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ABSTRACT: We have used atomistic molecular dynamics simulations to study the molecular-scale structure of
poly(L-lysine) dendrimers homogeneously functionalized with naphthalene disulfonate caps from the first generation
to the sixth generation. These dendrimers behave as typical dendrimers in poor solvent. As the generation number
increases, there is a change from small molecule behavior to more polymer-like behavior. The first- and second-
generation dendrimers, behaving as small molecules, are flexible, aspherical, and exposed to the environment,
and their caps cluster together. Third- and fourth-generation dendrimers exhibit a transition toward polymeric
behavior. The fifth- and sixth-generation dendrimers are large, essentially spherical globules, with a dense core,
an irregular and highly grooved surface, and caps which are evenly distributed. Cap-cap interaction in all
generations is favorable and is characterized by face-to-face naphthalene stacking.

Introduction

Poly(L-lysine) (PLL) dendrimers are a well-established family
of dendrimers, first prepared in the early 1980s.1,2 Though less
commonly reported than the poly(amido amine) (PAMAM)
dendrimers,3 the poly(propylene imine) (PPI) dendrimers,4 or
the poly(benzyl ether) dendrimers,5-7 they show potential in
various biological applications, such as gene delivery agents,8-10

drug carriers,11,12 peptide antigens,13,14 vaccines,15,16 and an-
timicrobial agents.17-22 Their key characteristics are flexibility
and asymmetry. Dendrimers such as PAMAM or PPI are
symmetric in the sense that all chain termini are connected to
the core in a topologically identical fashion. By contrast, in a
PLL dendrimer, all chain termini are topologically different,
so that, for example, some caps are connected to the core
through much shorter tethers than others.

A detailed understanding of the structure of PLL dendrimers
is necessary if optimized PLL dendrimers are to be designed,
but comprehensive characterization of dendrimers has proven
to be very difficult. Caminade et al. have discussed efforts in
this area in a 2005 review.23 An alternative approach to physical
experiments is computer simulation, which is widely recognized
as a method of studying and predicting dendrimer structure. A
pioneering theoretical study of dendrimers was carried out as
early as 1983 by de Gennes and Hervet.24 This study predicted
that the atom density should increase toward the periphery of
the molecule in the so-called “dense shell” model. More recent
studies, beginning with that of Lescanec and Muthukumar in
1990,25 have tended to reject the dense-shell model in favor of
a dense-core model, in which the atom density is greatest in
the center of the dendrimer and decreases toward the periphery.
Although dendrimer simulation is a significant area of research,
with several new studies reported annually, PLL dendrimers
have scarcely been studied by computer simulation. We are
aware of only three such studies. Arai et al.26 performed an
energy calculation on a first-generation PLL dendrimer with a
fullerene core and porphyrin caps. Short simulations, up to 200
ps, have been carried out on specific PLL dendrimers by Cattani-
Scholz et al.27 and Al-Jamal et al.28 There is considerable scope
for fuller computational treatments of PLL dendrimers.

In the present work, we study a series of capped PLL
dendrimers using molecular dynamics (MD) simulations. The
caps play an important role in determining the molecular-scale
structure of the dendrimer as well as other biologically relevant
properties such as solubility and toxicity.29 For example,
dendrimers with cationic surface groups are almost always toxic,
while dendrimers with anionic surface groups are much less
so.30 Here, we present MD simulations of a series of PLL
dendrimers with naphthalene disulfonate caps. These caps are
notable for giving dendrimers, including PLL, antiviral activ-
ity;20,21 in particular, the fourth-generation dendrimer in this
family is presently undergoing clinical trials as VivaGel, a
topical microbicide.31 MD simulations reveal new information
about the molecular-scale structures of dendrimers in this family,
from the first to the sixth generation.

Methods

Dendrimer Construction. Dendrimers were built using the
program Starmaker which is part of Silico,32 our suite of
molecular data processing and analysis scripts. Starmaker is a
flexible program which can be used to construct a wide variety
of dendrimers, including heterogeneously functionalized (var-
iegated) dendrimers. Starmaker constructs dendrimers from a
core by repeated addition of generations of monomers. As each
monomer unit is added, a stochastic search is used to attain an
extended conformation for the monomer, while leaving the
remainder of the dendrimer intact. This extended conformation
is reached through application of a penalty varying inversely
with distance, coupled with a significantly larger penalty for
each close contact.

