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Abstract: Dendrimers have been widely used as nanostructured carriers for guest species
in a variety of applications in medicine, catalysis, and environmental remediation. Theory
and simulation methods are an important complement to experimental approaches that
are designed to develop a fundamental understanding about how dendrimers interact with
guest molecules. This review focuses on computational studies aimed at providing a
better understanding of the relevant physicochemical parameters at play in the binding and
release mechanisms between polyamidoamine (PAMAM) dendrimers and guest species.
We highlight recent contributions that model supramolecular dendrimer-guest complexes
over the temporal and spatial scales spanned by simulation methods ranging from all-atom
molecular dynamics to statistical field theory. The role of solvent effects on dendrimer-guest
interactions and the importance of relating model parameters across multiple scales
is discussed.
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1. Introduction

Dendrimers have received increasing attention over the past several decades as attractive candidate
materials for a variety of applications such as therapeutic delivery systems [1-5], imaging agents [4,6,7],
templates for catalytic metal nanoparticles [8—10], and extraction agents for the removal of organic
pollutants and toxic metals from water and soil [11-14]. The breadth across applications is attributed



Polymers 2012, 4 464

to dendrimers being well-defined, monodisperse nanostructures with tunable critical nanoscale design
parameters [15,16], such as size, shape, rigidity, surface functionality, and solvent affinity. For this
reason, dendrimers have been studied as hosts for a number of guest species: drugs [1-4], gene [17-19],
contrast agents [7,20,21], metal ions [9—14], polymers [22], and organic pollutants [23,24]. Astruc and
coworkers have written an exceptionally comprehensive review on dendrimers functioning as hosts [25].

A number of experimental approaches have been conducted to elucidate the interaction of dendrimers
with guest molecules. The binding strength between dendrimer-guest complexes has been determined
by isothermal titration calorimetry(ITC) [26-29], high performance liquid chromatography (HPLC) [30]
and fluorescence spectroscopy [31-33]. Detailed conformations of dendrimers interacting with guest
molecules have been studied by nuclear magnetic resonance(NMR) [34-36] and the size of the
dendrimer-guest complexes has been measured by dynamic light scattering (DLS) [22,31]. For instance,
supramolecular assemblies of polyamidoamine (PAMAM) dendrimers and phenanthrene, an organic
pollutant, have been studied using fluorescence resonance energy transfer (FRET) to understand the
interaction between dendrimers and guest molecules in aqueous solution [24]. Using FRET experiments,
the most stable state for PAM AM-phenanthrene binding was observed at a pH of 8 and 1:2 molar ratio of
phenanthrene to PAMAM. However, the fundamental binding mechanism between PAMAM dendrimers
and phenanthrene molecules, such as preferred binding sites and why the binding was optimum for
specific conditions, could not be explained by the experimental techniques alone. In another case,
fullerenol-PAMAM assemblies have been studied using isothermal titration calorimetry, dynamic light
scattering, and fluorescence spectroscopy to understand the binding mechanism [29]. These experiments
measured the binding constant and determined the apparent stoichiometry between PAMAM dendrimers
and fullerenols, but lacked a detailed molecular description of binding mechanism. Theoretical and
computational approaches can complement fundamental experimental studies like these to facilitate
rational materials design of dendrimer carriers.

Various theoretical and computational approaches have been used to examine molecular-scale
phenomena that occur in dendrimer systems with guest molecules [37-39]. The use of a particular
modeling methodology is driven by the characteristic time and length scales of the dendrimer-guest
complex, and there can be multiple time and length scales that span orders of magnitude. For this reason,
multiscale modeling approaches are often necessary to understand the phenomena of dendrimer-guest
complexes since these methodologies are capable of describing macromolecular systems from length
and time scales commensurate with electronic structure theory to length and time scales in the nanoscale
regime [40].

Figure 1 shows multiscale modeling strategies for dendrimer-guest complexes in solution as a function
of temporal and spatial length scales. From the bottom to the top of Figure 1, four computational
approaches are described: (a) ab-initio; (b) fragment molecular orbital (FMO) method; (c) all-atom
simulation; and (d) mesoscale simulation. At an intrinsic level, the nuclear coordinates and electronic
structures in dendrimer-guest complexes are described described using ab-initio quantum mechanics
and density functional theory (DFT) (Figure 1(a)). The configurational barriers of the dendrimer [41],
the binding energies between dendrimers and guests, and the potential binding sites on the dendrimer,
especially metal ions [42,43], have been studied using these fundamental methodologies. However,
this approach can be used for only the lowest generation dendrimers because it is computationally
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intractable to carry out these types of calculations for systems with more than 1,000 atoms. To reduce
the computational cost at this time and length scale, several techniques are used: semi-empirical
methods, and quantum mechanics/molecular mechanics. Recently, the fragment molecular orbital
(FMO) method was introduced by Kitaura and coworkers to describe a large system at the ab-initio level
(Figure 1(b)) [44,45]. There are many advantages for using FMO. Those that are particularly relevant
for dendrimer-guest complexes are that pair interaction energy decomposition analysis can be used to
see the partial interactions between fragments, and the polarizable continuum model [46] (PCM) can be
used as an implicit solvation method with FMO [47]. Even though a complex of dendrimers with guest
molecules can be studied at the quantum level using the fragment molecular orbital (FMO) method,
there are limitations, such as difficulties with optimizing the structures at the same level of theory and
achieving convergence of the energy. For this reason, the FMO approach is most effective when it
is coupled with methods such as docking or classical molecular dynamics to model the interaction of
dendrimers with guest molecules.

