) (1)
a2 ! ! dt' '

where T, ri(t), and Wj(t) are the friction coefficient that
couples the monomers to the heat bath, the positional
vector of the ith segment, and the random force of the
heat bath acting on each segment, respectively. W;(t) is
a Gaussian white noise such as

where kg is the Boltzmann constant and T is the

temperature of the system. The potential U; consists of
three terms, and is given by

U= ZULJ(rij) *+ Ugene T U 3)
[

where rjj is the distance between monomers i and j. Here
ULy(r) is a Lennard-Jones potential between any two
monomers written as
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where ¢, o0 and r. are the unit of energy, the diameter of
particles, and the cutoff radius, respectively, and r; is
taken as r, = 2.50. Ugene denotes the bonding interac-
tion between neighboring segments, which is given by
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where K is a bonding constant and Ry is the maximum
extension of the bond. In the following simulation, we
use the values Ro = 1.50 and K = 30.0¢/0?, since these
parameters prevent bond crossings. U is the screened
Coulomb potential between monomers with charge zie
and zje given by

U (ry) Ziz;

kB—T = iBr—ijEXp(_Krij) (6)
where 1g = e2/4nékgT is the Bjerrum length (€ is the
dielectric constant of the medium), and « is the inverse
Debye screening length depending on the ionic strength

such as
K= /4n/lBZquj2 (7)
1

Here c¢; and g; are the concentration and valence of
the jth ion in solution, respectively. We have to mention
that these numerical treatments (eq 6) can be justified
only when the electrostatic coupling is sufficiently weak.
When the electrostatic coupling is strong, counterion
condensation effect becomes important, and the Debye—
Huckel approximation is not valid any more. We will
explain the numerical treatment for such cases in
section 4.

In the following, we consider three different models
to treat the effect of pH conditions on polyelectrolyte
dendrimers such as poly(amidoamine) (PAMAM) den-
drimers. Under a high pH condition, no amines are
assumed to be protonated.?! Under a neutral pH condi-
tion, all the primary amines of a dendrimer molecule
are protonated (shown as black circles in Figure 1), and
under a low pH condition, all the amines are protonated
(shown as black and hatched circles in Figure 1). The
initial configuration of dendrimer molecules is built as
follows: The segment of each chain is attached by self-
avoiding random walks with a distance of ~¢ in a cubic
box of system size L. A dendrimer with G generation is
built by adding My — 1 chains (of length M) to each of
the free ends of a dendrimer with G — 1 generation,
where My and M, are the branching factors and the
length per monomer between each branching point,
respectively. The same procedure is continued in order
to build dendrimers of desired generation numbers. The
temperature T and the friction coefficient I" are taken
to be kgT/e = 1.2 and I = 0.577%, respectively, and a
time step 6t = 0.0017 or 6t = 0.0027 is selected, where
7 is the unit of time defined as 7 = o(m/e)Y2. In actual
calculations, we carry out the Monte Carlo(MC) simula-
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Figure 1. Model of dendrimers in solution. Solid circles,
hatched circles, and open circles are explained in the text.

Table 1. Simulation Parameters in Molecular Dynamics

Simulation
generation Mn Lio N
G5 2 40.0 507
G5 4 40.0 1013
G6 4 40.0 2037
G7 2 60.0 2043
G7 1 40.0 1022

tion with short MC steps(~10* MCS) for structural
relaxation, prior to molecular dynamics(MD) simula-
tions. In the MD simulation, physical quantities are
calculated after a sufficient number of MD steps are
discarded to reach an equilibrium. The equations of
motion (eq 1) are integrated using a velocity—Verlet
algorithm. These MC and MD codes are parallelized
efficiently using the message-passing interface (MPI).
The parameters used in this study are summarized in
Table 1.

3. Numerical Results

3.1 Structural Formation of Dendrimers. At first,
we calculate the gyration radius Ry = Rgy(t) and the
autocorrelation function Cg = Cg(t) of G5 dendrimers,
to verify whether time steps taken to observe the
equilibrium states are sufficiently long in the MD
simulations. The autocorrelation function Cg(t) is de-
fined by

IR, (t) — R O[R,(0) — R0
R,'0- R0

Cx(t) = (8)

Figure 2 shows the time development of the gyration
radius Rgy(t) under a low pH condition. The Debye
screening length «~1 is set to be «~1 = 10.00. The inset
of Figure 2 shows the result of the autocorrelation
function Cg(t). In Figure 2, the value of the gyration
radius Rgy(t) reaches an equilibrium after long time
steps. These results confirm that when the relaxation
time 7 is defined by Cr(t = 7) ~ 1/e, the time steps taken
are sufficiently long (t > 7). Parts a and b of Figure 3
are snapshots of G5 dendrimers with screening length
k1 = 1.00 and 10.00, respectively. In Figure 3a, a
dendrimer molecule takes a spherical form, and it shows
a drastic structural change under different solvent
conditions.
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Figure 2. Time development of the gyration radius Ry(t) with

G5 dendrimers. Inset shows the calculated result of the
autocorrelation function Cg(t).