Force Field. MD simulations used the OPLS-AA all-atom
force field,33-40 which has previously demonstrated reasonable
accuracy for diverse chemical systems, including small mol-
ecules,41 peptides,42 and dendrimers.43,44 Parameters were
assigned to the system using parameter assignment routines
implemented in the Silico script “namd_create_input”. The
majority of the OPLS-AA force field parameters were used
without modification. However, in certain cases, we derived
additional parameters.

Parameters for the Aryl Sulfonate Group. In the aryl sulfonate
caps, three atom types had no pre-existing OPLS-AA param-
eters. These were the aromatic carbon atom bearing the sulfonate
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group and, within the sulfonate group, the sulfur atom and the
three oxygen atoms. We adopted nonbonding parameters for
the carbon atom from an aromatic carbon atom bearing a
sulfonamide group. The Lennard-Jones σ and ε parameters for
the sulfur and oxygen atoms were taken from sulfonamide and
sulfone groups. We derived partial charges from those imple-
mented in the MMFF94 force field45-49 for the sulfur and
oxygen atoms in sulfonate groups. We slightly decreased the
positive charge on the sulfur atom and the negative charge on
the oxygen, as we observed that MMFF94 charges on the carbon
and hydrogen atoms in aromatic rings are also larger than the
corresponding OPLS-AA charges. Bond, angle, dihedral, and
improper dihedral parameters were adopted from existing
parameters for aromatic sulfonamide groups. To establish that
the charges adapted from the MMFF94 force field were
appropriate, we calculated alternative charges using the re-
strained electrostatic potential (RESP) method.50,51 The three
sets of chargessDerived, MMFF94, and RESPswere compared
by minimization of four crystal structures of aromatic sulfonates
using the program XTALMIN, part of the TINKER package.52

We compared the unit cell geometries of the minimized
structures to those of the original unit cells, also carrying out
an rms superposition of non-hydrogen atoms. The charges we
derived gave comparable or better fits when compared to both
unmodified MMFF94 charges and RESP charges and are
suitable for use in MD simulations with the OPLS-AA force
field.

Parameters for the Benzhydrylamide Group. A small number
of atoms in the dendrimer core were also missing parameters.
We took van der Waals parameters for these atoms from similar
atom types present in the OPLS-AA force field. Partial charges
were generated by slight modification of existing OPLS-AA
parameters for similar atoms. Parameters for the benzhydryla-
mide group were validated using a crystal minimization of a
molecule containing a benzhydrylamide group. After minimiza-
tion, the unit cell geometry was comparable to the initial
geometry. The values for our derived parameters, together with
the results of the verification procedures, are provided as
Supporting Information.

General Molecular Dynamics. Molecular dynamics simula-
tions were performed with the program NAMD2.53,54 Full
periodic boundary conditions were used. Following a multiple
time step protocol, forces from bonding interactions were
evaluated every time step; those from van der Waals interactions
and electrostatic interactions between atoms up to 12 Å apart
were evaluated every second time step; and the remaining, long-
range, electrostatic interactions were computed every four time
steps using the particle-mesh Ewald (PME) algorithm55,56 which
has been shown to be accurate for molecular dynamics simula-
tions.57,58 The PME algorithm used a tolerance of 1 × 10-6

and an interpolation order of 4. The PME grid points were ∼1
Å apart. Unit cell sizes were chosen to ensure that the number
of points along any dimension in the PME grid was composed
of factors of 2, 3, and 5. Lennard-Jones potentials were used to
model van der Waals interactions up to an interatomic distance
of 10 Å. A switching function was used between 10 and 12 Å.
Water molecules were modeled using the TIP3P model.59

Counterions were modeled explicitly using standard OPLS-AA
parameters. On a grid of 12 AMD Opteron CPUs (2.4-2.6
GHz), 10 ns of production MD of dendrimer G4 (shown in
Figure 1) completed in ∼8 days.

