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Abstract: Due to the relative easy synthesis and commercial availability, nanovectors based on dendrimers and dendrons are among the 

most utilized non-viral vectors for gene transfer. Contextually, recent advances in molecular simulations and computer architectures not 

only allow for accurate predictions of many structural, energetical, and eventual self-assembly features of these nanocarriers per se, but 

are able to yield vital (and perhaps otherwise unattainable) molecular information about the interactions of these nanovectors with their 

nucleic acid cargoes. In the present work, we aim at reviewing our own efforts in the field of multiscale molecular modeling of these in-

teresting materials. In particular, our originally developed computational recipes will be presented, and the link between simulations and 

experiments will be described and discussed in detail. This review is written by computational scientists for experimental scientists, with 

the specific purpose of illustrating the potentiality of these methodologies and the usefulness of multiscale molecular modeling as an 

innovative and complementary tool in their current research. 
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THE PLEASURE OF UNPLEASANTNESS 

With the conclusion of the human genome-sequencing project, 
the medical research community has an unparalleled opportunity to 
understand and cure diseases on a genetic level. However, translat-
ing this genomic information into drug therapies is still a major 
challenge facing researches in the fields – up to the pre-clinical 
stage - as well as pharmaceutical companies for the later stages of 
development. Providing support for the concept that drug modula-
tion of a given target is likely to produce a therapeutic response in 
patients is a key step in this progression from “gene to screen”. The 
main limitations are knowing which gene products are functionally 
involved in the pathology of a disease (target validation) and the 
druggability of the gene products by natural and/or synthetic com-
pounds. 

Recently, gene therapy, which holds enormous potential for 
therapeutic intervention of a broad range of genetic diseases, in-
cluding viral pathologies, gene-related disorders, and cancer, has 
been recognized as an alternative approach to overcome the draw-
backs of “standard” therapies. Gene therapy aims at delivering 
DNA, RNA, or antisense sequences that alter gene expression 
within a specific cell population, thereby manipulating cellular 
processes and responses [1]. Notwithstanding the wide range of 
nucleic acids therapeutics that are currently emerging as powerful, 
new drug entries for the treatment of gene-related diseases and for 
lead validation in the drug discovery process, there are still signifi-
cant obstacles to be overcome before these types of therapeutics can 
be exploited in the clinic [2, 3]. 

Perhaps, foremost among these is the issue of delivery. The in 
vivo use of DNA/siRNA effective against cancer or other genetic 
maladies hinges on the availability of a delivery vehicle that can be 
systematically administered to reach the target cells. Moreover, 
because of sufficient intact, functional genetic material must be 
delivered into cells to reach an effective intracellular concentration, 
and to limit potential side effects due to a randomized, general 
transfection of normal, non-target tissues, it is also crucial to de-
velop means of directing such a delivery vehicle specifically to the 
target cells [4, 5]. 

Injected nanoscale drug delivery systems, or nanovectors, are 
ideal candidates to provide breakthrough solutions to the  
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time-honored problem of optimizing therapeutic index for a treat-
ment. Even modest amounts of progress towards this goal have 
historically engendered substantial benefits across multiple fields of 
medicine, with the translatability from, for example, a subfield of 
oncology to a field as distant as the treatment of infectious diseases 
being granted by the fact that the progresses had a single common 
denominator in the underlying technological platform [2, 4, 6, 7]. 

Synthetic nanovector systems have much to offer in this re-
spect. They can be structurally varied, are relatively safe to pro-
duce, and are able to carry large and diverse genetic material into 
cells. Accordingly, studying their biological and physico-chemical 
properties by structural modification represents an exciting chal-
lenge for chemists as this approach constantly provides new and 
valuable information for the design of more complex and efficient 
systems [8]. 

However, any synthetic agent to deliver genetic material spe-
cifically will be exposed to biological mechanisms that unavoidably 
limit its trafficking both outside and inside the cells. In summary, 
an ideal synthetic vector should tightly compact the foreign nucleic 
acid, transport it through cellular membranes while ensuring its 
protection from degradation and allow its recognition and activation 
by the cell machinery. Of course, the synthesis of a magic bullet
affording all these skills together remains idealistic; nevertheless, 
many synthetic vectors have been active enough to justify concen-
trated research efforts and sometimes, even commercialization. 
More specifically, nanoparticles based on linear, branched, hyper-
branched and dendrimeric polymers constitute an attractive variety 
of synthetic vectors for cell transfection today see Fig. (1). 

Dendrimers and dendrons are polymeric vectors made of 
monomers that emanate radially from a central core [10]. The size 
of these branched structures is typically of the order of 1-10 nm, but 
this size can be fine-tuned by varying the dendrimer generation 
number. In addition to their size, their architecture and chemical 
constitution (e.g., end groups) can be precisely controlled, a direct 
function of the step-by-step synthesis involved in dendrimer fabri-
cation [10, 11]. The resulting vehicle is an attractive platform for 
drug delivery, in light of the presence of a central cavity and chan-
nels between dendrons wherein drugs can be entrapped [12]. In 
addition to drug loading within this void spaces, drug can be grafted 
onto tailorable functional groups [13]. This affords the possibility 
of incorporating not only multiple and different drug molecules 
within the same dendrimer, but also multiple targeting ligands as 
well [14]. 
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Fig. (1). Three-dimensional model of spherical micellar nanovectors for 

drug delivery. Adapted from [9], with permission of the RSC. 

THE NANOTECHNOLOGY CHALLENGE 

We could define nanomedicines as delivery systems in the 
nanometer size range (preferably 1 to 100 nm) [15] containing en-
capsulated, dispersed, adsorbed or conjugated drugs and/or imaging 
agents. Further, when considering nanocarriers, these systems 
should possess multiple desirable attributes [16]. First, nanoscale 
drug delivery systems must have the ability to improve the pharma-
cokinetics and increase the biodistribution of therapeutic agents to 
target organs, which results in improved efficacy. Second, they 
should exhibit a preferential accumulation at target sites and lower 
concentration in healthy tissues, so that the cargo drug toxicity is 
reduced. Third, nanocarriers must have the desirable advantage in 
improving solubility of hydrophobic compounds in the aqueous 
medium to render them suitable for parenteral administration. 
Fourth, delivery systems must exert a stabilizing effect on a wide 
variety of therapeutic agents such as small hydrophobic molecules, 
peptides, and oligonucleotides. 

Nanoparticles (NPs) are man-made small objects, with a 
nanometer characteristic size, that are injected at the systemic level 
(intravascularly) to execute specific diagnostic and/or therapeutic 
missions at the biological target site. This could be a tumor mass, 
an inflamed portion of the vasculature, or any district within the 
human body where abnormal cells are proliferating. Before reach-
ing the target site, the blood-born NPs must make their way into the 
circulatory system passing a multitude of barriers that simply tend 
to sequester, digest and/or expel any foreign object, as the NPs. 
Additional impediments are of the biological barrier type, which 
include the reticular endothelial system (RES), constituted by 
phagocytes, specialized cells lining the liver, spleen, bone marrow, 
and lymphatic tissues, which recognize external molecules and 
remove them from the circulation. Moreover, it is important to note 
that the type and severity of the barrier is disease and patient spe-
cific. 

However, success in targeting is not just about performance at 
the target site. There will be for instance loss of drug from the car-
rier by anticipated release or degradation, loss of the cargo/carrier 
complex through uptake into non-target sites, or reduced thermody-
namic activity of the active principle once it is sequestered by pro-
teins. The system may fail to reach the target in sufficient quantity, 
and payload release rate and the rate of diffusion of the free drug 
may be suboptimal to achieve therapeutic effects. It is one thing for 
a nanocarrier to reach a target tissue but another for its active cargo 

to be still bound to its vector and not lost en route or, conversely, 
bound too tightly that it is not released at the site of action. Recircu-
lation of systems clearly provides further opportunity to engage 
with the target, but also prolongs the lifetime of the carrier in the 
circulation and, with most systems presently available, this in-
creases the chances of drug leakage and premature drug loss if re-
lease is time-dependent, rather than triggered by some mechanism 
(e.g., pH variation or enzymatic reaction) close to the target. 

With such a complex biological scenario, and with the multi-
tude of possibilities chemists have at hand, devising new, efficient 
and safe nanovectors based only on empirical or semi-rational de-
sign has become a tantalizing task. Thus, accurate predictive 
mathematical or molecular models are fundamental in identifying 
those properties that can maximize all the structural and physico-
chemical properties required to an ideal nanocarrier. 

(MULTISCALE) MOLECULAR MODELING TO THE RES-

CUE! 

Molecular modeling and engineering is indeed entering a new 
era, characterized by an unprecedented control over chemical reac-
tions, as well as product molecular architecture, conformations and 
morphology. It is entering an era of molecular processing and 
manufacturing in which single-molecule experiments are becoming 
routine and complex miniature processes are beginning to be com-
mercialized for a number of different applications. These experi-
ments and processes not only benefit from modeling but, in some 
cases, must be interpreted or implemented through concerted multi-
level molecular modeling efforts. 

Indeed, molecular modeling of biophysical phenomena at dif-
ferent length and time scales is crucial for identifying the main 
parameters governing the space-temporal evolution of the system 
under investigation, for elucidating the role and quantifying their 
effects and, most importantly, for predicting the evolution of the 
system prior to running extensive and expensive experiments. Mul-
tiscale molecular modeling can indeed be used to design rational
experiments and to guide or inspire experimentalists. Given the 
complexity of biology, and the huge biological diversity among 
apparently similar concepts, computer-assisted multiscale molecu-
lar simulations are clearly of fundamental importance for the effec-
tive development of reliable predictive tools to be used in the de-
sign of new agents in personalized medicine. 

The actual computational modeling of biological macromole-
cules, mainly based on molecular dynamics (MD) simulations, 
commonly revolves around structure representations in atomic or 
near-atomic detail, with a classical description of physical interac-
tions. Such models have been quite successful in complementing 
experimental data with structural, dynamic, and energetic informa-
tion, but involve substantial computational resources for larger 
systems, or when long time scales have to be considered. In particu-
lar, structure-activity calculation applications, the formation and 
interaction of supramolecular assemblies, and the prediction of 
kinetic and transport phenomena will necessarily involve extremely 
extensive computational resources when using models at atomic 
details, if they are feasible at all. 

Thus, we are also in the need of developing some computa-
tional strategy to link the atomic length and time scales of MD to 
the macroscopic length and time scales (nanometers to micrometers 
and nanoseconds to microseconds) of the so-called mesoscale
phase. Only by establishing this connection from nanoscale to 
mesoscale it is possible to build first principles methods for describ-
ing the properties of new materials and systems for biomedical and 
life science applications, of which RNA/DNA delivery systems are 
prototypical examples. 

However, there are significant challenges in using theory to ac-
curately predict properties for nanoscale materials, especially when 
(bio)macromolecules are involved. Indeed, despite the tremendous 
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advances achieved in molecular modeling and simulation tech-
niques, there remains a remarkable uncertainty about how to predict 
many critical properties related to material final performance. The 
main problem lies in the fact that most of these properties depend 
on the interactions and chemistry taking place at the atomic level, 
involving electronic and atomic descriptions at the level of nanome-
ters in the length scale, and picoseconds in the timescale. Con-
versely, the pharmaceutical technology designer needs answers 
from microscopic modeling of components having scales of the 
order of tens/hundreds of nanometers, and of phenomena taking 
place in a time range of milliseconds or much larger. Thus, to 
achieve a dramatic advancement in the skill of designing innova-
tive, highly-performing materials, it is mandatory that we link the 
atomistic to the microscopic modeling [9, 17]. 

Molecular modeling and simulation combine methods that 
cover a range of size scales in order to study material systems. All 
together, quantum mechanics (QM), molecular mechanics (MM), 
molecular dynamics (MD) and Monte Carlo (MC) methods, and 
mesoscale (MS) techniques cover many decades of both length and 
time scale, and can be applied to arbitrary materials: solids, liquids, 
interfaces, self-assembling fluids, gas phase molecules and liquid 
crystals, to name but a few [17]. There are a number of factors, 
however, which need to be taken care of to ensure that these meth-
ods can be applied routinely and successfully. First and foremost of 
course are the validity and usability of each method on its own, 
followed by their interoperability in a common and efficient user 
environment. Of equal importance is the integration of the simula-
tion methods with experiment. Different-scale simulation can be 
defined as the enabling technology of science and engineering that 
links phenomena, models, and information between various scales 
of complex systems. The idea of many-scale modeling is straight-
forward: one computes information at a smaller (finer) scale and 
passes it to a model at a larger (coarser) scale by leaving out (i.e., 
coarse-graining) degrees of freedom The ultimate goal of many-
scale modeling is then to predict the macroscopic behavior of a 
chemico-physical process from first principles, i.e., starting from 
the quantum scale and passing information into molecular scales 
and eventually to process scales. The MD level allows predicting 
the structures and properties for systems much larger in terms of 
number of atoms than for QM, allowing direct simulations for the 
properties of many interesting systems. This leads to many relevant 
and useful results in materials design; however, many critical prob-
lems in this field still require time and length scales far too large for 

practical MD. Hence, the need to model the system at the mesoscale 
(a scale between the atomistic and the macroscopic) using informa-
tion retrieved at the atomistic (lower) scale. 