In recent studies, SANS and SAXS experiments have
been performed to clarify the structural formation of
dendrimers in solution.19712 The structure factor S(q)
is defined by

S _EN igr 2 9
(0|)=N| e ©)

where N, r; and q are the number of segments, the
positional vector of ith segment, and the scattering
vector, respectively. Here q obeys the following expres-
sion

lql = 4T”Sin(g) (20)

where 6 and 1 denote the scattering angle and the
wavelength of the incident beam, respectively. We
calculate the wavenumber dependence of the structure
factor S(q) numerically, to compare with the SANS
experimental results. The results of the structure factor
S(q) are shown in Figure 4. The wavenumber depen-
dence of the structure factor S(q) oscillatory decays, and
its profile has a local minimum. These features agree
well with previous experiments, as shown in Figure 2
of ref 17. Parts a and b of Figure 4 display the
dependence of the structure factor S(q) on ionic strengths
and pH conditions, respectively. In each figure, the
characteristic wavenumber on the solid line (shown by
vertical arrow) shifts to a lower wavenumber regime,
thus reflecting an increase in the gyration radius R.
In Figure 2 of ref 17, there is a local maximum located
at the smaller wavenumber for the low-screened condi-
tion, and this feature is absent in Figure 4. This
discrepancy is due to the fact that the local maximum
located at the smaller wavenumber may be caused by
the repulsion between dendrimers, especially for low-
screened conditions. In this study, we treat only a single
dendrimer molecule, and it is the future problem to
confirm this issue by molecular dynamics simulation,
treating a lot of dendrimer molecules in an aqueous
solution.

3.2 Comparison with the SANS Experiments.
The location and the spatial distribution of end groups
are important issues because various functional groups
and other molecules are attached to the terminal parts
of a dendrimer. Among various theoretical approaches,
one starts with the assumption that all branches extend
to the periphery of the dendrimer molecule due to steric
interactions between the end groups (dense-shell pic-
ture), and these branches form a hollow core with small
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segment density in the center of the molecule. Another
has predicted that the segment distribution function is
the maximum at the center of the molecules (dense-core
picture). The dense-core picture assumes that a part of
the end groups are folded back into the interior of the
molecule and are dispersed throughout the structure of
the dendrimers.

Lyulin, Davies, and Adolf?2 have argued about the
interpretation of SANS experiments with deutrium
labeling®® to characterize the spatial distribution of
perimeters. The relative difference of the gyration
radius AR is defined by??

Rg(peri) _ Rg
AR=—-2L 9 (11)
RQ

Here Ry is the gyration radius of a dendrimer, and
Ry is the gyration radius of deuterated terminal
units. Table 2 shows the calculated results of the
gyration radii Ry and RyP*), and the difference of the
radius AR under different conditions. Although Ry and
RyPer) are sensitive to the properties of solutions, it is
assumed that AR takes a constant value AR = 0.11 ~
0.12, irrespective of pH conditions, ionic strengths, and
the generation of the system. These results demonstrate
that the value of AR in eq 11 does not reflect the
structural change of dendrimers in solution.