Compression and Simulated Annealing. Starmaker is
designed to produce dendrimers in a highly extended conforma-
tion. This minimizes the risk of close contacts, and unphysical
or undesirable structural defects such as cis amides and bonds
passing through aromatic rings, arising during dendrimer
construction. However, an extended PLL dendrimer is in an

unfavorable conformation as well as requiring a larger solvent
box and therefore a more computationally expensive simulation.
To overcome this problem, we devised a simulation protocol
which produces a compressed dendrimer and afterward uses
simulated annealing to equilibrate the system.

As part of this protocol development process, we simulated
the test dendrimer T4, which is similar to G4, lacking only the
benzhydrylamide core (Figure 1). Three protocols were tested,
as described in Table 1. Initially, we simulated T4 for 5 ns under
an NPT ensemble at T ) 300 K as simulation T4-E1. We
observed that when starting from an extended conformation,
the solvent-accessible surface area of the dendrimer decreases
slowly over the simulation, as the dendrimer gradually collapses.
Using four 2.1 ns cycles of simulated annealing (simulation T4-
E2), the dendrimer collapses much more quickly and produces
results similar to those obtained from four cycles of simulated
annealing, starting from a compressed conformation (simulation
T4-C). We conclude that the compression protocol, used with
simulated annealing, is appropriate for reaching equilibrium
conformations and is better than a simulation beginning with
an extended conformation, as it requires fewer solvent atoms
and is therefore less computationally expensive. We have
therefore used this protocol in our simulations.

Following this protocol, each dendrimer was compressed by
applying conjugate-gradients energy minimization in vacuo for
30 000 steps, with artificial harmonic restraints of 9.00 kcal
mol-1 Å-2 applied from each atom to the initial position of an
atom in the dendrimer’s core. This was followed by a similar
minimization without the harmonic restraints. In both these
energy minimizations, we set atomic partial charges to zero,
forced secondary amide bonds to adopt a trans geometry by
adding a dihedral constraint of 1000 kcal mol-1 rad-2, and did
not apply periodic boundary conditions. Overall, this has the

Figure 1. Structures of the test dendrimer T4 and the dendrimers G1
to G6.
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effect of forcing the dendrimer into a compact, but chemically
sensible, conformation. Following this, we added solvent
molecules and counterions and carried out a third energy
minimization. For this third minimization and all subsequent
simulations, we applied full periodic boundary conditions,
restored partial charges to their typical values and removed all
constraints on rotation of amide bonds.

The equilibration protocol consisted of at least four cycles
of simulated annealing with the periodic cell maintained at
constant volume. In each of these cycles, the system was heated
to 600 K over ∼100 ps and cooled back to 300 K over ∼2 ns.
The final cycle of simulated annealing was followed by at least
2 ns of simulation using an NPT ensemble. During this
simulation, the temperature was maintained at 300 K using the
NAMD temperature coupling function, based on that imple-
mented in X-PLOR.60 The pressure was maintained at 1.013 25
bar using the pressure coupling method implemented in NAMD,
a combination of the Nosé-Hoover constant pressure method61

and Langevin piston fluctuation control.62

Production Molecular Dynamics. Once the equilibration
protocol was finished, we simulated each dendrimer under the
same NPT ensemble for a further 10 ns. During this time, we
collected trajectory frames for analysis every 2 ps.

Visualization and Analysis. VMD63 was used to view
molecular dynamics output and to export structures from the
trajectory as static files for further analysis. Molecule properties
were calculated using Silico.32 Images of molecules were
rendered using PyMOL.64

Mean-squared radii of gyration65 (〈Rg
2〉) were calculated as

an ensemble average over the simulation. If R is the molecule’s
center of mass and ri is the position of atom i

〈Rg
2〉 ) 〈 1

M ∑
i

N

mi|ri - R|2〉
The shape of the dendrimer can be quantified using the shape
tensor, G, a diagonalizable matrix:

GuV )
1
N ∑

i

N

(|ru,i - Ru| |rV,i - RV|)

G ) [Gxx Gxy Gxz

Gyx Gyy Gyz

Gzx Gzy Gzz
]

where u and V are any two of the three Cartesian axes: so, for
example, |rx,i - Rx| is the component along the x-axis of the
vector from the center of mass to the ith atom.