Figure 1. [Illustration of the temporal and spatial scales in the complex system
of polyamidoamine dendrimers (PAMAM) and phenanthrenes (Phe). There are four
systems included in this figure: (a) PAMAM branch and Phe molecule (ab-initio);
(b) fragments of G5 PAMAM dendrimer with 4 Phe molecules by a rainbow color
notation (FMO); (¢) G5 PAMAM dendrimer (All-atom simulation); (d) coarse-graining
G5 PAMAM and 216 coarse-grained G5 PAMAM dendrimers with 216 Phe molecules
(Mesoscale simulation).
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At the next higher scales of calculation, all-atom and mesoscale simulations have been widely applied
to study the binding mechanism of dendrimers with guest molecules [24,38,39,48-51]. There are two
main approaches for mesoscale simulations: coarse-grained “particle-based” simulations and statistical
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field theories. This review will cover computational methodologies that have been used to model
dendrimers and dendrimer-guest complexes in solution using all-atom molecular dynamics (Section 2),
coarse-grained molecular dynamics (Section 3) and statistical field theory (Section 4). Computational
studies involving polyamidoamine (PAMAM) dendrimers are emphasized in this review because this
class of dendrimer is the most widely investigated. Much of the outlook concerning multiscale modeling
is not limited to a particular dendrimer chemistry, nor even to dendrimers themselves, but can be applied
broadly to macromolecules in solution.

2. All-Atom Molecular Dynamics Simulations

All-atom molecular dynamics simulations are suited to modeling phenomena involving up to 10°
atoms over time scales on the order of tens of nanoseconds (Figure 1(c)). Thus, these simulations
are routinely used to investigate conformational changes of a single dendrimer in explicit solvent
with respect to dendrimer generation (size) and process conditions, such as temperature and solvent
pH [52-55,62,63]. All-atom simulations may also be used to investigate the dynamics of binding
between of a single dendrimer and one or more ligands in explicit solvent [24,38,39,64].

2.1. All-Atom Force Fields for Modeling Dendrimers

Various force fields have been used to model dendrimers in solution with all-atom simulation. In
the literature reviewed below, four force fields are commonly used: AMBER, CHARMM, CVFF, and
Dreiding. The AMBER force field and generalized AMBER force field (GAFF) for organic molecules
give good predictions for the binding between small organic ligands, nucleic acids, and proteins [56,57].
The CHARMM force field is specially developed for modeling the interactions between biological
molecules such as proteins, nucleic acids, carbohydrates, and lipid membranes [58,59]. CVFF is a
generalized valence force field optimized for organic molecules [60]. The Dreiding force field is a
generalized force field for use with organic and biological systems [61]. As with all applications of
molecular simulation, selecting an appropriate force field for modeling dendrimers and dendrimer-ligand
complexes is critical to obtaining the correct fundamental behavior. In the case of PAMAM dendrimers,
it has been frequently shown that predictions from molecular simulation for the swelling behavior of
dendrimers as a function of solvent pH and salt concentration are very sensitive to the force field used
in those simulations [52-54]. The hydrogen bonding parameters in the Dreiding III force field were
recently optimized to prevent the swelling of PAMAM dendrimers at low pH and to predict radii of
gyration that are consistent with small-angle neutron scattering experiments [63].

2.2. The Physical Properties of Dendrimers in Solution

Using all-atom molecular dynamics simulation, the effect of solvent pH on the PAMAM dendrimer
was first considered by Baker and co-workers [65]. In this study, the primary and tertiary amines in the
PAMAM dendrimers were protonated to model low, neutral, and high pH effects of PAMAM dendrimer
based on pH titration data, and the CVFF force field was used. The solvent was modeled implicitly and
this caused the estimations of the radii of gyration for the dendrimers to be higher than those obtained
from experiments.
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Maiti et al. used atomistic molecular dynamics simulation to study the pH response of generation
4-6 PAMAM dendrimers [52] and a generation 8 PAMAM dendrimer [62] with explicit water molecules.
From these calculations, the structure of the PAMAM dendrimer was shown to swell, with the branches
extending as the solvent pH decreased. The open structures occur due to the electrostatic repulsions
among the protonated tertiary (low pH) and primary amines (low and neutral pH) of the PAMAM
dendrimers and due to the counterions and solvent molecules penetrating into the more open interior of
the dendrimer at lower solvent pH. This pH responsive phenomena of PAMAM dendrimers in solution
makes them attractive candidates for applications requiring controlled encapsulation and release, such
drug delivery and environmental remediation.