A SANS experiment by Chen et al.16 has reported that
the conformation and the gyration radius of dendrimers
varies as a function of pH conditions and ionic strengths
of the solution. Nisato et al.'” have made the SANS
experiment on G8 PAMAM dendrimers and have con-
cluded that the size of a dendrimer is essentially
independent of the solvent conditions. The results of the
experiment performed by Nisato et al.1” imply that the
structural changes become negligible in higher genera-
tion dendrimers, which at first glance, seems contrary
to the previous experiments by Chen et al.l’® and
computer simulations by Welch and Muthukumar?® and
Lee et al.?* We calculate the gyration radius Ry and
density distribution function of dendrimers under dif-
ferent solvent conditions to reveal the detailed structure
of dendrimers, and interpret the experimental re-
sults.’®17 Figure 5 gives the density distribution func-
tion in the case of two different generations (G5 and
G7). The calculated results are averaged over time in
the MD simulations. As shown in Figure 3 of ref 17,
the profile of r2n(r) agrees well with that of the distance
distribution function of PAMAM. Figure 5a shows the
pH dependence of r2n(r) and r2npyeri(r) on G5 dendrimers
(M, = 4). The profile of r2n(r) changes as a function of
pH conditions in the solution, which is in agreement
with the previous Monte Carlo studies by Welch and
Muthukumar.?? It becomes clear that, under a high pH
condition, the spatial distribution of perimeter segments
is not localized outward, but dispersed inside the
dendrimer molecule. Figure 5b displays the pH depen-
dence of distribution function r2n(r) on higher genera-
tion dendrimers. Compared with Figure 5a, the peak
position of the density distribution function r?n(r)
becomes less sensitive to pH conditions in solution.
Table 3 summarizes the results of the gyration radius
of G7 dendrimers. We find that the pH dependence of
the gyration radius Ry becomes small in the case of M,
= 1. This is due to the steric effect between segments
in higher generation system having a small free-volume,
and thus it explains the recent SANS experiments by
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Figure 3. Snapshot of G5 dendrimers under low pH condition. (a) The Debye screening length «* = 1.00. (b) «* = 10.00.

Nisato et al.*” In ref 25, Timoshenko, Kuznetsov, and
Connolly have performed detailed studies on the con-
formation of dendrimers. They have confirmed that
while smaller dendrimers have a dense core, larger ones
develop a hollow domain.?> Figure 5b implies that our
results shows good agreement with the results in ref
25, because the values of r2n(r) under low pH condition
(open triangles) in Figure 5b are shown to be zero for
rloc < 5.

3.3 Conformation of Dendrimer-Based Star Poly-
mers. Dendrimer-based star polymers are regarded as
block copolymers between globular dendrimers and
linear polymers. These are expected to play an impor-

tant role as novel functional materials in biochemistry.
In recent studies, a variety of polymer-substituted
dendrimers have been synthesized. A typical example
is sugar balls—full sugar-substituted globular dendrim-
ers.1® Sugar balls consist of an internal dendrimer
skeleton covered with an external sugar layer, and they
are applications of the functionalization of dendrimers
as a result of the recent progress in glycotechnology.
Such artificial glycoconjugates with molecular recogni-
tion ability are indispensable for many biomedical
applications. Another example of dendrimer-based star
polymers is water-soluble poly(ethylene glycol) (PEG)
dendrimers.19.26
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Table 3. Gyration Radius Ry of G7 Dendrimers

Table 2. Results of the Gyration Radius of Dendrimer

generation pH Mn  (k0)™t  Rglo  R¢Peg AR
G5 high 2 4.19 472 0.3
G5 neutral 2 1.0 4.24 4.77 0.12
G5 neutral 2 10.0 5.62 6.35 0.13
G5 low 2 1.0 4.34 4.92 0.13
G5 low 2 10.0 8.06 9.07 0.13
G6 high 4 6.66 7.40 0.11
G6 neutral 4 1.0 6.76 7.46 0.10
G6 neutral 4 10.0 10.08 11.21 0.11
G6 low 4 1.0 6.69 7.40 0.11
G6 low 4 10.0 13.72 15.14 0.10

pH Mn (ko)™ Rylo
high 2 6.53
neutral 2 10.0 10.03
low 2 10.0 12.69
high 1 5.10
neutral 1 10.0 6.66
low 1 10.0 7.95

We numerically investigated the structural formation
of dendrimer-based star polymers in an agueous solu-
tion. Figure 6a shows a schematic illustration of den-
drimers, with chemical modification of their outer
surface. The blue and red lines denote dendrimers and
linear polymers, respectively. In the following calcula-
tion, monomers of a dendrimer and outer polymer layers
are electrically neutral (zj = 0) as shown in eq 6. Figure
6b shows the snapshot of G5 dendrimers at three
different temperatures such as kgT/e = 1.0, 2.0, and 4.0.
Here the length between nodes M, and the length of
polymer layers M, are set to be M, = 4 and M, = 15,
respectively. Figure 6b indicates that structure varies
as a function of temperature. At lower temperature
(kgT/e = 1.0), the system becomes compact and looks
like a spherical colloidal particles, and at higher tem-
perature (kgT/e = 4.0), the polymer layers spread
outward.