Diagonalization of the shape tensor gives three mutually
orthogonal eigenvectors and three eigenvalues (λ1, λ2, λ3). These
are the directions and lengths, respectively, of the axes of the
dendrimer’s shape ellipsoid. Using these eigenvalues, the as-
phericity, δ, of the dendrimer is calculated, following the
definition of Rudnick and Gaspari:66

δ ) 1 - 3
〈I2〉

〈I1
2〉

where I1 and I2 are the first two invariants:

I1 ) λ1 + λ2 + λ3

I2 ) λ1λ2 + λ2λ3 + λ3λ1

A value of δ ) 0 indicates that all atoms are evenly distributed
on the surface of a sphere, while δ ) 1 if all atoms are in a
straight line. A perfect circle has a shape anisotropy of δ )
0.25.

Solvent-accessible surface areas were calculated using the
program NACCESS,67 which utilizes the method of Lee and
Richards.68 van der Waals radii for individual atoms were taken
from the OPLS-AA force field. A spherical probe of radius 1.4
Å was used to trace the surface. Carbon atoms were defined as
nonpolar; other non-hydrogen atoms were defined as polar.
Hydrogen atoms were excluded from surface area calculations.

We calculated the density of atoms about a point as radial
density profiles, similar to those of Kaplow et al.69 The density
Fi(r) of a set of atoms i at a given radius r was calculated thus

Fi(r) )
3Ni

4π((r + ∆r/2)3 - (r - ∆r/2)3)
where Ni is the number of atoms in the chosen set within the
spherical shell defined by distances r - ∆r/2 and r + ∆r/2. To
represent water distribution in and around the dendrimer, we
have used the radial distribution function, gi(r), which is related
to the radial density profile:

gi(r) )
Fi(r)

[i]
where [i] is the concentration of species i in bulk solvent; for
water, [i] ) 3.333 × 10-2 Å-3. Thus, gi(r) ) 1 in regions
unaffected by the dendrimer.

To investigate the arrangement of caps around the dendrimer’s
center of mass, we developed a descriptor called the congrega-
tion coefficient, κ. In principle, the directional distribution of
caps may range from lying along a single ray (perfect congrega-
tion) to even distribution on the surface of a sphere (perfect
dispersion). To calculate the congregation coefficient of a set I,
we first calculate a vector A from the dendrimer’s center of
mass O to the average position of the atoms in set I, along with
a vector Ui from O to each atom i in the set I, which contains
NI atoms in total:

A ) 1
N1

∑
i)1

N1 [xi

yi

zi
] - O

Ui ) [xi

yi

zi
] - O

The ith atom’s direction from the origin can now be
determined as an angle θi relative to A:

Table 1. Composition of the Simulations of PLL Dendrimers up to the Sixth Generationa

simulation Nden NH2O NNa+ NCl- Ntotal box (Å) V (Å3) caps

T4-E1, T4-E2 1551 48 618 64 0 50 233 78 × 84 × 78 511 056 32
T4-C 1551 13 617 64 0 15 232 59 × 56 × 50 165 200 32
G1 202 4 215 28 20 4 465 36 × 36 × 36 46 656 4
G2 398 8 226 55 39 8 718 45 × 45 × 45 91 125 8
G3 790 14 067 95 63 15 015 54 × 54 × 54 157 464 16
G4 1574 23 040 158 94 24 866 64 × 64 × 64 262 144 32
G5 3142 31 473 225 97 34 937 72 × 72 × 72 373 248 64
G6 6278 40 269 308 52 46 907 80 × 80 × 80 512 000 128

a Nden, NH2O, NNa+, NCl-, and Ntotal are respectively the number of atoms in the dendrimer, of atoms in water molecules, of sodium ions, of chloride ions,
and the total number of atoms. V is the initial periodic box volume. The “caps” column gives the number of caps in one dendrimer molecule.
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θi ) arccos( A·Ui

|A| |Ui|)
Space around O is divided into sectors by angle from A

(Figure 2); the sector angle φ will ideally divide 180° evenly.
The total number of sectors S ) 180°/φ. The first sector contains
all atoms for which θi < φ; the second, all atoms for which φ
e θi < 2φ; and so on. The jth sector contains a fractional volume
Vj of all space around O and is occupied by, as an ensemble
average, Nj atoms belonging to set I; from these, we compute
a normalized density, Fj, for this sector.