Maiti and coworkers also carried out 10-20 ns atomistic molecular dynamics to see the counterion
distribution and calculated the ( potential, which characterizes the degree of the electrical charge at
the double layer, as a function of generation (3 to 7) for PAMAM dendrimers at neutral pH [48].
Such analysis is useful for understanding the electrostatic binding between PAMAM dendrimer and
nucleic acids, which will be discussed further in the next subsection. Upon analyzing the counterion
distribution, they found that the counterion density is higher in the interior regime of the dendrimer for
higher generations. This can be explained by recognizing that the electrostatic repulsions inside of the
dendrimer increase for higher generations because the amount of backfolding increases with increasing
dendrimer generation [2,52,66]. To screen this electrostatic penalty, the counterions penetrate inside
the dendrimer, hence, the concentration of counterions increases. They predicted the  potential of the
dendrimer using the counterion density profile, and found that the  potential slowly increases with an
increase of dendrimer generation, even though the surface potential exponentially increases. Thus, these
simulations predict that the increased concentration of counterions does not affect the ( potential of the
dendrimer. The observation of ( potential using molecular dynamics correspond to the results obtained
for colloidal particles using Monte Carlo simulations and the Poisson—-Boltzmann theory. Because the
diffusion properties of carriers (hosts) are highly correlated to drug delivery performance, Maiti and
coworkers studied the self-diffusion of dendrimers up to generation 8 for different solvent pH [67]. In
this work, they found that PAMAM dendrimers did not follow the scaling laws of the Stokes—Einstein
relation for diffusion. Because PAMAM dendrimers are flexible macromolecules with lots of interior
cavities, water and ions penetrate to the interior of the dendrimers. Similar observations are made for
the dynamics fractal aggregates in solution, where the ratio of hydrodynamic radius to radius of gyration
as a function of aggregate mass varies with respect to the fractal dimension of the aggregate [68]. This
has been attributed to the fact that the solvent accessible cavity of the solute molecule (in this, case
dendrimer) varies based on the fractal dimension, and thus the diffusion coefficient also varies. Based
on the different diffusion behavior observed for dendrimers compared to linear polymers, it appears
necessary to treat water and counterions explicitly when modeling dendrimers in solution.

Recently, Goddard and coworkers modified the Dreiding III force field to more accurately model the
pH responsive structural changes observed in small-angle neutron scattering experiments on PAMAM
dendrimers. In the experiments, the observed radius of the gyration ([2,) for a generation 4 PAMAM
dendrimer was found to be independent of solvent pH [63]. Using new hydrogen bonding parameters
obtained from quantum mechanics calculations, the molecular dynamics simulations confirmed that there
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was no change in radius of gyration and predicted that the internal distribution of atoms in the dendrimer
varied with solvent pH, from a “dense core” (high pH) to a “dense shell” (low pH).

2.3.  The Physical Properties of Complex Systems of Dendrimers with Guest Molecules in Solution

All-atom molecular dynamics simulations have frequently been used to model the direct interactions
of dendrimers with guest molecules or ligands. The types of guest molecules considered in this review
will include low molecular weight organic molecules [24,29,50,51], and nucleic acids [38,69—73]. The
review of interactions of dendrimers with lipid membrane has been clearly explained in Reference [37].

Dendrimer-drug complexes have generated a lot of interest due to the need for understanding the
fundamental mechanisms for encapsulation and release of drug payloads inside a dendrimer carrier.
Tanis and Karatasos [50] studied ibuprofen, a nonsteroidal anti-inflammatory drug, as a guest molecule
bound to a G3 PAMAM dendrimer at different solvent pH conditions using atomistic molecular dynamics
simulations with GAFF [56,57] for PAMAM and ibuprofen and TIP3P [74] for water. These simulations
showed that hydrogen bonding between the hydrogen atom in the amide group on the dendrimer and the
oxygen atom in the carbonyl group on ibuprofen was the primary interaction between the two species
at neutral pH. At high pH, when ibuprofen is ionized due to the deprotonation of the carboxyl group,
electrostatic interactions between between the ibuprofen and the primary amine groups was observed to
be the primary interaction. No significant interaction between dendrimers and ibuprofen was observed
in the simulations at low pH. At this condition, electrostatic repulsions between the protonated tertiary
and primary amines on the dendrimer leads to a more open structure that allows for penetration of water.
Under this circumstance, the simulations showed that ibuprofen molecules formed clusters and diffused
away from the dendrimer instead of hydrogen-bonding to the amine groups. Shi and coworkers studied
2-methoxyestradiol (2-ME), a potential anticancer agent, with modified PAMAM dendrimers at pH 5.
The terminal group chemistries that were considered included amine, acetyl, hydroxyl, and carboxyl
groups [51]. All-atom molecular dynamics using the CVFF force field for PAMAM and 2-ME and an
implicit model for water were used to model the binding positions of 2-ME molecules in the dendrimer.
The simulations showed that the structures of the dendrimers with amine, acetyl, and hydroxyl surface
groups were open at low pH, which presumably facilitates the release of 2-ME. Calculating the free
energy of binding between the PAMAM variants and 2-ME would provide confirmation about the
postulated release characteristics of these dendrimers. In contrast, the structures of the dendrimers with
carboxyl surface groups were compact and encapsulated 2-ME at low pH.