In Figure 7, we show the results of the segment
density distribution in order to clarify the internal
structure of dendrimers with chemical modifications.
Solid lines, dashed lines, and dotted lines denote the
density distribution of all segments n(r), dendrimer

skeletons nq(r), and polymer chains np(r), respectively.
Parts a and b of Figure 7 display the results with kgT/e
= 1.0 and 4.0, respectively. These results indicate that
polymer chains attached to a dendrimer skeleton dis-
perse into the molecule. Let us compare the calculated
results in Figure 7 with core—shell model (spherical
polymer brushes) described in ref 26. In eq 4 of ref 26,
a radial density distribution function n(r) is described
as n(r) ~ constant inside the dendrimer, n(r) O r»-3
inside the PEG shell (v is an exponent), and n(r) = 0
outside the star, respectively. In Figure 7, the calculated
results on the density distribution function qualitatively
agrees well with these profiles. Figure 7 also implies
that such a spherical polymer brush picture is not
perfect, because dendrimer skeltons and tethered poly-
mer layers interpenetrate each other. It is a future
problem to clarify the spatial distribution of dendrimer-
based star polymers with much higher generations.

4. Effective Interaction between Dendrimers

It has been revealed that strongly charged polyelec-
trolytes show various characteristic behaviors.2’—30 Many
studies on dendrimers have focused mainly on their
structural formation, for example, the gyration radius
and the validity of their dense shell (dense core)
picture.2>31-33 However, effective interaction between
dendrimers has not yet been clarified yet. In this section,
we study numerically the effective interaction between
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k,T =1.0¢€

dendrimer molecules in an aqueous solution. Recently,
neutron scattering experiments have been performed on
dendrimer systems, and it is necessary to know about
the effective interaction between dendrimers to under-
stand the scattering properties in concentrated systems.

In the following simulations, the implementation of
the long-range Coulomb interaction requires special care
to calculate the Coulomb sum written by

Ue(ry)
keT

00 [ Z

iZj

wY 33 &

o n 5w n S|l T 0Le, 0 Le +n,Le,|

where ey, ey, and e, are unit vectors in the x, y, and z
directions, respectively. We impose periodic boundary
conditions in the x, y, and z directions, respectively, and
the indices ny, ny, and n, run over the periodic images
of the systems. The long-range nature of the Coulomb
interaction is numerically treated via the efficient

k,T =2.0¢

Figure 6. (a) Schematic picture of dendrimer-based star polymers. (b) Snapshot of dendrimer-based star polymers at three different
temperatures (kgT/e = 1.0, 2.0, 4.0).
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method proposed by Lekner.3* For an assembly of N
charged particles in a central cubic cell of dimension L,
the Coulomb force Fi(© exerted onto particle i by particle
j, and by all repetitions of particle j in the periodic
system, is
qiqjallcells r,— rj
FO=aqa— 5 —— (13)
Ame Jz Ir; —r°

Because of x, y, and z symmetry, it is sufficient to
consider only one component of the Coulomb force. For
the x component of the force, we have

4ij87 = Ax| 2
- Z| sin (221—| ¥ K,
= L/m

=—00

V] (2o
27l —+m| +|—+n
L L

Here, Ax = xi — Xj, Ay = Yi — Vj, Az = z; — zj, and Ko(2)

F.Ox —

Ame| 2

(14)
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is the modified Bessel function of zero order. To clarify
the counterion size effect, we calculate the gyration
radius of dendrimer Ry as a function of the diameter of
counterions o.. We employ the interaction between
monomers written by eq 4. In addition, the short-range
repulsive contribution between a monomer and a coun-
terion is given by

Umc(rij) =
o, 12 o, 6 o, 12 o, 6
de (ﬂ) _ (ﬂ) — (ﬂ) + (ﬂ) for Fi < e
r-ij r-ij r-mc r-mc
0 forrij <

(15)

where omc and rpyc are defined to be omc = (0 + 0¢)/2 and
rme = 2Y0n, respectively. Similarly, the excluded-
volume effect between counterions is given by

Ucc(rij) =
o 12 o 6 o 12 o 6
r-ij If-ij r-cc r-cc (16)
0 for ry <rg

where r is defined to be re. = 2Y60. The results on the
gyration radius Ry with different size of counterions o
are shown in Table 4. The system size L is taken to be
L = 400. Table 4 shows that the excluded volume of
counterions leads to the expansion of the gyration radius
of dendrimer molecules.