Vj )
1
2

(cos((j - 1)φ) - cos(jφ))

Fj )
NjV1

NIVj

The next step is to calculate the bias-uncorrected standard
deviation σ of all values of Fj (j ) 1...S). We also determine
the perfect-congregation standard deviation σP. If all atoms in
the set I were perfectly congregated, they would necessarily lie
within the first sector; N1 would therefore be equal to NI, and
F1 would be 1, while Fj for all other sectors (j ) 2...S) would
be 0. σP is therefore calculated from s:

σP ) �1
S
- 1

S2

Division of σ by σP yields κ. κ may take values between 0
(perfect dispersion) and 1 (perfect congregation).

k ) σ
σP

In this work, we used a sector angle of φ ) 45°. In this
case, S ) 4, and σP ) 0.4330. We denote the congregation
coefficient for this sector angle κ45. A selection of theoretical
distributions of caps and their congregation coefficients are
shown in Figure 3.

Visual examination of the simulation trajectories of dendrim-
ers containing naphthalene disulfonate caps revealed that the
majority of these caps organize into stacks of various kinds (see
below). We determined the extent of hydrophobic stacking by
calculating the number of stacked naphthalene rings (at least
one neighbor in a stack) and the number of sandwiched
naphthalene rings (two neighbors in a stack). A naphthalene

ring is defined as stacked if the distance between the center of
the ring and the center of a neighboring naphthalene ring is
less than 5 Å, as shown in Figure 4. Additionally, we used radial
density profiles to show the proximity of caps to each other.
To reduce the number of computations needed to determine the
radial density profiles, instead of using all atoms in each cap,
we used one of the bridgehead carbon atoms; this atom is
indicated in Figure 4.

Results and Discussion

In this work we have investigated the structural characteristics
of PLL dendrimers with naphthalene disulfonate caps. Using
molecular dynamics simulations, we have modeled PLL den-
drimers with a benzhydrylamide-(L-lysine) core and naphthalene
disulfonate caps from the first to the sixth generation (G1-G6,
Figure 1). We have studied the effect of generation number of
gross molecular properties, such as size, shape, and exposed
surface area and also investigated the behavior of the capping
groups themselves. We have represented sulfonate groups as
anions, consistent with their low pKa, with sodium ions as

Figure 2. Division of space around the center of mass into spheri-
cal sectors, based on sector angles of 45° and starting from the
vector A.

Figure 3. Some theoretical distributions of 16 caps about the center of
mass and their congregation coefficients. (a) All caps are located in
sector 1 (perfect congregation). (b) Caps are almost evenly spread
throughout sectors 1 and 2, covering one face of the dendrimer. (c)
Caps are almost evenly spread about all parts of the dendrimer. Apparent
differences in cap concentration between populated sectors in (b) and
(c) reflect a 2-dimensional representation of a sphere.

Figure 4. Criteria for the existence of a stack of naphthalene rings.
The centers of the naphthalene rings are indicated as black circles (b),
and the distance between the rings is calculated between these two
points. The rings are stacked if this distance is less than 5 Å. The
bridgehead atom in the cap which is used for radial density profiles is
indicated in the bottom cap as *.
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countercharges. To maintain a consistent ionic strength across
the simulations, each dendrimer was simulated with Na+ ions
to a concentration of 1 M and enough Cl- ions to provide overall

electrical neutrality. The compositions of the simulated systems
are shown in Table 1.