This linking through the mesoscale in which the microstructure 
can be described over a length scale of tens to hundred nanometers 
is probably the greatest challenge to develop reliable first principles 
method for practical material design applications. The problem here 
is that the methods of coarsening the description from atomistic to 
mesoscale is not as obvious as it is going from electrons to atoms. 
For example, the strategy for polymers seems quite different from 
that applicable to metals, which in turn differs from those employed 
in the case of ceramics or semiconductors. In other words, the 
coarsening from QM to MD relies on basic principles and can be 
easily generalized in a method and in a procedure, while the coars-
ening at higher scales is more system specific for polymer materials 
due to the larger range of length and time scales that characterize 
macromolecules. 

Scale integration in specific contexts in the field of 
(bio)macromolecular modeling can be done in different ways. Any 
recipe for passing information from one scale to another (upper) 
scale is based on the proper definition of many-scale modeling 
which considers objects that are relevant at that particular scale, 
disregards all degrees of freedom of smaller scales, and summarizes 
those degrees of freedom by some representative parameters see 
Fig. (2). 

As mentioned above, mesoscopic simulations are performed us-
ing a coarse-grained molecular model: the particle in a mesoscopic 
simulation is related to a group of several atoms in the correspond-
ing atomistic simulation. Dissipative Particle Dynamics (DPD) [18] 
is one of the best established mesoscopic simulation techniques, 
according to which a set of particles moves following Newton’s 
equation of motion, and interacts dissipatively through simplified 
force laws. In the DPD model, individual atoms or molecules are 
not represented directly by the particle, but they are coarse-grained 
into beads see Fig. (3). These beads represent local fluid packages
able to move independently. DPD thus offers an approach that can 
be used for modeling physical phenomena occurring at larger time 
and spatial scales than some other coarse-grained methods as it 
utilizes a momentum-conserving thermostat and soft repulsive in-
teractions between the beads representing clusters of at-
oms/molecules. 

Fig. (2). Our multiscale molecular modeling concept: the information obtained from simulations at a given (lower) characteristic length and time scales is used 

as an input for the next (upper) scale simulations. 
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Fig. (3). The coarse-graining concept. Atomistic (left) and coarse-grained 

DPD (right) representation of a modified dendron as an example. 

Specifically, the multiscale modeling strategy developed by our 
group is based on the systematic elimination of computationally 
expensive degrees of freedom while retaining implicitly their influ-
ence on the remaining degrees freedom in the mesoscopic model. 
At the coarse-grained (mesoscopic) level, we employed the corre-
sponding most accurate and effective methods/simulation tech-
niques available to investigate physical properties of each system at 
that level. Accordingly, using the information obtained from ato-
mistic MD simulations we parameterized the coarse-grained (e.g., 
DPD) models that incorporate all essential physics/phenomena 
observed at the finer level. The outline of the general strategy of our 
multiscale modeling approach [17] is as follows: 

 (1) Extensive explicit solvent atomistic MD calculations (AES-
MD) on model compounds and their assembly are carried out. 
These simulations provide us with dynamic properties/energies that 
help us to identify important interactions/correlations among the 
nanocarriers and their cargoes which are to be used per se and/or 
exploited to parameterize the next scale (mesoscale) simulation 
models. 

 (2) Using conformational and structural properties obtained 
from MD simulations at point (1) we parameterize the DPD model 
in which each nanocarrier and nucleic acid segment are represented 
as single force centers (beads) and solvent is treated explicitly in the 
presence of ions and counterions. Langevin dynamics are then con-
ducted using the DPD representation of the system. These simula-
tions are about orders of magnitude computationally less expensive 
than simulations with the AES-MD model, therefore allowing us to 
simulate more realistic systems and to significantly extend the ac-
cessible time scales. Most importantly, these type of simulations 
yield topical information of the morphology of the systems under 
investigation in a length scale (L) range of 1   L   1000 nm; con-
temporarily, the time scale can be extended up to seconds, that is, 
where most of the critical energetical and structural phenomena 
involved in several aspects of the performance of these systems 
take place. 

 (3) Eventually, the equilibrium configurations of the 
mesoscopic systems obtained at point (3) can be mapped back to 
the corresponding AES-MD models, and then AES-MD simulations 
can be used again to obtain more accurate structural/energetical 
information of the corresponding supramolecular systems (e.g., the 
case of self-assembled nanovectors, vide infra).

Under the multiscale molecular modeling perspective outlined 
above, the current ambitious aim of our research group is to reach 
the domain of nucleic acid delivery system engineering by building 
from fundamental principles of physics and chemistry. Hence, for 
fundamental predictions to play a direct role in these materials in-
novation and design, it is mandatory to bridge the micro-macro gap, 
thus establishing a tight and direct coupling between in silico and in 
vitro/in vivo experiments. 

We are nowadays facing a scenario where modeling for qualita-
tive understanding of physicochemical mechanisms is not sufficient 
for designing future generations of more powerful, reliable nanode-

livery devices; instead, fully predictive modeling capabilities are 
required. We are among those that firmly believe molecular multis-
cale modeling can provide a validated technology to tackle such 
problems on a rational basis. 

DO YOU FEEL THE FORCE? (OR COMPUTATIONAL AS-
PECTS OF DNA/RNA BINDING BY DENDRIMER-BASED 

NANOVECTORS) 

One of the key questions that troubles the mind of every chem-
ist contemplating his/her newly designed or synthesized nanovector 
for gene therapy undoubtedly is: “Will it interact with and, possi-
bly, bind DNA/RNA?” Indeed, the ability of the nanocarrier to 
generate a stable complex with its nucleic acid payload is the back-
ground postulate for its usefulness. This question finds its experi-
mental answer through the use of many disparate techniques, rang-
ing from the standard Ethidium Bromide (EthBr) displacement 
fluorescence spectroscopy assay to the more sophisticated and 
quantitative isothermal titration calorimetry (ITC) or differential 
scanning calorimetry (DSC). Multiscale molecular simulations, 
however, not only can yield an answer to this important query, but 
may offer a reliable molecular rationale to explain the generation, 
structural, ionic strength, and other chemico-physical properties and 
mechanisms determining the dependence of the affinity of a given 
dendrimer/dendron carrier to its nucleic acid cargo, as explained in 
the examples discussed below. 

What a Difference a Core Makes (Or The Role of Nanocarrier 

Molecular Flexibility in DNA/RNA Binding) 

The unique chemistry of dendrimers allows for the controlled 
degradation through depolymerization or other techniques (e.g., UV 
irradiation) which may, in turn result in controlled drug release 
profiles at the site of action. A brilliant practical example of this 
assertion is the discovery that the DNA transfection efficiency of 
partially degraded and structurally fractured polyamidoamine 
(PAMAM) dendrimers is approximately 2 orders of magnitude 
higher than that of non-degraded molecules [19]. This was origi-
nally ascribed to the fact that the presence of defective, shorter 
branches in the dendrimeric structure results in a less jammed inte-
rior molecular organization and a smaller amount of branch 
backfolding. These properties then endow partially degraded den-
drimers with an overall more flexible and open structure compared 
to their intact counterparts, and hence more accessible for interac-
tion with DNA and RNA via both electrostatic interactions and 
mutual structural adaptation in space. In addition, a more open and 
flexible structure could favor a more extensive hydration of the 
nanovector interior, ultimately increasing the availability of the 
inner amines for protonation. This, in turn, may result in an en-
hanced buffering capacity via the so-called proton sponge effect
[20], finally leading to a more efficient nucleic acid release and, 
likely, a better transfection efficiency. 

Obtaining degraded/fractured dendrimers with precisely repro-
ducible structures is a time-consuming, painstaking practice, result-
ing in an unsatisfactory, uneconomical, and manpower-wasting 
process. Elicited by this strong motivation, Peng et al. decided to 
pursue the goal of achieving the same results of superior gene de-
livery performance from a different perspective: inducing enhanced 
flexibility in genuine (i.e., non-degraded) PAMAM dendrimers by 
acting at their very core. Thus, they conceived and synthesized up 
to generation 7 (G7) PAMAM dendrimers featuring a triethanola-
mine (TEA) moiety as the dendrimer core [21]. The idea underlying 
this semi-rational design was that, with TEA as the dendrimer focal 
point, the branching units would start at a distance of 10 successive 
bonds away from the central amine whilst, in the case of prototypi-
cal NH3-core based PAMAMs, the branches sprout immediately at 
the central N-atom of the ammonia core see Fig. (4).



5066    Current Medicinal Chemistry,  2012 Vol. 19, No. 29 Posocco et al. 

Fig. (4). Chemical structures of the TEA-core (left) and NH3-core (right) 

PAMAM dendrimers. For clarity, dendrimers of the first generation (G1) are 

shown. Color code: carbon, light gray; nitrogen, medium gray; oxygen, dark 

gray; hydrogen, white. 

According to this vision, TEA-core PAMAMs should feature a 
much more extended and flexible core, and this characteristic 
should then propagate to the entire molecule, in harmony with the 
concept that in dendrimers, as a molecular parallelism with higher 
organisms, beginning with a specific core molecular details are 
sequentially transcribed and stored to produce interior and ulti-
mately exterior features which are characteristic of that core-based 
dendrimer family [22]. In other words, TEA-core based dendrimers 
were expected to have branching units less densely packed and their 
terminal groups more readily available to interact with DNA/RNA 
than the NH3-core molecular counterparts. 

Pleasingly, these authors did verify that TEA-core PAMAMs 
effectively interact with DNA/RNA and efficiently deliver small 
interference RNAs (siRNAs), and particularly plasmid DNA even 
in vivo [21, 23]. Notwithstanding, they were still wondering 
whether the excellent performance of their nanovectors was indeed 
ascribable (at least in part) to their actual enhanced structural flexi-
bility. Thus, together we embarked in a multiscale modeling study
to yield a rationale for their experimental observations [23]. 

At first, using atomistic molecular simulations in explicit sol-
vent (AES-MD), at physiological ionic strength (0.15 M) and pH 
(7.4) conditions, we studied and compared the interaction of gen-
erations 4, 5, and 6 (G4-G6) of TEA-core and NH3-core dendrimers 
with DNA. Indeed, the structural diversity induced by the presence 
of TEA with respect to NH3 as cores in PAMAM dendrimers 
clearly emerged from the respective MD simulations. Taking G5 as 
a proof-of-concept (the same considerations holding for all genera-
tions considered), we could unequivocally determine that the TEA-
core based PAMAMs are characterized by a more open and flexible 
conformation featuring voids within its interior while the NH3-core 
PAMAMs behave more rigidly, with a more homogeneous distribu-
tion of the monomer units and small spaces throughout the entire 
molecule (see top panels in Fig. (5)). Additional insightful struc-
tural information on the effect of structural modification on these 
two dendrimer series stem from MD simulations of their DNA 
binding (middle panels, Fig. (5)). Indeed, the conformation of the 
TEA-core dendrimers is such that the outer branches can readily 
move towards the phosphate backbone of DNA during complex 
formation, and the surface amino groups can arrange themselves via 
induced-fit for optimal binding with the nucleic acid. In contrast, 
the more rigid and compact structure of the alternative PAMAM 
molecule prevents it from undergoing a significant conformational 
rearrangement required by induced-fit; as a consequence, less 
amine groups are available to self-orient for best DNA binding. 

A quantitative evidence of the difference in structural flexibility 
between these two dendrimer series came from the analysis of the 
radial density function  (r). The bottom panels of Fig. (5) show the 
spatial distribution of the terminal nitrogen atoms of TEA- and 
NH3-core dendrimers, both alone and in complex with a short frag-

ment of DNA. From these curves we evince that some backfolding 
of the terminal amine groups is present in both isolated dendrimers 
in solution. However, by virtue of its larger core, greater flexibility, 
and hence higher mobility of its outer arms, the location of maxi-
mum terminal group density in the case of the TEA-core dendrimer 
G5 is shifted towards the molecular periphery with respect to the 
same generation of the NH3-core dendrimer (compare the broken-
line curves in the bottom panels of Fig. (5)). Upon binding to DNA, 
the differences in the radial density distributions become even more 
evident, with the density profiles of the primary nitrogen atoms 
stretching further out towards the periphery in the case of the TEA-
core dendrimer G5 due to the electrostatic attraction of the DNA 
phosphate negative groups. In other words, the charged end-groups 
of the G5 TEA-core PAMAM dendrimer are able to reposition 
themselves for optimal binding with the nucleic acid more effi-
ciently than those of the NH3-core G5 molecule. 