Similar behavior was reported by our group in a study of the phenanthrene-G5 PAMAM dendrimer
complex using Drieding force field [24]. In this study, more phenanthrene molecules were bound to the
G5 PAMAM dendrimer at neutral pH than at low pH, even though the dendrimer structure is more open at
low pH and thus there are more cavities in the interior of the dendrimer (Figure 2). The main reason of the
high efficiency of the binding at neutral pH is that the hydrophobic interactions were the driving force for
hydrophobic phenanthrene molecules to penetrate into the interior of the PAMAM dendrimer compared
to alow pH case. Recently, our group has investigated complex formation between fullerenol, a fullerene
derivative, and PAMAM dendrimers at neutral pH using GAFF [29]. The binding capacity of G1 and G4
PAMAM dendrimers for fullerenol was determined by molecular dynamics simulations. Using umbrella

sampling simulations, the binding constant between PAMAM dendrimer and fullerenol was predicted
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to be independent of dendrimer size. However, the binding capacity of the G4 PAMAM dendrimer was
20-fold that of the G1 PAMAM dendrimer (Figure 3). The main reason is that the surface area of G4
PAMAM dendrimers is larger than that of G1 PAMAM dendrimers, thereby increasing the probability for
binding fullerenol in G4 dendrimers compared to G1 dendrimers. After analyzing the types of hydrogen
bond pairs formed during binding, the greatest fraction of hydrogen bond events occurred between the
primary amines on the dendrimer and the oxygen on the hydroxyl group of fullerenols, which supports
the increased surface area hypothesis.

Figure 2. Representative images of G5-PAMAM dendrimer with 25 of phenanthrene
molecules after 1 ns as an atomistic molecular dynamics: (a) low pH (b) neutral pH (¢) high
pH. The dark red arrows indicate the stacked Phe molecules. Reproduced from Ref. [24]

with permission from the PCCP Owner Societies.
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Figure 3. Interaction of PAMAM dendrimers with fullerenols at neutral pH: (a) Two
fullerenols in proximity to one G1 dendrimer within 1.5 nm of the center of mass of the
dendrimer (b) 21 fullerenols in proximity to one G4 PAMAM dendrimer within 3.5 nm of
the center of mass of the dendrimer.
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Dendrimers have been explored as a non-viral vector for gene therapy and that has motivated modeling
studies of the binding mechanism between dendrimers and DNA [2]. Dendrimers and proteins have
similar physical properties and hence, complexes of DNA and dendrimers have also been investigated