We study a pair of dendrimer molecules which are
confined in a cubic box of length L. A pair of dendrimers
are placed symmetrically along the body diagonal of the

Macromolecules, Vol. 37, No. 12, 2004

Table 4. Counterion Size Dependence on the Gyration
Radius Ry of Fifth-Generation Dendrimers?

odo Rgylo
1.0 7.24
0.8 6.42
0.6 5.73
0.4 5.46
0.2 5.34

2 The length between branching point M, is taken to be M =
4.
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Figure 8. Effective force between dendrimers F(R): (a) under
different pH conditions; (b) under different strength of elec-
trostatic couplings.

cube such that the center of the cube coincides with the
center of mass of the two molecules. Their positions are
denoted by R; and Rz (R = |R1; — R3|). Furthermore,
the box contains N counterions carrying an opposite
charge, —e, when two dendrimer molecules are charged.
Using molecular dynamics simulations, the effective
force F; acting on each dendrimer molecule i (i = 1, 2)
is calculated. We consider both Coulomb (eq 13) and
non-Coulomb parts to evaluate the effective force F;.
Since by symmetry, F, = — Fj, we project F; onto the
body diagonal defining

F - Fz. (Rl - Rz)
2 IR, — Ryl

FR) = 17)

In eq 17, the effective interaction is repulsive when F(R)
> 0, and vice versa. We perform stochastic MD simula-
tions for a pair of fifth-generation dendrimers. Three
different systems are considered such as (i) electrically
neutral dendrimers, (ii) charged dendrimers in the
medium with relative dielectric constant €, = 78.0, and
(iti) charged dendrimers with different dielectric con-
stant &, = ¢,/10. Results of the effective force F(R) is
shown in Figure 8a. In Figure 8, the system size L and
the size of counterions o are taken to be L = 900 and
o. = o, respectively. Open squares and open circles
denote the results for neutral dendrimers and charged
dendrimers (¢, = 78), respectively. In Figure 8a, the
value of 2Ry is shown by vertical arrow. Both results
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show that the effective force F(R) decays as a power law
such as

1
FR) ~ 7 forR <2R, (18)

with the exponent y = 1.0 &+ 0.1. This implies that
effective interaction between dendrimers V(R) obeys
V(R) O — log(R/o) for R < 2Ry, and it decays more
rapidly for R > 2Rg.

We also show the calculated results on the effective
force with strong electrostatic couplings. In Figure 8b,
the effect of strong electrostatic couplings is treated by
smaller dielectric constant of the medium. Open squares
and open circles denote the results for ¢, = 78 and €, =
€110, respectively. Figure 8b demonstrates that the
effective interaction between like-charged dendrimers
becomes attractive when the electrostatic couplings is
strong. It is interesting to address the possible mecha-
nism for like-charged attraction shown in Figure 8b,
because of its ion-penetrable nature associated with
dendrimers. The physical origin of like-charged attrac-
tion is considered to be fluctuation-induced attraction,
which is also observed in strongly charged polyelectro-
lytes with multivalent salt in solution.35:36

Conclusions

In conclusion, we have studied the structural forma-
tion of charged dendrimers and dendrimer-based star
polymers by stochastic molecular dynamics simulations.
Recent experiments!® have shown that the structure
and the gyration radius of dendrimers depend on the
pH-condition and the ionic strength of the aqueous
solution. Nisato et al.}” have performed the SANS
experiment on G8 PAMAM dendrimers, and concluded
that the size of dendrimers does not change as a function
of the charge density and ionic strength of the solvent.
We have calculated the gyration radius, the density
distribution function, and the structure factor of these
systems under different pH conditions, ionic strengths,
and number of generations (G5, G6, and G7). At a lower
generation number, the gyration radius strongly de-
pends on solvent properties. These results are in agree-
ment with previous SANS experiments by Chen et al.,6
and computer simulations by Welch and Muthukumar??
and Lee et al.?* At a higher generation number with a
small free-volume, the pH dependence of the gyration
radius decreases due to the steric effect between each
segment. These tendencies suitably explain the recent
SANS experiment performed on G8 dendrimers by
Nisato et al.1” We have also investigated the structural
formation of a dendrimer-based star polymer in an
aqueous solution, which is a model of sugar-substituted
globular dendrimers!® and PEG-dendrimers,®25 with
many potential applications in biochemistry and medical
science.

The effective interaction between dendrimer mol-
ecules is a critical issue for understanding scattering
properties in an aqueous solution, especially for con-
centrated systems. The calculated results have shown
that the effective force between dendrimers decays as
a power law such as F(R) ~ 1/R. These results assert
that dendrimers can be regarded as spherical colloidal
particles with soft effective interaction. We also find that
the effective interaction between like-charged dendrim-
ers can be attractive when the electrostatic couplings
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is strong. These phenomena are reminiscent of DNA
condensation, where negatively charged DNA molecules
assembles via fluctuation-induced attraction.?® These
results give a deep insight into the physical description
of the Coulomb screening effect on strongly charged soft
matters3’—4° and motivate the development of novel,
potential applications such as physical encapsulation of
guest molecules, specific drug targeting, and pH-sensi-
tive controlled release.
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