Fig. (5). Top panels: equilibrium MD snapshots of G5 TEA-core (left) and 

NH3-core (right) PAMAM dendrimers. The dendrimers are portrayed in mid 

gray sticks, with the terminal primary amine groups highlighted as light gray 

sticks-and-balls. Some chlorine (Cl-) and sodium (Na+) counterions are 

shown as dark gray and gray spheres, respectively. Water is not shown for 

clarity. Middle panels: Equilibrium MD snapshots of the G5 TEA-core (left) 

and NH3-core (right) PAMAM dendrimers in complex with a fragment of 

double-stranded DNA. In this case, the dendrimer molecules are encased in 

their van der Waals surfaces, while the DNA is depicted as a white ribbon. 

Bottom panels: radial density distribution  (r) of the dendrimer terminal 

nitrogen atoms in G5 TEA-core (left) and NH3-core (right) PAMAM den-

drimers alone (thin broken lines) and in the complex with DNA (continuous 

lines). The corresponding distributions of the DNA phosphorus atoms in 

each DNA/dendrimer complex are shown as thick broken lines. Bottom 

panels redrawn from [23], with permission of the ACS. 

This assertion is supported by the density distribution of the 
phosphorus atoms in DNA in the corresponding TEA-core 
G5/DNA complex, showing a good penetration of the DNA frag-
ment within the G5 outer shell. On the other hand, the more com-
pact conformation, higher level of backfolding, and intrinsically 
higher rigidity of the NH3-core PAMAM G5 result in a lower den-
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sity of terminal amines on the molecular surface, ultimately pre-
venting this molecule from undergoing the substantial conforma-
tional readjustment required for optimal DNA binding. This is fur-
ther confirmed by the corresponding DNA phosphorus density dis-
tribution curve, which shows only a partial penetration of the nu-
cleic acid within the molecular structure of the dendrimer with an 
ammonia core (compare the continuous-line curves in the bottom 
panels of Fig. (5)). 

Perhaps most importantly, these marked differences in overall 
molecular architecture reflect in a manifestly different affinity of 
these two different PAMAM-based molecules towards DNA or 
RNA [24]. This can be easily understood looking at (Table 1), in 
which the free energy of binding ( Gbind) between each dendrimer 
generation and a short fragment of double-stranded (ds) RNA is 
listed, together with its major components (i.e., the enthalpic con-
tribution  Hbind, and the entropic term –T Sbind, see Supplementary 
Material for a detailed explanation). 

As can be seen in (Table 1), the free energy !Gbind is negative 
for all systems considered, indicating that, at pH = 7.4 and in the 
presence of 0.15 M NaCl, the association of the nanovectors with 
their nucleic acid payloads is a thermodynamically favorable and 
spontaneous process. However, for each dendrimer generation the 
TEA-core PAMAMs show a superior affinity for the ds-RNA se-
quence (i.e.,  Gbind more negative) with respect to their NH3-core 
counterparts. As somewhat expected, the thermodynamic quantity 
governing the binding process in both cases is the enthalpy varia-
tion, which is also large and negative, and, hence, favors the bind-
ing between the nucleic acid and its vector. On the other hand, the 
entropy variations always afford an unfavorable contribution to 
binding. Actually, this is an anticipated result, as both molecules 
lose degrees of freedom upon complex formation with respect to 
their isolated states in solution. 

The last three columns in (Table 1) show the values of  Gbind,
 Hbind and –T Sbind normalized by the number of charges N present 
on each molecule at pH = 7.4 [24]. This normalization procedure is 
necessary in order to compare the affinity of the different dendrimer 
generations towards the ds-RNA. Considering these normalized 
values, from (Table 1) we not only understand that the affinity of 
the TEA-core PAMAMs for the nucleic acid is still ranked higher 
than that of the NH3-core PAMAMs at all generations but, in both 
cases, there is a notable increase in binding strength in passing from 
generation 4 to generation 5, substantially ascribable to an en-
hanced favorable enthalpic component. This aspect may account for 
the better binding and, hence, better properties as nanocarriers of 
the higher dendrimer generations, in accordance with the experi-
mental evidences. 

At the same time, the entropy contributions are seen to be lower 
(i.e., less unfavorable) in the case of TEA-core molecules. This 
lower value of –T Sbind can once again be connected to a greater 
conformational change of the dendrimer (allowed by its high flexi-
bility due to the large core) in order to enwrap the ds-RNA, fol-
lowed by an enhanced productive bending of the nucleic acid for all 
generations in this dendrimer family. 

Thus, atomistic molecular simulations in an explicit solvent and 
in the presence of the appropriate ionic strength and pH conditions 
were able not only to answer “yes, it binds DNA/RNA!” but also to 
offer a molecular-based reason to support the validity of the semi-
rational design based on the postulated “larger core = greater flexi-
bility = better nucleic acid binding” hypothesis. 

Sweet and Sour (Or Effect of pH in Binding the Nucleic Acids) 

A plethora of experimental studies of nucleic acids involving 
dendrimers as carriers established that high (G4 and up) generation 
molecules are good candidates for gene delivery purposes since, 
beyond their capacity to tightly grab and compact DNA/RNA, due 
to their moderate size they behave as soft deformable particles 
rather than compact, hard spheres, thus offering a better control 
upon the response of their conformational properties to changes in 
the local environment [25]. 

This concept can be unequivocally confirmed resorting again to 

AES-MD simulations, and in particular by analyzing the behavior 

of the dendrimer radius of gyration Rg at different values of the 

solution pH [24]. It is important to recall here the mean-square 

radius of gyration Rg can be defined as Rg = (1/MW)     mi ri R
i = 1

N 2

,

where R is the center of mass of the dendrimer, ri and mi are the 

position and mass of the i
th

 atom, and Mw refers in this case to the 

total mass of the dendrimer. In other words, the value of Rg repre-

sents the average spatial distribution of all dendrimer atoms from a 

given point in space which, according to the above equation, coin-
cides with the dendrimer center of mass. 

Let us then consider the Rg curves shown in the left panel of 
Fig. (6) for G4-G6 TEA-core and NH3-core PAMAMs in complex 
with a 19 base-pairs (bps) ds-RNA, and focus on G4 as a proof-of-
concept: when the pH value drops below 7.4, an appreciable in-
crease in the dendrimer average radius of gyration can be unmis-
takably observed. If we then expand the pH range to two (physio-
logically irrelevant but chemically interesting) extreme values of 
the acidity scale, i.e. 12 and 4, the estimated Rg overall increase on 
going from pH = 12 to pH = 4 amounts to nearly 30%. This ten-
dency to swelling is exhibited by all dendrimer generations of both 

Table 1. Values of the Free Energy of Binding  Gbind and its Principal Components Involved in G4-G6 TEA-Core and NH3-Core PAMAMs Bind-

ing to RNA at pH 7.4. The Last Three Columns Show the Same Values Normalized by the Total Number of Dendrimer Charged Amine 

Groups N at pH 7.4. All Values are in kcal/mol. Adapted from [24], With Permission of John Wiley & Son 

TEA-Core PAMAMs 

G  Hbind -T Sbind  Gbind  Hbind/N -T Sbind/N  Gbind/N

4 -432 ± 11 99 ± 10 -333 ± 15 -9.82 2.25 -7.57 

5 -788 ± 13 133 ± 11 -655 ± 17 -17.9 3.02 -14.9 

6 -902 ± 13 156 ± 10 -746 ± 16 -20.5 3.55 -17.0 

NH3-core PAMAMs 

G  Hbind -T Sbind  Gbind  Hbind/N -T Sbind/N  Gbind/N

4 -353 ± 16 152 ± 12 -201 ± 20 -8.02 3.45 -4.57 

5 -702 ± 14 195 ± 10 -507 ± 17 -16.0 4.43 -11.5 

6 -829 ± 13 210 ± 10 -619 ± 16 -18.8 4.77 -14.1 
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PAMAM series, as somewhat expected. Yet, each dendrimer inher-
ent chemical and structural characteristics (e.g., number of proto-
nable amines, flexibility, …) ultimately reflect in different macro-
scopic properties: for instance, the more flexible and open-structure 
TEA-core PAMAMs are more prone to swelling at lower pH than 
their corresponding NH3-core counterparts. 

As anticipated above, the systematic behavior exhibited by G4 
in the entire range of pH is observed also for the successive genera-
tions, although the degree of swelling is less pronounced moving to 
higher generations (G5 and G6), due to the unavoidable, progres-
sively increased intricacy of the dendrimer interior. Importantly, 
however, the structural characteristics propagated by different cores 
throughout the entire dendrimeric scaffolds endow the molecules 
with different swelling capacities. Thus, the TEA-core PAMAMs 
characterized by the presence of an enlarged core and a more open 
conformation with void spaces is more inclined to swelling at pH < 
7.4 than the more rigid and dense NH3-core series. 

From a structure-activity relationship (SAR) standpoint, the en-
hanced swelling capacities of the TEA-core dendrimers at low pH 
values may result in a higher buffering capacity which, in turn, can 
be beneficial to endosomal escape of the nucleic acid cargo via the 
proton sponge effect [20]. At the cellular level, in fact, inadequate 
cytosolic access is one major challenge that must be overcome if 
nanovector/DNA(RNA) systems are to become effective in vivo
therapeutics. The increased swelling and, possibly, the increased 
proton sponge effect of more flexible and open structure dendrimers 
such as the TEA-core PAMAMs undoubtedly concur to enhance the 
capacity of these nanovectors and their cargoes to enter the en-
dosome, adsorb protons, swell and cause an influx of negative (e.g., 
Cl

-
) counterions which, in turn, creates an osmotic effect ultimately 

leading to water uptake. This escalation of events are purported to 
cause endosome membrane destabilization and rupture, with subse-
quent release of the nanodelivery complex in the cellular cytosol. 
Thus, should the proton sponge effect be the operative mechanism 
underlying endosome escape of the nanovector and release of it 
payload, then flexibility, softness, and conformational freedom are 
all key molecular parameters in a dendrimer-based nanocarrier. 

The Yin and Yang of a Dendrimer Core (Or Analysis of the 

Proton Sponge Effect) 

For deeper insight on how the conformational rearrangements 
triggered by changes in pH affect the complexation characteristics 
between a given dendrimer-based nanovector and its nucleic acid 
cargo, we monitored the density distribution of a ds-RNA fragment 
with respect to the center of mass of its dendrimer vector in the 
corresponding TEA-core and NH3-core dendrimer complexes, as 
shown in Fig. (7). 

A cursory glance at Fig. (7) immediately reveals that as the pH 
level drops, the RNA density distribution become broader and 
progressively shifts towards the dendrimer interior. Interestingly, 
for the NH3-core PAMAM G4, at both physiologically relevant pH 
values 7.4 and 5.6 – but particularly at pH 7.4 - the ds-RNA seems 
to be able to penetrate somewhat deeper within the dendrimeric 
branches than in the case of its TEA-core counterpart. At the lowest 
pH value, no sensible differences can be discerned in the RNA 
density profiles but, for the poorly protonated or the fully unproto-
nated states, a reverse situation can be envisaged, in which the RNA 
is kept closer to the dendrimer surface in the case of the TEA-core 
PAMAM with respect to the NH3-core case. 

The main features of the distributions corresponding to the two 
examined dendrimer topologies share common characteristics. This 
is also reflected in the behavior of the average distance of the cen-
ters of mass between the RNA cargo and its dendritic nanovector in 
each complex, as is illustrated in Fig. (8) for the TEA- and NH3-
core G4 PAMAMs as an example. 

From very low values of the pH up to 7.4, the center of mass of 
the ds-RNA approaches that of the dendrimers at distances near to, 
or even closer than, the radius of gyration of the nanocarrier. In this 
respect, the protonation state being equal, the two systems bearing 
different cores behave in a similar manner within the simulation 
error margins. Importantly, higher generation molecules follow an 
utterly analogous trend for these structural features as a function of 
the environmental pH. 

Although no conclusions regarding the association mechanisms 
between these two families of dendritic nanovectors and their 
RNA/DNA payloads can be drawn at this stage, it appears that a 
threshold level of protonation does exist (i.e., 7.4) below which the 
average separation between the two molecular entities i) is unaf-
fected by the differences in dendritic topology and ii) remains close 
to the dendrimer radius of gyration Rg.