Whole-of-Molecule Properties. In the biological context for
which PLL dendrimers have primarily been developed, den-
drimer size is very important. In other dendrimer families, larger
dendrimer size has been found to lead to greater in vitro
cytotoxicity,70,71 slower transportation from the bloodstream into
tissues,72 and more rapid clearance via the kidneys,70 up to a
limiting size. We have therefore sought to understand, by
modeling, the relationship in PLL dendrimers between the
generation number and properties such as size, shape, and
intramolecular structure. The simulations show that, moving
from low to high generations, a PLL dendrimer undergoes
considerable structural change (Figure 5). All parts of dendrimer
G1 are open to the environment. As the generation number
increases, a transition toward compact globules takes place and
is essentially complete by G5 and G6.

The radius of gyration provides an indication of the overall
size of an approximately spherical molecule and can be
determined experimentally using small-angle X-ray scattering
(SAXS)73,74 or small-angle neutron scattering (SANS).75 The
mean-squared radii of gyration of these dendrimers are shown
in Figure 6 as a function of the number of heavy atoms (NH).
Rg scales as a power function of NH: Rg ) 0.919NH

0.372 + 2.629.
This agrees well with the scaling of Rg ∝ NH

1/3, which is
commonly reported for dendrimers in poor solvent76-79 and is
consistent with dense packing of atoms inside the dendrimer
structure. There is no significant deviation from this trend for
dendrimers up to G6.

Flexible dendrimers are known to adopt globular shapes in
solution, with varying degrees of anisotropy; it has been
previously observed that higher generations of dendrimers tend
toward isotropic (spherical) shapes. We calculated asphericities
for dendrimers G1 to G6 to determine whether this trend also

Figure 5. Final frames of the simulations of the dendrimers G1 to G4. Solvent molecules, ions, and hydrogen atoms are not shown. Final frames
of the simulations of the dendrimers G5 and G6.

Figure 6. Mass-weighted radii of gyration of PLL dendrimers as a
function of the number of heavy atoms. The generation number of each
dendrimer is also shown.

Table 2. Asphericities of PLL Dendrimers G1-G6 and Their
Comparison to Literature Values for PAMAM Dendrimers

PAMAM

generation PLL current authors Paulo et al.44 Maiti et al.78

1 0.195 0.06 0.18
2 0.164 0.10 0.13
3 0.110 0.047 0.04

4 0.051 0.036 (protonated) 0.041 0.04
0.062 (neutral)

5 0.012 0.007 0.02
6 0.035 0.01
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occurs in PLL dendrimers. These results are shown and
compared to the PAMAM dendrimers of Paulo et al.44 and Maiti
et al.78 up to the sixth generation as well as our unpublished
results concerning fourth-generation PAMAM dendrimers (see
Table 2). PLL dendrimers are less spherical than Paulo’s
PAMAM dendrimers and comparable to those of Maiti and to
our results. Asphericities as a function of number of heavy atoms
are shown in Figure 7. The asphericity decreases as generation
number increases, reaching a minimum at G5 and increasing
only slightly between G5 and G6; these two dendrimers have
essentially isotropic shapes. This is reflected in the shapes of
the dendrimers (Figure 5). G1 and G2 are noticeably elongated;
a transition to more or less isotropic shapes begins in G3 and
is complete by G5 and G6.

An interesting possibility is that caps are spread unevenly
about the surface of the dendrimer, whether due to asymmetry
in the underlying framework or because of interactions between
the caps themselves. An uneven distribution of caps will
manifest itself as a high congregation coefficient. We have
calculated congregation coefficients based on sectors of 45°
(κ45); these are shown in Figure 7 along with the asphericity.
There is a significant degree of congregation in G1; as the
generation number increases, the congregation coefficient
decreases until, in the case of G6, the caps are almost perfectly
dispersed about the dendrimer’s center. This change largely
occurs between G2 and G5. The dendrimers G3 and G4 form
a transition between the flexible, open lower generations, in
which the dendrimer as a whole and its caps may be significantly
asymmetric, and the densely packed higher generations in which
the molecule is largely spherical and the caps to be more or
less evenly distributed. The existence of significant congregation
in the lower generations, especially G1, suggests that steric
factors, rather than electronic effects such as electrostatic
repulsion between sulfonate groups, are chiefly responsible for
these morphological changes.