Polymers 2012, 4 470

as model systems for gaining insight about the fundamental binding interactions between proteins and
genes. Maiti and Bagchi carried out all-atom molecular dynamics simulations using the Dreiding force
field for PAMAM dendrimers and the AMBERDO5 force field for DNA to model the complex formed
between a 38 base single-stranded DNA (ssDNA) and dendrimers of generations G2-G4 [69]. They
included explicit water and counterions with the ssDNA-PAMAM complex, whereas the Debye-Hiickel
approximation had been applied to model the electrostatic interactions between DNA and dendrimers
in the previous studies [64,75]. In this study, the binding interaction between PAMAM dendrimers and
ssDNA was divided into three contributions: (i) the bending energy (entropic effect); (ii) the electrostatic
energy; and (iii) the base pairing and stacking energy (enthalpic effect). For low generation (G2, G3)
PAMAM dendrimers, the surface charges on the dendrimer were not enough to neutralize ssDNA, so the
electrostatic interaction between dendrimers and ssDNA was not stronger than the bending interaction.
Therefore the dendrimers did not cause ssDNA to adopt a coiled confirmation. However, in the higher
generation (G4) PAMAM dendrimer, ssDNA was neutralized by the protonated amines of the dendrimer,
so the enthalpic gain from the electrostatic energy overcame the entropic loss in the bending energy and
ssDNA coiling was observed. They also calculated the free energy surface as a function of the distance
between a dendrimer and ssDNA, and as a function of a parameter defined as the summation of the
distance between each phosphate site and the center of mass of the dendrimer. Based on the free energy
calculation, they explained the stability of the coiled ssDNA-dendrimer complex. Maiti and coworkers
have also simulated complex formation between a 38 base pair double-stranded DNA (dsDNA) and
generation (G3-G5) PAMAM dendrimers [38]. In this study, they proposed that the critical variable for
wrapping nucleic acids around dendrimers is the charge ratio, which is defined as the number of positive
amines in a dendrimer divided by the number of negative phosphates in a nucleic acid. The simulations
showed that dsSDNA completely wrapped around a G5 PAMAM dendrimer when the charge ratio is over
1 (1.64) even though the a 38 base pair dsDNA has a length short enough ( 13 nm) considered to be a rigid
rod (Figure 4). In the case of G3 and G4 PAMAM dendrimers (charge ratio <1), the dendrimer did not
neutralize the dsDNA, so the dsDNA did not totally wrap the dendrimers like what was observed with the
G5 PAMAM dendrimer. In addition, the lower generation (G3 and G4) dendrimers were deformed during
the interaction with dsDNA, presumably due to the smaller surface area of the dendrimers. They also
investigated the stability of the dSDNA-dendrimer complex using helicoidal parameters (rise, roll, twist,
tilt, shift, slide) to characterize the overall backbone structure of the dsDNA in the complex and it was
found that the G4 dendrimer-dsDNA complex was more stable than the G5 dendrimer-dsDNA complex.
Free energies of the complex were calculated using the molecular mechanics Poisson Boltzmann surface
area (MM-PBSA) method with two thermodynamic models for the entropy calculation. The free energies
of the complex showed that the binding strength increases with higher generation of dendrimer and that
the binding energy per protonated primary amine (dendrimer) was maximized for the G4 dendrimer,
suggesting that the G4 dendrimer could be the optimum candidate for gene therapy applications.
Mills et al. performed molecular dynamics simulations with the CHARMM 27 force field to study
the binding between a dendrimer and dsDNA [70]. In this work, the local environment effects, such as
deformation and the electrostatic interactions, were characterized and related to single molecule pulling
experiments. The potential of mean force for a G3 PAMAM dendrimer-dsDNA (24 bp) complex was
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calculated by umbrella sampling and used to derive a mesoscopic stochastic model based on a Monte
Carlo method. From the model they calculated the mesoscale force-extension curves.

Figure 4. (a) Structure of the DNA-GS5 dendrimer complex during various stages of complex
formation at the interval of a few nanoseconds (b) Time evolution of the radius of gyration
(Rg) of DNA, the dendrimer, and the complex for the complexation with G3, G4 and G5
dendrimers at neutral pH. Reprinted with permission from [38]. Copyright 2011 American
Chemical Society.
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Several all-atom molecular dynamics simulations studies have investigated dendrimer-RNA
complexes. Pavan et al. investigated the G4—G6 PAMAM dendrimer-Firefly Luciferase (GL3) siRNA
complex in solution [76]. The AMBER force field was used and the parameters for the PAMAM
dendrimer atom types were derived using ab-initio calculations. The force field parameterization was
validated against measurements of the hydrodynamic radius of PAMAM dendrimers using dynamic light
scattering. The binding energies were calculated by the MM-PBSA method with normal mode analysis
for the entropy. To investigate the flexibility of the binding behavior, an energetic flexibility (EF) index
is defined as the ratio of the enthalpic contribution (AH) to the entropic contribution (T'AS) of the
binding energies. Since higher enthalpic and lower entropic contributions to the binding indicate strong
attractions between RNA and a dendrimer, the authors saw a correlation between strong binding affinity
and a higher EF index. Of particular note is that when binding data are interpreted within the scheme
of the EF index, it was found that the binding efficiency for G4 PAMAM dendrimers does not decrease
with decreasing solvent pH as one might expect, but the binding efficiency for the higher generation
G6 PAMAM dendrimers does decrease as solvent pH is lowered. This suggests that the structure of G4
PAMAM is better able to accommodate the loss of entropic degrees of freedom (presumably through
increased “flexibility”’) upon binding than its G6 PAMAM counterpart. Vasumathi and Maiti studied
G3 and G4 PAMAM dendrimer-siRNA (21 bp) complexes using the Dreiding force field for PAMAM
dendrimers and the AMBERO3 force field for siRNA [72]. In this study, they considered the effects of
counterion distribution, salt concentration, and the number of the dendrimer molecules involved in the
complex. In these simulations, it was observed that a G4 PAMAM dendrimer gained more entropy from
releasing Na™ ions to bind with siRNA than the G3 PAMAM dendrimer. The simulations predicted that
as salt concentration increases, the binding affinity decreases because the salt ions screen the favorable
electrostatic interactions between PAMAM dendrimers and siRNA. In addition, they calculated the
binding energy for the complex using the MM-PBSA method. As with the computational studies about
dendrimer-dsDNA complexes discussed above, they found that the binding affinity is correlated to the
charge ratio between the dendrimer and siRNA. To understand the stability of the binding, the radial
distribution function was analyzed between the primary and tertiary amines in the dendrimer, sorted
by the subgeneration of dendrimer and the phosphates in backbone of siRNA. From this analysis, it
was found that the first peak of the curve is related to the protonated primary amines, and the second
peak is related to the wrapping of siRNA and hence, the stability. Concerning on the basis of the radial
distribution function analysis, the two G4 dendrimer-siRNA complexes were not stable even though the
charge ratio indicates the binding affinity would be stronger than any other case considered.