This in silico discovery may have profound implications in the 
rational design of dendrimer-based nanovectors in gene therapy. 
Indeed, if on one side concerted evidences point to great molecular 
flexibility and a substantial presence of voids and cavities within 
the nanocarrier structure as key parameters for fostering delivery 
and transfection activity via enhanced swelling and, hence, proton 
sponge effect (or similar mechanisms), on the other side the same 
molecular characteristics concomitantly augment the affinity of the 
nanovectors for their nucleic acid cargoes - particularly at lisosomal 
pH value – which may ultimately result in a less efficient in-cell 
payload delivery and, ultimately, reduced therapeutic activity. 

The above evidences, discussions and reasoning are further 
supported by quantitative estimations of the “intensity” of binding 
( Gbind) between the nucleic acid and their nanocarriers at 5.6, as 

Fig. (6). (Left) Radius of gyration Rg as a function of the solution pH for G4-G6 TEA-core (open symbols) and NH3-core (filled symbols) PAMAMs in com-

plex with a small fragment of ds-RNA. (Right) Number of water molecules in the G4-G6 TEA-core and NH3-core PAMAM dendrimer interiors as a function 

of the solution pH. Symbol legend: circles, G4; squares, G5, triangles, G6. Error bars are smaller than symbols. From [24], with permission of John Wiley & 

Son. 
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shown in (Table 2), especially if compared to those pertaining to 
pH = 7.4 (compare values in Tables 1 and 2).

Fig. (7). Radial density distribution of the ds-RNA fragment with respect to 

the center of mass of the dendrimer in the corresponding TEA-core (gray) 

and NH3-core (black) G4 dendrimer/RNA complexes. Note that, in the x-

asis, the distance r is corrected for the dendrimer own Rg value; in other 

words, the 0 value of the x-axis indicates a distance corresponding to Rg.

Adapted from [24], with permission of John Wiley & Son. 

First of all, contrarily to what observed at pH = 7.4, at this 
acidic pH the enthalpy of binding  Hbind for both TEA-core and 
NH3-core dendrimer/RNA complexes increases almost linearly with 
increasing dendrimer generation. But, more significantly, the values 
of the normalized free energy of binding are smaller (i.e., less nega-
tive) in this case. This means that, notwithstanding the increased 
number of charges present on the nanovectors at pH = 5.6, the 
augmented swelling and, consequently, the increased dendrimer 
dimensions reflect in a surface charge distribution less effective in 

binding the nucleic acid which, in turn, might be beneficial for the 
subsequent cargo discharge during/after endosomal escape. 

Fig. (8). Average distance between the centers of mass of the G4 dendrimer 

and a ds-RNA segment as a function of the pH in the corresponding com-

plexes. Symbol legend: TEA-core PAMAM, circles; NH3-core PAMAM, 

squares. From [24], with permission of John Wiley & Son. 

Waterworld (Or Influence of Water in DNA/RNA Binding by 

Dendrimer-Based Nanovectors) 

As discussed above, soft colloids and macromolecules with 
flexible structures and void pervading their entire complex molecu-
lar structure are necessarily hydrated not only in their outer shell. 
Indeed, ions and water can penetrate along the tortuous pathways of 
holes and channels of the macromolecular entity, eventually reach-
ing down to the inner core. In harmony with the foregoing discus-
sion of the propensity of dendrimers to swell in water (particularly 
at low pH) and of the role of the conformational and chemico-
physical features of a given dendrimers in the corresponding ability 
to adapt to an environmental change, we can expect more flexible 
dendrimers (e.g., TEA-core PAMAMs) to be more hydrated than 
dendrimers characterized by a more rigid scaffold (e.g., NH3-core 
series). This is indeed the case, as quantified in the right panel of 
Fig. (6): the greater swelling capacity induced by a more flexible 
structure (TEA-core) favors the penetration of a higher amount of 
water molecules within the dendrimer interior, particularly at high 
generations and low pH (both fundamental parameters for efficient 
delivery), the number of intra-dendrimer water molecules growing 
almost linearly with pH and paralleling the trend of the correspond-
ing Rg.

Upon binding of the dendrimer to the nucleic acid, water plays 
even more determining roles. First, it creates a bridge between the 
carrier and the DNA/RNA, by maintaining an hydration layer and 
ensuring the instauration of a hydrogen bond network between the 
carrier and the nucleic acid, critical to their complex formation and 
stability see Fig. (9, top). 

More important, perhaps, is the role of overall solubilization. 
Water and the solution navigating salts must pervade the entire 
system to guarantee uniform hydration and dispersion of the loaded 
nanoparticles, avoiding their aggregation and collapse. Mesoscale 
simulations offer the possibility to predict and study this type of 
behavior; in fact, a typical result of a mesoscale simulation is the 
morphology and the structure of matter at nanoscale level at the 
desired environmental conditions [23]. Let us then consider the 
images portrayed in the middle panels of Fig. (9), where the 
nanoscale morphologies of the DNA/G6 complexes of TEA-core 
and NH3-core dendrimers are compared. As can be seen, in the case 
of the TEA-core the dendrimers are able to complex the DNA 
strands efficiently and homogeneously. On the contrary, for NH3-
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core G6 some chains are less well enwrapped in the systems, and 
DNA bundles are still present at the nanoscopic level. 

The water density maps at the mesoscopic level not only sup-
port the lower-scale (i.e., atomistic MD) results discussed above of 
a higher degree of hydration but also confirm the more uniform 
water molecule distribution within the nucleic acid/TEA-core den-
drimer with respect to the NH3-core PAMAM. 

The Great Zot! 

(Or Electrostatic Interactions in Nucleic Acid Complexation by 

Dendrimers) 

Undoubtedly, the most extensively studied dendrimers for nu-
cleic acid delivery are PAMAM dendrimers, which bear primary 
amines at the dendrimer surface and tertiary amines at the branch-
ing units inside. Positively charged at physiological pH (7.4), these 
primary amines yield a high charge density at the dendrimer  
periphery which, as can be intuitively envisaged based on elemen-
tary chemistry and physics concepts, is the main responsible for 
electrostatic condensation with nucleic acid (vide infra) and binding 
to the cell surface [26, 27]. On the other hand, it has been demon-
strated that, despite the structural similarity between RNA and 
DNA with negatively charged anionic phosphodiester backbones, 
electrostatic interactions of DNA/RNA with a cationic polymeric 
agent bear distinctly different characteristics [28]. On these ac-
counts, we calculated the overall charge distributions of TEA-core 
and NH3-core dendrimers in complex with a nucleic acid fragment 
complexes as a function of the distance from the center of mass of 
the dendritic molecule [24]. 

The left panel of Fig. (10) depicts the aforementioned effective 
charge distributions for the G4 systems at the different pH values 
examined, as an example. Following the changes as the dendrimer 
protonation degree increases (i.e., shifting from a basic to an acidic 
environment), we observe the development of a charge modulation 
pattern. While close to the dendrimer center of mass the overall 
charge fluctuates around zero, an effective positive excess charge 
develops at intermediate distances, followed by a negative effective 
charge located at the dendrimer periphery. Within the statistical 
accuracy, this behavior characterizes all systems of both TEA- and 
NH3-core series. 

The negative excess charge might be related to the presence of 
the nucleic acid polyanion close to the dendrimer surface, since the 

negative area of the profiles shifts toward longer distances from the 
dendrimer center of mass, in line with the expansion of the den-
drimer dimensions upon increasing of its protonation state (see left 
panel in Fig. (6)). This evidence is quite important as it confirms 
that, notwithstanding the fact that the overall effective charge of the 
complex is almost zero (i.e., the negative parts of the curves are 
counterbalanced by its positive parts), the complexes develop a 
persistent polar character. Moreover, the appearance of the polar 
character of the complexes can already be observed at pH values 
close to physiological levels, implying that this mechanism may 
well affect the behavior of such complexes in in vitro and in vivo
experiments conducted under physiological pH conditions. 

Focusing attention on the two pH values of physiological rele-
vance (7.4 and 5.6), in the middle and right panels of Fig. (10) we 
show the charge distribution curves for nucleic acid complexed by 
dendrimers of generation 5 and 6. Importantly, the main feature 
characterizing the charge behavior of the G4/RNA complexes dis-
cussed above — that is the development of areas of excess positive 
and negative charge — is still present in these cases; however, 
significant differences must be highlighted as well. Aside from the 
fact that charge fluctuations within the dendritic structure seem to 
increase with increasing dendrimer generation, as generation grows 
the electrically neutral part of the complex appears to extend at 
distances comparable to the radius of gyration of the dendrimer. In 
other words, for high dendrimer generation assemblies the polar 
area of the complex is mostly located close to the dendrimer surface 
rather than extending well within the dendrimer interior. This might 
be one of the aspects of the complex rationale underlying the en-
hanced DNA/RNA binding and delivery capacity of these bigger 
nanovectors with respect to the smaller counterparts. 

The Dark Side of the Moon (Or Looking at RNA/DNA Com-

plexation from the Nucleic Acid Perspective) 

When considering the development of a new, efficient den-
drimer-based nanovector for gene therapy, it is more customary to 
consider the structural and chemico-physical characteristics of the 
nanovector, and try to optimize them for gene uptake and delivery. 
In the case of small fragments of nucleic acid, and specifically siR-
NAs, however, it might be worth considering the gene side as well, 
and the possibilities this offers in enhancing the interaction of a 
nanocarrier with its own cargo. Indeed, quite recently it has been 
shown that siRNAs with short, complementary An/Tn overhangs 
(with n = 5-8, see left panel in Fig. (11)), aka known as sticky
siRNA, could dramatically improve gene silencing efficiency when 
delivered using the standard poly(ethylene imine) (PEI) as the de-
livery agent [29]. The purported mechanism underlying these great 
performance is that the presence of the complementary An/Tn over-

Table 2. Values of the Free Energy of Binding  Gbind and its Principal Components ( Hbind and –T Sbind) Involved in G4-G6 TEA-Core and NH3-

Core PAMAMs Binding to RNA at pH 5.6. The Last Three Columns Show the Same Values Normalized by the Total Number of Den-

drimer Charged Amine Groups N at pH 5.6. All Values are in kcal/mol. Adapted from [24], With Permission of John Wiley & Son 

TEA-Core PAMAMs 

G  Hbind -T Sbind  Gbind  Hbind/N -T Sbind/N  Gbind/N

4 -507 ± 12 92 ± 9 -415 ± 15 -6.42 1.16 -5.25 

5 -815 ± 11 133 ± 11 -682 ± 16 -10.3 1.68 -8.63 

6 -1299 ± 14 168 ± 10 -1131 ± 17 -16.4 2.13 -14.3 

NH3-core PAMAMs 

G  Hbind -T Sbind  Gbind  Hbind/N -T Sbind/N  Gbind/N

4 -398 ± 12 136 ± 9 -262 ± 15 -5.04 1.72 -3.32 

5 -732 ± 12 158 ± 10 -574 ± 16 -9.27 2.00 -7.27 

6 -1136 ± 15 183 ± 12 -953 ± 19 -14.4 2.32 -12.1 
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Fig. (9). (Top) Equilibrated molecular dynamics snapshot of G4 TEA-
dendrimer in complex with a fragment of ds-DNA, highlighting the water 
molecules at the interface between the nucleic acid and the dendrimer. The 
interfacial water molecules are portrayed in dark-gray (oxygen) and white 
(hydrogen) sticks. All other graphical setting as in Fig. (5). (Middle panels) 
Mesoscale morphologies of the assembled systems between TEA-core den-
drimers G6 and DNA (left) and NH3-core dendrimers G6 and DNA (right). 
The dendrimers are represented as dark and medium dark sticks while the 
DNA is shown as white sticks. Water is portrayed as a light gray field. The 
lower panels highlight the different DNA chains and water molecules distri-
bution within the architectures of the TEA-core (left) and NH3-core (right) 
DNA/G6 nanoscopic assemblies. In this case, water is represented as a 
grayscale density field: according to the scale reported in the lower left 
corners of the panels, low density values are black, while high density val-
ues are white. Middle and bottom panels adapted from [23], with permission 
of the ACS. 

hangs on the siRNA fragment can self-assemble into “gene-like” 
long double-stranded RNA (see right panel of Fig. (11)), and these 

structure ultimately allow for their successful delivery into cells by 
PEI with a process utterly similar to that presiding over plasmid 
DNA delivery. 

Given these premises, since the large-scale synthesis of good 
quality, high generation dendrimers is particularly challenging, we 
reasoned that, resorting to sticky siRNAs, it could be possible to 
achieve the same gene efficiency by exploiting lower generation 
dendrimers as nanovectors. 