The properties of a molecule in solvent depend to a significant
extent on the area of the molecule exposed to the solvent.68 If
the solvent-accessible surface area is very large, this indicates
either a noticeably anisotropic shape or the presence of grooves
(on the molecule’s surface) or of voids (in the interior). In Figure
8, we show the solvent-accessible surface areas of the dendrim-
ers as a function of generation number. The surface areas vary
with the number of heavy atoms according to power laws, which
are shown as dotted lines.

Apolar ) 19.4NH
0.797

Anp ) 13.5NH
0.784

Atotal ) 36.9NH
0.775

As expected, the majority of each dendrimer’s solvent-
accessible surface area is contributed by polar atoms. Dendrim-
ers G1 and G2 have a relatively high proportion of their
nonpolar surface accessible to solvent (showing a deviation from
the fitted curves), which is expected given their visibly open
conformations and inability to adopt a conformation in which
most nonpolar atoms are buried in the interior. Consequently,
the nonpolar component of the surface area is larger at low NH.
This characteristic of these low-generation dendrimers is not
observed for G3 and higher dendrimers, which have a dense
structure in which hydrophobic regions are largely buried.

As a comparison, we consider a hypothetical family of
spherical dendrimers with evenly distributed heavy atoms.
Assuming that the internal atom density does not vary across
generations, the solvent-accessible surface area also obeys a
power law.

ASAS ∝ NH
2/3

The surface areas of the simulated dendrimers scale more
strongly with number of heavy atoms than expected, especially
given the shift toward a spherical shape. The higher generations
of dendrimers, rather than being smooth, have a heavily indented
surface with deep grooves, e.g.,G6 (Figure 9). This surface
structure, while transient, affords scope for interaction sites.

The distribution of atoms within the dendrimers is shown
using radial density profiles. These profiles allow us to determine

Figure 7. Asphericities (δ) and cap congregation coefficients (κ45) of
the PLL dendrimers G1 to G6 as a function of the number of heavy
atoms.

Figure 8. Solvent-accessible surface areas for polar atoms, nonpolar
atoms, and all heavy atoms for the PLL dendrimers G1 to G6, as a
function of the number of heavy atoms. Fitted power functions are
shown as dashed lines.

Figure 9. Dendrimer G6 shown as a Connolly surface calculated using
a probe radius of 1.4 Å.
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whether or not voids are present on the interior of the dendrimer
and whether PLL dendrimers are better described by a dense-
core or dense-shell model. The radial density profiles of the
dendrimers G1 to G6 are shown in Figure 10. The smaller
dendrimers, up to G4, show a steady decrease in atom density
after about 5 Å from the center of mass. We note, however,
that the radial density profiles of these dendrimers are somewhat
ambiguous because of their distortion from a spherical shape

(see Figure 7). Beginning at dendrimer G5, a “dense-core”
region emerges; the inner parts of the dendrimer exhibit a
relatively high and stable atom density. This core region extends
to approximately 15 Å for G5 and 20 Å for G6. This is almost
half the maximum distance at which atoms are found and is
approximately equal to the dendrimer’s radius of gyration. At
longer distances, a steady decrease in atom density takes place,
similar to that observed in the lower generations. This decrease
in atom density, along with earlier observations which suggest
that the dendrimer’s atoms are densely packed, is consistent
with a dense-core model. Voids inside the dendrimer are
occupied by water molecules, as shown by the increase in water
concentration accompanying any decrease in dendrimer atom
density. Up to G5, water levels increase toward the dendrimer’s
periphery. Interestingly, G6 exhibits a local maximum in atom
density at about 20 Å, where there are also relatively few water
molecules; visual inspection of this dendrimer reveals that a
dense peripheral region forms.

Unlike typical polypeptides, PLL dendrimers contain few
hydrogen bonds, no more than one in three hydrogen-bond
donors engaging in hydrogen bonding as determined by the
criteria of McDonald and Thornton.80 Ramachandran plots of
the final frames of the simulations show that most of the lysine
residues adopt extended conformations, as if for �-sheets, though
in the higher generations, especially G5 and G6, coiled lysine
residues become more common, accounting for up to a third of
all lysine residues (see Supporting Information).