All-atom simulations provide detailed information such as the binding locations, the hydrogen
bonding pairs, and diffusion coefficients. However, if one wishes to consider multiple macromolecular
hosts, the system is beyond the computational limit of all-atom simulations. In addition, to observe

phenomena on longer characteristic time scales, up to us, the atomistic scale is not feasible.
3. Coarse-Grained Simulations

Coarse-grained molecular dynamics simulations are an effective strategy for obtaining large-scale
structural information for dendrimer-guest assemblies, because the reduction in degrees of freedom
permits computational investigations of length and time scales much larger than is possible with
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all-atom molecular models. The freely jointed chain model is one of the coarse-grained methodologies
used to describe the behaviors of dendrimers in solution [77-80]. The advantage of this approach is
that the key physical details governing the observed macroscopic properties can be easily extracted
from the simulation predictions. However, the intermolecular interactions for this class of model are
phenomenological and do not directly originate from the all-atom force fields or the thermodynamic
properties of a specific dendrimer chemistry. To maintain chemical fidelity in coarse-grained molecular
simulations, alternative multiscale coarse-graining strategies have been applied. In these multiscale
strategies, most coarse-grained approaches can be classified into one of two categories. In the
first category, termed indirect parameterization, are methods in which the potential parameters of a
pre-selected analytical form are optimized by calibration against thermodynamic or structural properties.
An example is the MARTINI force field for biological molecules [81,82], whose parameters are
based on oil/water partitioning coefficients. In the second category, called direct parameterization, the
coarse-grained potentials are determined from all-atom molecular dynamics simulations. One example
is the force matching method [49,83-85].

In addition to coarse-grained molecular dynamics, Brownian dynamics and dissipative particle
dynamics have been used to model dendrimers in solution with lower resolution molecular
models [86—88]. The Brownian dynamics method has been widely used to study the interaction of
a linear polyelectrolyte with oppositely charged dendrimers [86,87]. To describe the electrostatic
interactions, the Debye-Hiickel approximation has been applied in the Brownian dynamics method.
Since explicit counterions should be considered in condensed systems to accurately model the counterion
distribution, only dilute conditions may be modeled with this approximation. Given this limitation, this
approach has been applied to study complexes of polyelectrolytes and dendrimers. Dissipative particle
dynamics simulations, which are based on stochastic methods that permit a much longer time step, can be
carried out for much longer time scales than atomistic or coarse-grained molecular dynamics simulations.
Dissipative particle dynamics has been use for a charged dendrimer on a lipid membrane, including the
effect of explicit counter ions, to model dynamics over 15 us [88].

3.1. The Physical Properties of Dendrimers in Solution

Tian et al. studied the structure and the size of a charged dendrimer as a function of the counterion
valency and different salt concentrations using a freely jointed bead-spring model for G4 cationic
dendrimer [80]. In this study, they found that the strong electrostatic interaction from high valence
ions neutralized the negatively charged surface group of the dendrimer and reduced the electrostatic
repulsion compared to monovalent ions.Thus, the high valency counterions such as divalent and
trivalenteffectively cause an osmotic pressure drop in the interior region of the dendrimer. In addition,
the conformations of the dendrimer changed from extended to collapsed to a weak swollen state with
increasing concentration of multivalent salt ions. These intriguing results warrant further investigation
of dendrimer-polyelectrolyte complexes, by both experimentation and by all-atom molecular simulation.

Maiti et al. developed a generic coarse-grained model for PAMAM dendrimers to describe higher
generations of dendrimers [89]. The mapping of coarse-grained sites to atoms is similar to the
model developed by Lee and Larson [90] (Figure 5). Coarse-grained parameters for non-bonded and

bonded potentials were derived using an all-atom molecular dynamics simulation of a G6 PAMAM
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dendrimer in the gas phase. The results obtained with this potential compare well with previous all-atom
simulations [91] of PAMAM in the gas phase (poor solvent) but the potential is incapable of providing
insight about behavior in water (good solvent).