Indeed, we verified that TEA-core PAMAM dendrimers of 
generation 5 are able to deliver sticky siRNAs bearing complemen-
tary A5(7)/T5(7) 3’overhangs efficiently to a prostate cancer model 
both in vitro and, most notably, in vivo, and produce potent gene 
silencing of the heat shock protein 27, leading to a notable antican-
cer effect [30]. 

We further checked whether, in addition to the hypothesized 
formation of gene-like longer double strand RNA molecules, the 
two complementary An/Tn (n = 5 or 7) overhangs of the sticky siR-
NAs might also behave as a sort of protruding molecular arms, 
allowing the siRNA molecule to enwrap the spherical, low genera-
tion dendrimers with higher binding affinity compared with a con-
ventional siRNA which has two short T2/T2 overhangs. Therefore, 
we studied the complex formation of G5 with different siRNA 
molecules (conventional siRNA with T2/T2 overhangs, and sticky 
siRNAs with either A5/T5 or A7/T7 overhangs) by atomistic MD 
techniques see Fig. (12). The structural differences between these 
complexes are blindingly obvious: both longer overhangs (A5/T5

and A7/T7) significantly enhance binding of the sticky siRNAs to 
the G5 dendrimer by forming more compact complexes. In both 
these cases (middle and right panels in Fig. (12)), not only the un-
matched nucleotide sequences act as anchoring points for the 
siRNA onto the dendrimer surface, but also the double-stranded 
portion of the siRNA better adapts its overall conformation for a 
more efficient nucleic acid/nanovector interaction. On the contrary, 
the presence of the short T2/T2 overhangs does not result in a sub-
stantial improvement of dendrimer binding by the relevant siRNA 
(left panel in Fig. (12)). 

All these pictorial evidences can quantitatively substantiated by 
the corresponding values of the free energy of binding,  Gbind, be-
tween each sticky siRNA and the G5 dendrimer, as estimated by the 
MM/PBSA analysis (see Supplementary Material for more informa-
tion). Indeed, the  Gbind values obtained for G5 and the sticky siR-
NAs with A5/T5 or A7/T7 overhangs are lower (i.e., more negative) 
than that calculated for G5 and the conventional siRNA with T2/T2

overhangs (Table 3), which indicates that the binding affinity of G5 
for sticky siRNAs is higher than that of G5 for conventional 
siRNA. Based on these results, we hypothesized that, in addition to 
the possible formation of gene-like longer double strand RNA 
molecules, stronger binding to dendrimer of sticky siRNAs over 
conventional siRNAs might also contribute to the enhanced deliv-
ery activity of G5. 

MULTIVALENCY IN ACTION! 

Multivalent systems are widely found in nature, and especially 
in biology: adhesion of viruses or bacteria to cells’ surface, cell to 
cell adhesion, and cell to polyvalent molecule interactions. A good 
example of multivalency resides in the defense process of the im-
mune system involving bacteria, antibodies, and macrophages. 
Antibodies have the ability to recognize non-self entities, such as 
bacteria, upon polyvalent binding with antigens, or other proteins, 
located at their surface. It is noteworthy that weak ligand-receptor 
interactions can be made much stronger simply by the simultaneous 
bonding of these ligands to these multiple receptors. 

High-affinity molecular recognition of biomolecular targets is 
of crucial importance in the development of synthetic systems ca-
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Fig. (10). (Left panel) Effective charge distributions with respect to the center of mass of the dendrimer for the complex of a ds-RNA fragment and TEA-core 
(gray) and NH3-core (black) G4 PAMAM dendrimers at different pH values. (Right panel) Effective charge distribution with respect to the center of mass of 
the dendrimer for the complexes of the same ds-RNA and TEA-core (gray) and NH3-core (black) G5 and G6 PAMAMs at two physiologically relevant pH 
values. Adapted from [24], with permission of John Wiley & Son. 

Fig. (11). (Left) Equilibrated molecular dynamics snapshot of the G5 TEA-core dendrimer in complex with a 20 base pairs sticky siRNA carrying complemen-
tary A5/T5 overhangs at the 3’ ends. (Right) Equilibrated molecular dynamics snapshot of the macro-complex resulting from the self-assembly of the siRNA 
complementary sticky hands. The dendrimers are shown as grey sticks with terminal groups highlighted in black. The siRNA is portrayed as a ribbon, with the 
bases shown as slabs. Cl- and Na+ counterions are painted as gray and white spheres.

pable of intervening in biological pathways; multivalent recognition 
is a key principle in enhancing binding strength and hence develop-
ing systems with potential biomedical applications [31]. Experi-
mental studies and mathematical models have demonstrated that 
once the first ligand in a multivalent array has bound to the target, 
the binding of a second ligand is usually a cooperative, entropically 

less disfavored process, with a local concentration effect also en-
hancing binding. 

Dendrimers and dendrons are inherent multivalent ligands that 
can present multiple recognition elements from a central scaffold. 
The scaffold plays a crucial role because it molds the final architec-
ture in term of shape, orientation of recognition elements, flexibil-
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Fig. (12). Equilibrated molecular dynamics snapshots of the G5 TEA-core dendrimer in complex with siRNA molecules bearing T2/T2 (top panel), A5/T5 (mid-
dle panel), and A7/T7 overhangs at pH 7.4 and in the presence of 0.15 M NaCl. MD frames are taken after 10 ns (left column), 50 ns (middle column), and 100 
ns (right column). Graphical scheme as in Fig. (11). Adapted from [30], with permission of the ACS. 

Table 3. Free Energy of Binding Between a TEA-Core PAMAM Dendrimer of Generation 5 (G5) and a siRNA with T2/T2, A5/T5, and A7/T7 Over-

hangs (Conventional siRNA and Sticky siRNAs), Respectively.  Hbind, -T Sbind, and  Gbind Represent the Enthalpy, Entropy, and Free 

Energy of Binding Between the Dendrimer and the Different siRNAs.  Hbind/N, -T Sbind/N, and  Gbind/N are the Corresponding Normal-

ized Thermodynamic Quantities Per Charge on the siRNA (N). From [30] With Permission of the ACS 

System N 
 Hbind

(kcal/mol) 

-T Sbind

(kcal/mol) 

 Gbind

(kcal/mol) 

 Hbind/N

(kcal/mol) 

-T Sbind/N

(kcal/mol) 

 Gbind/N

(kcal/mol) 

G5/siRNA 

(T2/T2 overhangs) 
44 -571.1 ± 2.6 254.3 ± 4.3 -316.8 ± 5.0 -13.0± 0.1 5.8± 0.1 -7.2± 0.1 

G5/sticky siRNA 

(A5/T5 overhangs) 
50 -637.40 ± 2.8 250.0 ± 4.1 -387.4 ± 5.0 -12.7± 0.1 5.0± 0.1 -7.7± 0.1 

G5/sticky siRNA 

(A7/T7 overhangs) 
54 -690.2 ± 4.7 267.3 ± 5.3 -422.9 ± 7.1 -12.8± 0.1 5.0± 0.1 -7.8± 0.1 

ity, size and valency. When the multiple surface groups are ligands, 
the dendritic scaffolding can be considered to act as a kind of 
nanoscaffolding, organizing the ligand array. As such, dendritic 

systems have been widely exploited for their potential applications 
in multivalent biological recognition [32, 33]. 
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It Takes (More Than) Two to Tango: Dendron Self-Assembly in 

Gene Delivery 

Self-assembly is an incredibly powerful concept in modern mo-
lecular science. The ability of carefully designed building blocks to 
spontaneously assemble into complex nanostructures underpins 
developments in a wide range of technologies, from materials sci-
ence to molecular biology [34]. Self-assembly is a supramolecular 
approach which relies on complementary noncovalent interactions, 
such as electrostatic and van der Waals forces, hydrogen bonds, 
coordination interactions and solvophobic effects [35]. In self-
assembled structures, these temporal intermolecular forces connect 
to the molecular scale building blocks in a reversible, controllable, 
and specific way. Of particular value are the possibilities offered by 
self-assembly to generate nanoscale complexity with relatively little 
synthetic input. Furthermore, the ability of self-assembled super-
structures to behave as more than the sum of their individual parts, 
and exhibit completely new types of behavior, is of special interest 
and appealing in (bio)nanotechnology. 

Dendrimer chemistry is another key area of nanoscale science, 
since dendritic molecules can be considered as unique nanoscale 
toolkits. Self-assembly can offer an alternative, attractive option to 
labor-intensive dendrimer synthesis by which dendritic building 
blocks – many of which can be relatively small and, hence, syn-
thetically easily accessible – can be simply assembled into much 
more sophisticated architectures [36]. 

There are a number of different ways in which dendrimers or 
dendrons can be assembled in solution; perhaps the most efficient 
approach is the one that gives rise to well-defined (i.e., monodis-
perse) assemblies of dendritic building blocks. The supermolecular 
structures generated using this approach are generally based on 
well-established, specific intermolecular interactions; consequently, 
each assembly contains a defined number of dendritic building 
blocks Such supermolecular dendrimeric structures have an equiva-
lent degree of structural definition to a traditional covalent den-
drimer; however, they are held together by reversible, nonbonded 
interactions. 

Given the relative simplicity of using self-assembly as a nonco-
valent synthetic tool, this approach is relatively cost-effective, and 
its potential for genuine future applications is therefore significantly 
enhanced. 

Surface-active amphiphilic molecules are well-known to as-
semble into discrete structures such as micelles and vesicles in wa-
ter solution. Amphiphilic dendritic systems are not exception to this 
rule, and a range of dendrimers with surfactant-like assembly prop-
erties have been reported. Indeed, when mixed with water, the apo-
lar and polar regions of these Janus-type molecules will attempt to 
phase separate via self-assembly into structures such as micelles. 
Importantly, only in some cases does the aggregation process give 
rise to true micellar structures: this occurs at molecular concentra-
tions C greater than the so-called critical micellar concentration 
(CMC), which is one of the key parameters in self-assembly. When 
C > CMC, aggregates with a variety of different, non-micellar 
structures – often ill-defined – are formed. In other words, CMC 
defines the thermodynamic stability of the micelles. The latter is a 
very critical property in drug-delivery applications of micelles be-
cause intravenous injection of micellar solutions are associated with 
extreme dilutions by circulating blood (usually about 25-fold dilu-
tion at bolus injection or a much higher dilution at infusion). If the 
concentration of a micelle forming molecule in the circulation drops 
below the CMC, the micelles may be prematurely destroyed, result-
ing in the release of their cargo into the bloodstream before it 
reaches its target. This, in turn, will not only result in a poor thera-
peutic regime but, perhaps more importantly, could be dangerous 
because off-target and other unwanted side effects might (and likely 
will) originate. On the other hand, amphiphilic compound concen-
tration cannot be increased above some critical values that corre-

spond to the onset of micellar aggregation and precipitation, pro-
voked by the interpenetration of the hydrophilic micellar coronas. 

DNA Goes Curvy! (Or Effect of Self-Assembled Dendritic 

Nanovector Morphology on DNA/RNA Binding) 

With the self-assembly concept as a guiding inspiration, Smith 
et al. reasoned that rather than using covalent synthesis to put the 
multivalent array in place, simple dendron self-assembly processes 
could achieve the same goal, with the self-assembled dendrimers 
behaving somewhat like a higher generation covalently constructed 
system [33]. In other words, they considered that, by combining 
simple dendron chemistry with self-assembly, they could achieve a 
cost-effective approach to tunable nano-assemblies with high-
affinity for biological targets. Thus, in 2008 Smith and coworkers 
made a preliminary report of the synthesis of dendrons Z-G1-SP, Z-
G2-Sp, Chol-G1-SP, Chol-G2-SP and Chol2-G1-SP Fig. (13), and 
their application in the binding of DNA and its delivery into cells 
[37]. 

From their experiments it was evident that when there is a sim-
ple Z-protecting group at the focal point, in the case of Z-G2-SP a 
smaller amount of amine was required to condense the DNA, and 
that it was therefore a significantly more effective DNA binder than 
Z-G1-SP [37]. This evidence was in agreement with the undelying 
hypothesis that the surface spermine groups act as a multivalent 
array and collaborate in binding the DNA, with the presence of 
more surface ligands enhancing binding, as further supported by 
our atomistic molecular modeling simulations [39, 40]. However, 
when a cholesterol unit was placed at the focal point of the dendron, 
both Chol-G1-SP and Chol2-G1-SP were found to be much more 
effective DNA binders than their second generation analogue Chol-
G2-SP – i.e., less is more – even though the cholesterol unit could 
not be directly involved in forming interactions with the DNA [38]. 
It is also worth noting that whilst changing the Z group for a choles-
terol unit significantly improved the DNA binding of the G1-SP 
dendrons, the same structural modification had a lesser effect on the 
binding ability of the G2-SP dendrons. At the same time, from the 
standpoint of gene delivery, compounds Z-G1-SP and Z-G2-SP 
both required the addition of chloroquine (a known endosomal es-
cape enhancer) in order for transfection to be observed. However, 
the cholesterol-modified derivatives were better in terms of gene 
delivery: although compound Chol-G1-SP still required the addition 
of chloroquine, it demonstrated quite effective gene delivery, while 
Chol-G2-SP and Chol2G1-SP showed very good levels of transfec-
tion even in the absence of chloroquine. 