Behavior of Caps. Inspection of dendrimer structures
obtained by simulation immediately reveals significant interac-
tion between the caps. The major mode of interaction is
hydrophobic stacking. The stacking arrangement is most stable
between caps which are forced by covalent bonds to be close
together in space but also exists between other pairs of caps.
We observed the formation of both short stacks (containing e.g.
two naphthalene rings) and extended ladders, which may contain
up to seven or eight naphthalene rings, as can be seen in the
final frame of G4 (Figure 11). It is common for the rings in
these stacks to be offset from each other. This stacking
interaction occurs in several other substances. Searching the
Cambridge Structure Database,81 we discovered at least 29
examples of compounds containing sulfonate-functionalized
naphthalene rings which are stacked face-to-face when in a
crystal lattice.

Regions of stacked naphthalene rings also contain large
numbers of sodium ions, which associate strongly with the
sulfonate groups. These sodium ions screen the electrostatic
repulsion between sulfonate groups, allowing naphthalene rings
to position themselves close to one another.

Figure 10. (a) Radial density profiles of dendrimer atoms about the
dendrimer’s center of mass and their variation with dendrimer genera-
tion. (b) Radial distribution functions of water molecules about the
dendrimer’s center of mass, based on the final structure only. Radial
density profiles and distribution functions are shown as 4 Å moving
averages.

Figure 11. Naphthalene stacking in dendrimer G4. Stacked rings are
shown as spheres; two-membered stacks are blue, a three-membered
stack is green, a four-membered stack is orange, and a seven-membered
stack is red.

Figure 12. Mean radial density profiles of capping groups about capping
groups and their variation with dendrimer generation. Axis units in
the inset are as in the main graph.
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To determine the extent to which naphthalene rings associate
with one another in these PLL dendrimers, we calculated radial
density profiles of caps about caps (Figure 12). To simplify and
speed up this calculation, we represented the location of each
capping group by the carbon atom indicated in Figure 4. The
widespread occurrence of stacking is shown by the large peak
at r ) 4 Å; smaller peaks at 8 and 12 Å indicate extended
stacking arrangements. Beyond this peak at 12 Å, the radial
density profile returns to a more conventional steady decrease
in cap density.

The extent of stacking was also calculated. The criterion for
a stacking interaction between two naphthalene rings is that the
distance between their centers is less than 5 Å (Figure 4). More
than 75% of caps are stacked, and in all dendrimers except G1,
a significant proportionsmore than 20%sof caps are sand-
wiched, as naphthalene rings organize into more extended stacks
such as those depicted in Figure 11. In all generations, it is
common for adjacent rings in stacks to be twisted and offset
relative to one another.

Conclusions

We have simulated PLL dendrimers capped with naph-
thalene disulfonate groups, from the first to the sixth
generation. We have developed an improved protocol for
generating equilibrated dendrimers in solvent. PLL dendrim-
ers display behavior which is typical of dendrimers in poor
solvent and are comparable to other flexible dendrimers such
as PAMAM, despite the differing symmetry. They demon-
strate a gradual increase in size with generation number along
with a shift from small molecule-like properties to more
polymer-like properties. Dendrimers of the first and second
generation are flexible and open, with nonpolar atoms mainly
exposed to solvent. Dendrimers of the fifth and sixth
generation adopt dense, largely spherical structures in which
nonpolar atoms are largely buried, while the sixth-generation
dendrimer possesses a dense shell. The surfaces of the higher-
generation dendrimers have many recesses and protuberances.
In the lower-generation dendrimers, caps are found somewhat
congregated on the dendrimer’s surface; caps are more evenly
distributed about the dendrimer’s center in the higher-
generation dendrimers. Smaller, localized structural features
within the dendrimer arise from the interaction between
particular atoms or functional groups. A particularly promi-
nent example of this in these PLL dendrimers is the stacking
of the caps, which occurs in all generations and leads to
considerable organization of the dendrimer’s surface. This
suggests the possibility of fine-tuning the dendrimer’s surface
structure, as well as chemical properties, by judicious choice
of caps and raises the prospect of engineering dendrimer
surfaces by taking advantage of cap-cap interactions.
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