Figure 5. (a) Mapping of dendrimer PAMAM segments into coarse-grained beads; (b) The
same segment in PAMAM has different bond lengths and we apply special protocol to label
each segment. The distance between the center of beads O and N is different from the
distance between the center of beads N and S, although beads O and S represent exactly the
same segment (-CH2-CO-NH-CH2). Reprinted with permission from [89]. Copyright 2009
by the American Institute of Physics.
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3.2.  The Physical Properties of Complex Systems of Dendrimers with Guest Molecules in Solution

The binding chemistry between dendrimers and guest molecules has been studied using coarse-
grained simulations to understand the behaviors of complex systems beyond all-atom simulations. As
guest molecules, polyelectrolyte polymers (nucleic acids) interacting with dendrimers have been studied
using coarse-grained simulations [78,79]. Even though all-atom simulations have been carried out to
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understand the detailed binding mechanisms between nucleic acids and dendrimers at full atomistic
resolution [38,69,72,76], there is a high computational cost for all-atom simulations to properly describe
these complex systems in solution. Lyulin et al. systematically studied the electrostatic interactions,
which varied by the multivalency of the counterions and the linear chain in the explicit solvent
condition [78]. The freely jointed bead-spring model was used to model a system containing a G4
dendrimer with 48 positive charges on its surface and a linear polyelectrolyte chain with 10 negatively
charged beads. Using this model, the simulations predicted that the structure of the dendrimer shrinks
due to the strength of the electrostatic interactions whereas the structure of the polyelectrolyte chain
was unchanged. In the complex, the electrostatic interaction between the chain and its counterions
was screened by the dendrimer-chain complex, and the dehydration of the chain was occurred by the
electrostatic interaction. Therefore they effectively explained the effect of electrostatic interactions
by the multivalency of the counterions and the polyelectrolytes in drug and gene delivery. However,
there is a discrepancy of the binding position of the polyelectrolyte to the dendrimer compared to the
all-atom simulations [69]. In the coarse-grained simulations, the chain beads were located to the center
of the dendrimer, but in the all-atom simulations, a ssSDNA was located far away from the center of
the dendrimer. The main reasons of the discrepancy of the binding position is related to the steric
hinderance of the dendrimer and the chain, which can be provided by the introduction of angle and
torsional potentials. Tian et al. investigated the effect of the chain rigidity using the freely jointed
bead-spring model [79]. In this study, the stiffness of the polyelectrolyte was varied by the strength of
bond angle constants. The increase of the linear chain rigidity provided the interesting conformational
transformations from coil to U or V then to rod shape due to the increase of the bending energy occurred
by the chain stiffness. Also they found that the size and the shape of the dendrimer are changed by the
stiftness of the charged linear chain and the Bjerrum length, which represents the strength of electrostatic
interactions in the system.

To see the interaction of dendrimers, Tian ef al. investigated the energy barriers depending on solvent
pH, counterions, and modification of terminal groups of dendrimers using the MARTINI coarse-grained
model, which is a generalized coarse-grained force field for proteins and cell membranes [92]. For the
solvent pH effect, they found that the decrease of the solvent pH leads the repulsive interactions between
dendrimers stronger due to the electrostatic interactions. In the higher valency of the salt ions, the release
of the free energy between dendrimers is getting higher, so the dendrimers are easily aggregated and
make more stable clusters. For the modification of the terminal groups of the dendrimers, the aggregation
of the dendrimers was not changed even though the stability of the clusters was lower in the charged
functional groups.

Our group has studied the interactions between G5 PAMAM dendrimers and phenanthrene
molecules using a new coarse-grained modeling scheme that combines a systematic, solvent-free
multiscale coarse-graining algorithm for a complex macromolecule with an existing coarse-grained
solvent model [49]. The solvent-free coarse-graining approach [84] does not work well for flexible
macromolecules in solution because of the significant configurational entropy loss from the absence
of explicit solvent molecules. To overcome this problem, the configurational entropy was restored
by reintroducing coarse-grained solvent molecules to the system. The new coarse-grained modeling
approach predicted the experimentally measured binding capacity and reproduced the distribution
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of phenanthrene molecules obtained with all-atom molecular dynamics simulations (Figure 6). The
advantages of this coarse-grained methodology is to obtain the coarse-grained potentials derived from
the all-atom simulations for the flexible macromolecules in solution such as drug delivery systems, so
the coarse-grained potentials provide better descriptions of the binding mechanism at a specific system
even though this method could not provide generic coarse-grained potentials.

Figure 6. Two-dimensional probability distribution function, P(r), of Phe molecules
from the core of each dendrimer. The white circles indicate the branch points of the
dendrimers. The numbers in the circles represent the generation of the dendrimer, and Q
is the abbreviation for Q4. The color bars express the intensity of P(r). The unit of X
and Y axis is nm. (a) Atomistic simulation; (b) solvent free coarse-grained; (c) explicit
solvent coarse-grained (27 dendrimers); (d) explicit solvent coarse-grained (216 dendrimers)
Reprinted with permission from [49]. Copyright 2011 by the American Physical Society.