Importantly, the nature of this binding and transfection en-
hancement for Chol-G1-SP cannot be meaningfully modeled using 
simple atomistic molecular dynamics methods [39, 40] - e.g., 1:1 
dendron:DNA complexes - because the spermine-functionalised 
surfaces of Z-G1-SP and Chol-G1-SP are, in their own right, identi-
cal, yet the degrees of binding are very different. This is a proto-
typical example in which the atomistic-scale MD simulations 
clearly reach and show all their own limits; thus, moving along the 
x-axis in Fig. (2) – that is, switching to higher scales, mesocopic 
simulations – becomes an obligatory choice to unveil the reasons of 
these intriguing findings. 

To explain all the exciting properties summarize above, Smith 
then hypothesized that the hydrophobic units were able to self-
assemble, and hence generate multivalent arrays of spermine 
ligands in situ, and that therefore Chol-G1-SP was more effective 
than Z-G1-SP [38]. However, there were a number of interesting 
experimental observations which he and collaborators were unable 
to fully explain. In particular, they could not rationalize the reasons 
why i) lower generation Chol-G1-SP compounds were more effec-
tive DNA binders than their higher generation Chol-G2-SP ana-
logue – even though they have fewer spermine ligands on their 
surfaces, and ii) Chol2G1-SP was significantly more effective in 



Multiscale Modeling for Gene Therapy Current Medicinal Chemistry,  2012 Vol. 19, No. 29      5075

terms of gene delivery into cells than the Chol-G1-SP which, said it 
in other words, sounds like “how does the extra cholesterol unit 
assist gene delivery?” 

In trying to find molecular-based answers to Smith’s conun-
drums, we initally modelled Chol-G1-SP and Chol-G2-SP using 
multiscale modeling in the absence of DNA with the purpose to 
gain an insight into why Chol-G1-SP unexpectedly showed greater 
affinity for DNA, even though it has fewer spermine surface ligands 
[38]. Mescoscopic simulations according to our multiscale recipe 
immediately revealed that the self-assembly of these of Chol-G1-SP 
ligands into aggregates in water was a thermodynamically favored 
process. Interestingly, moreover, an increase of the dendron con-
centration in solution reflected only in a corresponding increase of 
the aggregates number but did not alter significantly their morphol-
ogy or their composition. At first sight, the modeling of Chol-G2-
SP yielded similar results: spherical aggregates were formed, driven 
by the hydrophobicity of the cholesterol units, which can lower 
their energy by phase separating from the aqueous phase. 

Following the expectations stemming from geometrical consid-
erations, both Chol-G1-SP and Chol-G2-SP predominantly form 
spherical monodisperse micelles with average diameters of 3.4 and 
3.8 nm, respectively. However, the effective greater degree of hy-
drophobicity of Chol2-G1-SP and a reduced like-charge repulsion in 
the dendritic cationic headgroup exerted by the ionic strength en-
courages phase change in the nature of its aggregate, ultimately 
resulting in cylindrical micelles see Fig. (14).

Classically, assembly geometries for amphiphilic molecules is 
dictated by the proportions of their polar and apolar domains, aptly 
described by the so-called packing parameter P = vh/a0lc [41], in 
which vh is the volume of the densely packed hydrophobic segment, 
a0 is the effective cross-sectional area of the hydrophilic group, and 
lc is the chain length of the hydrophobic moiety normal to the inter-
face. Based on simple geometric considerations of micellar core 
volume vs. surface area, it is easy to show that P < 1/3 is character-
istic of spherical micelles, 1/3 < P < 1/2 characterizes self-assembly 
of cylindrical shape, 1/2 < P < 1 corresponds to vesicles, flat lamel-
lae are formed at P = 1 and, lastly, inverted micelles are expected 
for P > 1. 

Elementary molecular modeling considerations allowed us then 
to calculate the packing parameter for all Chol-based dendrons in 
hydrated conditions: P values of 0.24 and 0.12 were thus obtained 

for Chol-G1-SP and Chol-G2-SP, respectively, while the estimated 
value for for Chol2-G1-SP P = 0.47 indicated the formation of cy-
lindrical micelles for this molecular series. This theoretical predic-
tion were found to be fully in line with the corresponding system 
morphologies discovered by our mesoscale simulations, as seen in 
Fig. (14). 

Fig. (14). Mesoscale modeling of amphiphilic dendrons Chol-G1-SP (left) 
and Chol2-G1-SP (right) showing aggregation into spherical and cylindrical 
micellar objects, respectively. In all pictures, the sticks represent the den-
dron beads while light to dark gray surfaces are adopted to highlight the 
various hydrophobic regions. The gray field is finally used to represent 
water. 

When modeled in the presence of DNA, all three dendrons re-
tained their distinctive modes of self-assembly: a neat tendency for 
the DNA to wrap itself around the dendron aggregates could be 
detected but, interestingly, different mechanisms and, hence, differ-
ent overall structures ultimately resulted. As highlighted in Fig. 
(15), in the case of the spherical micellar systems, the DNA mole-
cules loosely packed without a well-defined inter-helical pattern or 
distances. The micelles appear to undergo a small degree of defor-
mation in the complexes, with a tendency to elongate along the 
DNA longitudinal direction presumably to enhance the adhesion 
with the rather planar, extended surface of DNA. In these cases, the 
DNA molecules seem to comply with the well-known “bead-on-a-
string” model, according to which some regions of the nucleic acid 
are engulfed by the micelles (see left panel of Fig. (15)) whilst 
some others are no longer surrounded by them. Thus, the DNA 
helices are partially embedded within the micellar organization and 
partially exposed to the solution environment, where Na+ ions 
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Fig. (13). Spermine-based dendrons modified at their focal core with different hydrophobic units. Adapted from [38], with permission of the RSC. 
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originating from the electrolyte provide the charge neutralization 
required for eventual condensation. 

Fig. (15). Mesoscale modeling of the interaction between DNA and the 
aggregates of Chol-G1-SP (left) and Chol2-G1-SP (right). Graphical scheme 
as in Fig. (14). 

To a first approximation, the average number of DNA base 
pairs covered by the Chol-G1-SP and Chol-G2-SP micelles Fig. 
(14) can be estimated by resorting to the simple relationship: nbp = 
Dm/(3.4 )�10 where Dm is the spherical micelle diameter, 3.4 is the 
DNA duplex pitch (in nm) and 10 is the number of base pairs per 
duplex pitch. Inserting the estimated values of Dm of 3.4 and 3.8 in 
the above expression for nbp yields nbp = 10 for Chol-G1-SP and nbp

= 11.2 for Chol-G2-SP. It must be noted here that, considering the 
mismatch between the surface curvature of DNA and that of the 
micelles, the corresponding 20 (or 22.5) DNA phosphate groups per 
micelle are, however, not all bound directly to the micelles them-
selves even though the dendritic micelles may elongate slightly 
along the DNA chain axis to maximize the favourable electrostatic 
interactions. 

As clearly shown by the DPD simulations, dendron Chol2-G1-
SP originate a cylindrical micellar morphology in which the DNA 
chains insert into the regular interspace of the cylinders. We note 
that such a system would be expected to (i) bind and compact DNA 
efficiently, (ii) protect DNA from degradation, (iii) achieve effi-
cient DNA release, as verified by the corresponding experiments. It 
is generally known that the DNA double helix behaves as a semi-
flexible coil; thus, the cylindrical shape of the micelles formed by 
Chol2-G1-SP is better able to comply with the wrapping pattern of 
the semi-rigid DNA helix than the small sperical micelles generated 
by the other dendrons. As can be easily understood from the right 
panel of Fig. (15), this mesoscopic organization of Chol2-G1-SP 
with DNA results in more efficient and well-organized DNA com-
paction and, hence, potential protection from degradation during 
DNA delivery. 

Applying the same calculations for the estimation of the aver-
age number of DNA base pairs covered by the micelles to the case 
of Chol2-G1-SP system yields a value of nbp of 44.7. In line with the 
foregoing discussion, the cylindrical shape of the resulting Chol2-
G1-SP dendron aggregates, although having overall lower surface 
charge density ( m = 1.7 e/nm2), can not only exploit the surface 
charge distribution more efficiently by following the seemingly 
cylindrical shape of the semi-rigid DNA duplex, but can also com-
plex a considerably larger number of DNA bases per aggregate with 
respect to its less hydrophobic counterparts. 

These morphological proposals also provide a rationale for the 
results of the enhanced affinity towards DNA experimentally de-
tected for Chol2-G1-SP (CE50 = 0.49) with respect to the other two 
nanovector counteparts (CE50 = 0.52 and 1.35 for Chol-G1-SP and 
Chol-G2-SP, respectively) [38]. It might be of use to recall here that 
CE50 represent the charge excess (or N:P ratio) required to displace 
50% of EthBr in the corrsponding assay. In the case of the assem-
bled systems characterized by smaller micelles (i.e., Chol-G1-SP 
and Chol-G2-Sp), our simulatuions clearly showed that the overall 

DNA surface is less covered (patch-like coverage) which allows for 
better residual binding of small molecules like EthBr. Therefore, in 
order to “fill the gaps”, higher concentrations of dendrons are nec-
essary to attain the same result displayed by the cylindrical micelles 
formed by Chol2-G1-SP. At the same time, however, Chol-G1-SP 
has a significantly higher surface charge density than Chol2-G1-SP 
(for which Nagg = 34 and  m = 1.7 e/nm2) and this effect partly 
compensates for the ‘patchy’ DNA covarage of Chol-G1-SP, mak-
ing it comparable as a DNA binder to its more hydrophobic coun-
terpart, Chol2-G1-SP. 

A Trick of the Tail (Or Structure-Activity Relationship Devel-

opment for Self-Assembled Dendron-Based Nanovectors) 

Enticed by the encouraging – and somewhat surprising – results 
presented above, in order to expand the possibility and the variety 
of these assembled dendron nanovectors, our jointed groups then 
decided to study if and how a variation in the structure of the hy-
drophobic unit could reflect in a modification of the DNA binding 
capacity and gene delivery performance of this class of dendrons 
see Fig. (16). Accordingly, a series of dendrons with a variety of 
lipophilic units at their focal points were synthesized and tested for 
DNA binding and transfection capacities, revealing another set of 
stimulating evidences: not only all modified dendrons were able to 
tightly bind DNA and efficiently transfect cells, but for the first 
time and with the aid of multiscale molecular modeling a structure-
activity relationship (SAR) could be formulated between the DNA 
binding affinity and the overall surface charge  m of the micellar 
assemblies but, perhaps more importantly, the SAR could be ex-
tended to cellular gene delivery, as  m plays a fundamental role in 
controlling the extent of the endosomal escape (vide infra) [42]. 

Thus, state-of-the-art multiscale simulation techniques were 
employed to monitor the dendrons self-assembly processes and to 
gain an insight into the types of aggregates eventually formed. First 
of all, the simulations revealed that all hydrophobically modified 
dendrons of generation 1 were able to form spherical supermolecu-
lar structures see Fig. (17) with diameters Dm in the range of 3 -5 
nm see (Table 4).

The spherical geometry of the self-assembled supramolecular 
entities is a direct consequence of the conical molecular shape of 
each dendron, featuring a relative large cationic head and a com-
paratively small lipophilic part. Let us then recall Israelachvili’s 
rules for P value calculations presented above [41], and consider a 
generic micelle with a core radius Rc, and made up of Nagg mole-
cules. By simple geometrical principles, then, the volume Vc of the 

micellar core can be obtained as Vc = NaggVh = 4 R3 3,c , the sur-

face area of the core as Ac = Nagga0 = 4 R2
c  and, finally, the value 

of the micellar core radius as Rc = 3vh  a0 . If the micellar core is 
densely packed with the hydrophobic moieties filling the entire 
space, then the radius of the micelle core cannot exceed the fully 
extended length of the hydrophobic portion. Introducing this con-
straint into the expression for Rc, we then arrive at the above stated 
condition 0   P   1/3 if an amphiphile is to form a spherical mi-
celle. 

By coupling basic molecular modeling concepts to the dimen-
sional micellar parameters estimated by mesoscopic simulations 
and listed in the first three columns of (Table 4), we were able to 
calculate the corresponding value of packing parameter P for all 
modified dendrons under hydrated conditions. A cursory glance at 
the P values in (Table 4) reveals that in all cases these numbers fall 
between 0.24 and 0.32, in agreement with the corresponding 
spherical morphologies predicted by our mesoscopic simulations. 