Coarse-grained simulations provide information about the interaction between dendrimers and guest
molecules on a longer characteristic time scale than is possible with all-atom simulations. To ensure

accurate and reliable results, it is best when coarse-grained potentials are derived or informed by
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experiments or by higher resolution computational methods such as all-atom simulations or ab-initio
quantum mechanics. When coarse-grained potentials are carefully developed, binding information such
as the optimal loading of guest molecules or the binding thermodynamics can be obtained. However,
dynamic information, such as diffusion, or atomistically detailed information, such as hydrogen bonding,
are not readily provided with coarse-grained simulations.

4. Statistical Field Theories

Statistical field theories, such as self-consistent field theory (SCFT) or nonlocal density functional
theory where the degrees of freedom are fluctuating fields, are an alternative to particle-based methods
such as all-atom or coarse-grained molecular dynamics [93]. In particular, SCFT has been widely used
for the prediction of equilibrium mesophases in polymeric systems [94-98]. Field-based simulation
approaches readily provide the decomposition of free energy into entropic and enthalpic contributions.
This is advantageous for modeling the binding mechanism between dendrimers and guest molecules
when the balance between entropic and enthalpic terms is desired [96]. However, no kinetic data
regarding binding can be obtained from statistical field theories.

Boris and Rubinstein proposed the dense-core model for the equilibrium structure of the starburst
dendrimers using a modified SCFT approach [94]. Since that time, the mean field theory has been
performed to understand the relationship between enthalpic and entropic driving forces and their
influence on the free energy of dendrimer systems. Giupponi et al. studied the conformational change of
polyelectrolyte dendrimers as a function of dendrimer generation using molecular dynamics simulations
and mean field theory [95]. In this study, the explicit free ions and the implicit solvent models
were applied to more accurately describe the electrostatic interaction of the dendrimer rather than the
Debye-Hiickel approximation, since there are important nonlinear phenomena present in the counterion
distribution. Using this model, they found that the variation of the dendrimer structure was weaker
with increasing concentration of salt ions than the structure prediction given by the Debye-Hiickel
approximation. Giupponi et al. explained that the weaker dependence of the dendrimer structure was due
to the osmotic pressure of the trapped counterions because the electrostatic interactions were strongly
screened by the local charge neutrality. They performed mean field theory calculations to determine
the osmotic pressure of the dendrimer based on the free energy calculation. From these calculations,
the osmotic brush regime for the dendrimer, in which the electrostatic interactions are strongly screened,
dominated to cause swelling of the dendrimer structure. Ting et al. studied hole formation and rupture of
amembrane caused by the insertion of a fully charged dendrimer “nanoparticle” using SCFT to rationally
design vectors for gene delivery systems [97]. They simplified the system using the discrete Gaussian
chain model, considering electrostatic interactions with constraints of one reaction coordinate and a
fixed position for the charged dendrimer. Using this simplified model, they considered two different
cases for membrane rupture, a tensionless membrane and a membrane under tension, with the latter case
being motivated by the proton sponge hypothesis for cell membranes. In the tensionless membrane, the
membrane deformed and partially wrapped the dendrimer (Figure 7); no stable pore was formed in the
membrane. For the membrane under tension, pore formation of the membrane was stable if the tension
exceeded a critical value. They also found that higher generations of the dendrimer provided more
stable pore structure in the membrane; this result is consistent with that using coarse-grained simulation
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based on the MARTINI model [99]. Recently, Ting et al. proposed more sophisticated model using
SCFT combined with the string method [100] to calculate the minimum energy path to membrane pore
formation and rupture [98]. The string method automatically determines the reaction coordinate of the
minimum energy path and thus, provides a means by which one may consider the actual nucleation
events for the pore formation induced by the dendrimer.

Figure 7. Volume fraction of head monomers,¢, in cylindrical coordinates (z vs. r) for a

tensionless membrane and a fully protonated G5 dendrimer with charge density of 1.55 nm 3

placed at vertical position zx. Reprinted from [97], Copyright (2011), with permission from

Elsevier.
v\/
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5. Conclusions

The modeling studies discussed here have provided substantial insight into the fundamental
mechanisms of dendrimer-guest interaction in solution. Notably, they have shown that solution
conditions, including solvent pH and counterion distribution, play a key role in binding and must be
carefully incorporated in the model, whether the simulation is being run at the all-atom, coarse-grained,
or mesoscale. In general, when reducing the degrees of freedom to construct multiscale models, great
care must be taken to validate the longer length and time scale approaches against experimental data
and all-atom simulations or first principles quantum mechanical calculations. Based on the examples
discussed here, the outlook is promising for future applications of truly multiscale simulations, that is
calculations where one may readily reduce or increase (by reverse-mapping) the degrees of freedom on

demand, that address the relevant details of dendrimer-guest binding in solution.
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