The mesoscale simulations of these dendron micelles carried 
out in the presence of DNA neatly show that, in all cases, the over-
all systems consist of parts of free, unfolded, single-chain DNA that
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Fig. (16). Synthetic pathway of first generation dendron-based nanovectors with different hydrophobic groups at the focal point. Adapted from [42], with per-
mission of the ACS. 

Fig. (17). Mesoscale modeling of amphiphilic dendrons showing aggregation into spherical micellar objects. (Left) Chol-G1-SP; (middle) C12-G1-SP; (right) 
D2Gly-G1-SP. In all pictures, the light gray sticks represent the dendron head groups while light to dark gray spheres are adopted to portray the various hydro-
phobic regions. The gray field is finally used to represent water. Adapted from [42], with permission of the ACS.

connect micelles on which a partial amount of DNA has been ad-
sorbed see Fig. (18). In other words, all dendron/DNA complexes 
present a typical beads-on-a-string structure, made of dendron mi-
celles connected by a DNA thread. Importantly, this predicted mor-
phology is supported by detailed AFM studies between G4 
PAMAM dendrimers and DNA [43] – indicative that these self-
assemblies of dendrons can be considered to be somewhat like co-
valently bound higher generation spherical dendrimers. These struc-
tures are also somewhat reminiscent of the structure of open chro-
matin, which consists of an array of nucleosome core particles, 
separated from each other by up to 80 base pairs of linker DNA 

[44]. However, in clear contrast to the periodic structure of open 
chromatin, the dendron micelles appear to be distributed in a non-
periodic, more irregular way. 

Less is More: The Importance of Being Coulomb (Or Charge 

Density Effects in Self-Assembled Dendrons) 

So far we have seen that, according to the characteristic P 
value, hydrophobically modified dendrons can self-assemble into 
differntly shaped micelles. In particular, both Chol-G1-SP and 
Chol-G2-SP modified dendrons predominantly form spherical 
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Table 4. Values of the Micellar Diameter Dm (nm), Core Radius Rc (nm), Aggregation Number Nagg, Packing Parameter P, and Micelle Surface 

Charge Density  m (e/nm
2
) for the Different Modified Dendrons (Figure 16) As Obtained from Mesoscale Simulations. Adapted from 

[42], With Permission of the ACS 

Compounds Dm Rc Nagg P  m

Chol-G1-SP 3.4 ± 0.1 0.8 21 0.24 5.2 

C12Lys-G1-SP 4.0 ± 0.2 1.3 24 0.24 4.3 

D2Gly-G1-SP 4.9 ± 0.2 1.5 32 0.32 3.8 

C12-G1-SP 4.0 ± 0.1 1.3 16 0.28 2.8 

D1Gly-G1-SP 4.0 ± 0.2 0.9 12 0.25 2.1 

Fig. (18). Mesoscale modeling of the interaction of DNA with the am-
phiphilic dendrons D2Gly-G1-SP (left) and C12-G1-SP (right) as an example. 
In all pictures, white sticks represent dendron head groups. Dark gray 
spheres are adopted to represent the various hydrophobic regions along the 
series. A light gray field is used to represent water. DNA molecules are 
depicted as light gray sticks. Adapted from [42], with permission of the 
ACS. 

monodisperse micelles with average comparable dimensions. How-
ever, when the aggregates of Chol-G1-SP and Chol-G2-SP are con-
sidered in more detail, a significant difference between them arises. 
Fig. (19) represents the effective positive charge density on the 
surfaces of these hydrophobically modified dendron aggregates. 
Clearly, Chol-G1-SP gives rise to a more highly charged aggregate 
(left panel) than Chol-G2-SP (right panel). This may seem counter-
intuitive, because Chol-G2-SP has twenty seven protonatable amine 
groups on the surface, whereas Chol-G1-SP only has nine. How-
ever, the self-assembly process is significantly more effective for 
Chol-G1-SP than the Chol-G2-Sp analogue, and this means that 
Chol-G1-SP gives rise to a much more effectively packed aggregate 
with a tightly packed positively charged surface. Conversely, for 
the aggregates of Chol-G2-SP, the surface charge is spread more 
diffusely. 

Fig. (19). Rendering of the surface positive charge of the Chol-G1-SP (left) 
and Chol-G2-SP (right) micelles. The darker gray tone of the spheres used 
to portray the charge distribution, and their higher number clearly testify the 
significantly greater charge density of this system with respect to its coun-
terpart. Adapted from [38], with permission of the RSC. 

Quantitatively, this argument is supported by the estimation of 
the numerical values of the surface charge densities  m for both 
micellar systems. In the case of Chol-G1-SP, the aggregation num-
ber estimated from the mesoscopic simulations, Nagg = 21, leads to 
a  m value of 5.3 e/nm2, whilst for Chol-G2-SP Nagg = 7 and, hence, 
 m = 4.2. In this way, we propose that self-assembly controls the 
surface charge of the aggregate, and hence the relative affinities of 
these systems for DNA. Under this sperpective, less is more, and 
the smaller dendron is actually better able to bind DNA once the 
multivalency becomes expressed on the nanoscale through dendron 
self-assembly. 

Let us now consider the influence of the different tail architec-
ture on this fundamental property. In practical terms,  m can be 
thought of as a measure of how positively charged a micelle is. Two 
micelles containing the same number of dendrons, and therefore 
carrying the same overall charge, may exhibit different values of 
 m, if the micelle sizes, and hence their surface areas, are different. 

To calculate  m we therefore need to know the aggregation number 
of the micelle Nagg, the charge of each dendron head, and the micel-
lar surface area Sm = 4!R , as  m = e   Nagg/Sm. Using again the 
data reported in (Table 4) and the constant value of +9 for the over-
all charge of each dendron headgroup, the  m values shown in the 
last column of (Table 4) could be easily estimated. 

Summarizing the overall evidence stemming from the analysis 
of data in (Table 4), as obtaiend from the application of the multis-
cale molecular modeling recipe, led to the following, important 
considerations: 

• The overall series of spermine-based amphiphilic dendrons 
assemble into small, spherical micelles in water and in the 
presence of physiological ionic strength conditions (150
mM), as experimentally verified for similar systems. 

• The different architectures of the hydrophobic portion re-
sulted in differently sized micelles and/or a different number 
of dendrons per micelle Nagg, and, hence, a different micel-
lar surface charge density  m.

Most importantly, the experimentally verified CE50 values di-
rectly correlate with the surface charge density values  m estimated 
from the multiscale simulations, indicating that the micelles charac-
terized by higher values of  m (i.e., Chol-G1-SP, C12Lys-G1-SP, 
and D2Gly-G1-SP) are tighter DNA binders than their counterparts 
with lower  m values (i.e., C12-G1-SP and D1Gly-G1-SP). Interest-
ingly, comparing the best DNA binders, Chol-G1-SP, C12Lys-G1-
SP and D2Gly-G1-SP, the former compound assembles into mi-
celles of much smaller diameter than the latter two. This is pre-
sumably due to the less sterically demanding nature of cholesterol 
leading to more effective packing within the micellar interior, com-
pared with the branched hydrophobic units in the latter two den-
drons, which will not be able to pack so efficiently. As such, even 
though the micelles formed by Chol-G1-SP contain fewer dendron 
units and have less total positive charge than the micelles formed by 
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C12Lys-G1-SP and D2Gly-G1-Sp, their smaller size means that they 
have significantly higher surface charge density, and as such, they 
are therefore much more effective DNA binders. 

The Long and Winding Road (Or Aspects of DNA/RNA Bend-

ing Around Self-Assembled Nanovectors) 

When considered in complex with DNA, all these hydrophobi-
cally modified dendron systems, but particularly in the case of C12-
G1-SP and D1Gly-G1-SP, DNA localizes in the interstitial space 
and eventually associate into small bundles. This might, at first 
sight, be an unexpected phenomenon. However, DNA bundles may 
originate from a subtle interplay of the salt-induced screening of the 
electrostatic interactions and the depletion-attraction caused by the 
dendron micelles. Depletion-attraction is a somewhat underappreci-
ated force associated with the aggregation of two large colloidal 
objects as a consequence of the osmotic pressure generated by the 
exclusion of smaller objects from their interacting interface [45]. 
While depletion-attraction has previously been reported for like-
charges or neutral objects, the screening of the electrostatic interac-
tions enables this effect to be observed also between DNA and the 
oppositely charged dendron micelles, for which the electrostatic 
interactions are attractive. The presence of salt therefore facilitates 
bundling of DNA by reducing the electrostatic repulsion between 
DNA molecules, and also reduces the electrostatic attraction be-
tween positively charged micelles and negatively charged DNA. 
The existence of DNA bundles and condensed regions can also be 
understood by taking into account the small dimensions of the mi-
celles formed by all these dendrons and the relevant values of  m.
Indeed, extensive wrapping of DNA around small micelles will 
result in a quite high cost of DNA bending (or elastic) free energy; 
accordingly, this is not observed in any of the considered systems 
discussed above. Furthermore, a decrease of the DNA adsorbed 
amount per particle is observed as the surface charge density,  m,
decreases. This is only partly compensated by the fact that some of 
the free part of DNA adsorbs on new particles, and therefore the 
bundling of unbound DNA becomes more favored. 

We can go deeper into these concepts by considering that, in 
aqueous solutions, both DNA and dendron micelles are associated 
with their respective counterions. The high charge density of DNA 
actually results in counterion condensation: in its solution structure, 
the base length between negative phosphate groups on the DNA 
backbone is equal to l0 = 1.7 Å. This is significantly less than the 
Bjerrum length in water  B = e2/ wkBT = 7.1 Å, where  w is the 
dielectric constant of water (= 80), kB is the Boltzmann constant, 
and T is the temperature. The Bjerrum length corresponds to the 
distance where the Coulomb energy between two unit charges is 
equal to the thermal energy kBT. Under these conditions, it has been 
shown that positive counterions will condense on the DNA back-
bone until the Manning parameter ! = l0/l* approaches unity, l* 
being the renormalized distance between the negative charges after 
counterion condensation [46]. A similar analysis shows that near 
the surface of a positively charged micelle, almost half of the nega-
tive counterions are contained within the so-called Gouy-Chapman 
length lG-C =e/2" B m. Combining DNA and our amphiphilic den-
dron micelles allows the charges of the spermine head groups to 
neutralize the phosphate moieties on DNA. This replaces and re-
leases the tightly bound-counterions of both micelle and nucleic 
acid in solution. The resulting gain of translational entropy by the 
counterions is a driving force for higher order self-assembly into 
micelle/DNA complexes [47]. It should be pointed out that the term 
bound counterions is used in a loose form: indeed, the counterions 
near the DNA or a micelle surface are bound and yet remain in their 
fully hydrated state. This implies no change in the entropy of water 
molecules upon release of bound counterions into solution. The 
driving force of the counterion release mechanism is reduced by 
added salt, as in the experiments and simulations described in this 
work. This is particularly true for counterion release from the den-

dritic micellar assembly, which relies on a concentration gradient 
between the layer of ions confined close to the micelle and the bulk 
solution. Since lG-C scales with l/ m, the concentration of counteri-
ons next to each micellar entity scales with  m. Therefore, the addi-
tion of salt to a solution in which the complex between DNA and 
micelles are formed has a stronger effect on those complexes for 
which the micelles are characterized by lower values of  m. This is 
agreement with the present experimental evidence, for which the 
DNA binding ability of the amphiphilic dendrons, as quantified by 
the ethidium bromide assay, decreases with the decreasing charge 
surface density of the micelles. 

Understanding the pathways and mechanisms governing the in-
teractions of modified-dendrons/DNA complexes and cells is cru-
cial to making dendron-mediated gene delivery therapeutically 
viable. The complexity of the transfection process – from initial 
attachment of a nanovector/DNA complex to the plasma membrane 
to internalization of the complex via endocytosis, its release from 
the endosome followed by the dissociation of the vector from the 
DNA, and finally the transport of DNA into the nucleus followed 
by successful gene expression – suggests that an interplay of many 
critically important parameters needs to be considered in order to 
achieve transfection. The nanoparticle surface charge density  m

discussed previously is one such parameter, controlling at least 
some of the aspects outlined above. If cellular attachment and up-
take were the only limiting transfection efficiency factors via a  m-
dependent mechanism, a linear increase of the transfection effi-
ciency with  m would be predicted. Furthermore, for complexes 
with low  m, the transfection ability is also limited by endosomal 
escape. This was substantiated by transfection experiments per-
formed in the presence of chloroquine. These experiments indicated 
that complexes with higher  m should be more able to escape from 
endosomes. The escape from endosomes likely occurs via an acti-
vated fusion process of the oppositely charged endosome mem-
brane and the micelle/DNA complex. The activation energy of this 
process can be written as  E = ak – b m, where a and b are positive 
constants. The parameter k is the bending rigidity of the micelle, 
which is mainly determined by the hydrophobic portion of the 
molecule and the area per hydrophobic moiety. Bending or defor-
mation of the micelle, as required by fusion, results in an energy 
cost proportional to k. Since the interacting entities during fusion 
are oppositely charged, the activation energy decreases with in-
creasing  m, making fusion more likely, in keeping with the current 
experimental results. In these ways the modeling studies are in 
agreement with the experimental results of the transfection assays. 

Waterworld 2 (Again on the Effect of Water on Self-Assembled 

Dendrons/DNA(RNA) Complexes) 

We have seen how water and the environment it creates around 
the nanovectors alone or in complex with the nucleic acids exert a 
fundamental role in the porformance of these systems. In the case 
of self-assembled entities this role is subjected to an additional, 
controlling variable, that is, the shape and size of the resulting self-
assembled objects. Once again, multiscale molecular modeling can 
assist in this topic: indeed, it is not difficult to infer from images 
taken from mesoscale simulations that spherical micellar systems 
are characterized by a higher water content within the micellar in-
terspace than cylindrical ones [38]. Again at first approximation, 
from an estimation of the average center-to-center distance of the 
cylinders dcyl/cyl = 5.9 nm, and some simple geometrical considera-
tions, the volume fraction of water in the hexagonal lattice formed 
by Chol2-G1-SP was calculated to be equal to 0.42. Although the 
same approach cannot be applied to the alternative micellar systems 
due to the absence of a long-range regular structure, the comparison 
of the density maps of water for the Chol2-G1-SP/DNA and Chol-
G2-SP/DNA systems supported this concept see Fig. (20). The 
higher water content in the Chol-G2-SP spherical micellar system 
may imply that a significant fraction of dendron and DNA charges 
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are wasted in terms of mutual interactions. This is in line witht the 
illustration in the right panel of Fig. (15), as a notable fraction of 
the periphery of the spherical dendron micelles fail to contact DNA 
and vice versa. 

Fig. (20). Rendering of density distribution of water molecules in the Chol2-
G1-SP/DNA (left) and Chol-G2-SP/DNA (right) complexes. The higher 
level of intermicellar hydration is apparent in the Chol-G2-SP-based system, 
highlighted by the gray darker areas around the micellar objects. 

Dangerous Liaisons (Or Critical Micellar Concentration Esti-

mation Via Computer Experiments) 

According to the classical laws of thermodynamics, the free en-
ergy of micellization  Gmic – i.e., the driving force that might even-
tually lead the amphiphilic molecules to spontaneously aggregate in 
water – can be expressed in the simple form  Gmic = -RTlnKm,
where Km is the equilibrium constant between the aggregated and 
free forms of the given amphiphile in the aqueous environment. For 
conditions near or above the CMC, it can be shown that the above 
expression for  Gmic can be approximated to the form  Gmic = 
RTln(CMC). Accordingly, once either  Gmic or CMC is known, the 
other parameter can be easily estimated through this simple, fun-
damental relationship. 

From an energetic standpoint, the change in Gibbs free energy 
of transfer of a single amphiphilic molecule from the monomeric 
state to a micelle of aggregation number Nagg, that is  Gmic, can be 
modeled as consisting of a hydrophobic part,  Gmic,h, and an elec-
trostatic part,  Gmic,e, so that  Gmic =  Gmic,h +  Gmic,e. The hydro-
phobic part stems primarily from the favorable energy of transfer of 
the hydrocarbon moieties from the aqueous phase to the micellar 
phase, and, secondarily, from the unfavorable residual interfacial 
contact of water with the apolar components within the micelles. 
The electrostatic part of  Gmic arises from the repulsion between 
the ionic head groups within the micellar shell. 

Following the theory originally proposed by Tanford [48] and 
subsequently modified by other authors [49], and using the infor-
mation available from our multiscale simulations, we were able to 
calculate the values of  Gmic and the corresponding CMCs for the 
five modified dendrons of Fig. (16), as shown in (Table 5). As can 
be seen from this Table,  Gmic at room temperature has large, nega-
tive values, indicating that micellization is a spontaneous and 

highly favorable process for all amphiphilic dendrons, although 
 Gmic decreases on going from Chol-G1-SP to D1Gly-G1-SP. Since 
the head group architecture is the same in all amphiphiles, the main 
differential contribution to  Gmic must originate from the  Gmic,h

term, which reflects differences in the size and structure of the hy-
drophobic component. 

Typically, micellar aggregates have CMCs of the order of 10-3-
10-5 M, while lower CMCs, even down to the nanomolar range can 
be found for amphiphiles that form either membranes or cylindrical 
aggregates. Recently, however, electron microscopy experiments 
performed on cholesterol-porphyrin micelles revealed that these 
amphiphiles could form virtually monodisperse spherical aggre-
gates with a diameter of approximately 7 nm and a CMC value of 
11 nM [50]. Amphiphiles showing low CMCs tend to have rela-
tively large hydrophobic segments, and this normally results in an 
assembly shape with a lower curvature. However, our series of 
modified dendrons combine a large hydrophobic portion with a 
very large head group, resulting in a roughly conical amphiphile. 
The size of the hydrophobic segment is responsible for the low 
CMCs, while the large size of the head group results in the spheri-
cal geometry of the assembly. 

It is of particular interest to note that the predicted CMC values 
for C12-G1-SP and D1Gly-G1-SP lie above the concentrations of the 
DNA binding assays (i.e. low  m concentrations) – as such, it is 
possible that the relatively poor DNA binding ability of these com-
pounds reflects the fact that they are not aggregated under the ex-
perimental conditions as a consequence of their relatively small 
hydrophobic segments. Although a word of caution is due about the 
fact that the calculated values of  Gmic and CMC are obtained using 
validated but simplified theoretical approaches, the trends exhibited 
by these parameters are in line with the experimental data. Indeed, 
we were able to carry out full experimental aggregation studies on a 
closely related set of hydrophobically modified dendrons, and for 
these systems, the in silico predictions of micelle diameters, charge 
densities and CMC values were closely mirrored by the experimen-
tal results, both in terms of trends and absolute values, thus 
strengthening not only the reliability of the entire computational 
procedure applied but, perhaps more importantly, validating its 
predictive capacity.

Do you Recognize Me? (Or Some More Computational Aspects 

of Self-Assembly and Nucleic Acid Binding of Dendrons with 

Different Focal Points) 

Each part of a dendron can play a distinctive role in controlling 
the biological behavior. As we have been discussing so far, the 
judicious choice of a hydrophobic group at the dendron focal point 
can originate the controlled self-assembly into larger nanoscale 
aggregates, with the relative size of the hydrophobic and hydro-
philic groups controlling the architecture of the resulting self-
assembled structure [38, 42]. The multiple surface groups of a den-
dron constitute an optimum multivalent array for displaying bioac-
tive ligands — such arrays significantly enhance the binding affin-
ity for key biological targets as a consequence of the entropic bene-

Table 5. Predicted Free Energy of Micellization  Gmic (kJ/mol) and Critical Micelle Concentration CMC ( M) for the Different Modified Den-

drons of Figure 18. Adapted from [42], With Permission of the ACS 

Compounds  Gmic CMC 

Chol-G1-SP -87.56 0.021 

C12Lys-G1-SP -80.42 0.089 

D2Gly-G1-SP -77.97 0.15 

C12-G1-SP -55.92 12.5 

D1Gly-G1-SP -49.29 47.6 
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fits of ligand organization [31]. However, thinking in a reverse 
mode, it should be also possible to make a dendritic branched scaf-
fold degradable; particularly, it could be designed in such a way 
that, over time or in the presence of specific biological stimuli, it 
degrades (possibly in a controllable and predictable way) into 
smaller subunits [51]. This can enhance the biocompatibility of the 
dendron, lower its toxicity, and limit its persistence in cells. Den-
dron degradation also disassembles the multivalent array and there-
fore acts as an effective way of “switching off ” the multivalent 
binding effect, significantly decreasing the affinity of the system for 
the biological target [52, 53]. 

In recent years, to improve biocompatibility, the attention has 
turned to biodegradable dendron frameworks [52, 53] and in 2009, 
Smith et al. reported a simple system based on Frechet-type ali-
phatic ester dendrons [53] modified with spermine surface groups 
which exhibited multivalent binding and degraded such that DNA 
binding became disfavored in vitro [39, 40]. Following this pre-
liminary work, and relying on the previous experience on the capac-
ity to self-assembly these molecules are endowed with when bear-
ing hydrophobic units at their focal point, we went further and 
changed the dendron surface groups as well, replacing them with a 
triamine see Fig. (21) [54], as this moiety has been previously re-
ported to lower the toxicity of the dendron constructs [39]. The 
effect of these modifications on DNA binding and cellular gene 
delivery were assessed, and the degradation of the dendrons was 
monitored as well using an in vitro mass spectrometric assay. 

Initially, we assessed dendrons aggregation in aqueous solution, 
using solubilization experiments with the hydrophobic dye Nile 
Red paralleled by multiscale simulations. The first two colums in 
(Table 6) reports and compare the CMC values for the six dendrons 
investigated in this paper estimated from a plot of the fluorescence 
emission intensity of Nile Red at 635 nm versus log 10 [dendron] 
and by molecular simulations. 

As can be seen from the data, the functional group at the den-
dron focal point has a profound effect on the dendron aggregation 
process. Control compound Z-G2 did not show any evidence of 
aggregation under the conditions assayed (up to 1 mM). For the 
alkyl chain modified dendrons, there is an inverse relationship be-
tween the length of the hydrophobic chain and the CMC value. As 
the hydrophobic chain increases in length from C12-G2 to C16-G2 to 
C22-G2, the experimental CMC value drops from 208 to 2 !M, a 
consequence of more effective packing of the longer hydropho-
bic chains resulting in better self-assembly. Both cholesterol-
functionalized dendrons exhibited similar CMC values of ca. 5 
!M. Clearly, cholesterol is quite effective in encouraging the self-
organization of these dendrons. From the simulation standpoint, 
with the exception of Z-G2, all the remaining dendrons self-
assembled into nanoscale objects of spherical shape. Recalling the 

concept of the packing parameter P, in the present case for all modi-
fied dendrons the calculated P value is < 0.33, predicting that all 
dendrons but Z-G2 would self-assemble into spherical micelles, as 
can be observed in Fig. (22). 

 

Fig. (22). Mesoscale modeling of Z-G2 (left) and Chol-G2 (right) dendrons 
in water. As can be clearly seen, Z-G2 molecules remain dispersed in solu-
tion whereas Chol-G2 self-assembly in well-defined spherical micelles. In 
both pictures, the hydrophobic portion of the dendron molecules is por-
trayed as white sticks while the hydrophilic heads are pointed in dark (Z-
G2) and light (Chol-G2) gray sticks. A gray field is used to represent water. 
Redrawn from [54], with permission of the ACS. 

It is fundamental to observe at this point that the CMC values 
predicted by simulation follow the correct, increasing experimental 
trend as the hydrophobic character of the dendron substituents de-
creases. Furthermore, one of the most critical parameter influencing 
the overall performace of these systems - the micellar surface 
charge density (�m) – is found to increase as the hydrophobic chain 
lengthens and becomes better able to pack, in agreement with corre-
sponding measurements of zeta potentials (here not shown). Nota-
bly, even if these CMC values estimated in silico are to be taken 
with due caution, they are below the experimental concentrations 
employed in the transfection experiments, and the presence of mi-
celles as nanovectors is therefore supported by the modeling. 

Interestingly, the different architectures of the hydrophobic por-
tion ultimately result in differently sized micelles and/or a different 
number of dendrons per micelle (Nagg) and, hence, a different mi-
cellar surface charge density �m. Comparing Chol-G2 and Chol2-
G2 with the other modified dendrons, we see that these compounds 
assemble into micelles of bigger diameters than the other counter-
parts. This is likely due to the highly hydrophobic nature of the flat, 
rigid cholesterol moieties leading to highly effective packing within 
the micellar interior. Also, comparing the two cholesterol-bearing 
molecules, modeling predicts the formation of larger micelles for 
Chol2-G2 than Chol-G2. These larger aggregates are a consequence 
of the fact that a larger number of Chol2-G2 are incorporated into 
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Fig. (21). New hydrophobically modified dendrons for self-assembly and controlled degradation. From [54], with permission of the ACS. 
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each micelle compared with Chol-G2 (22 molecules per micelle 
rather than 16) and due to the two cholesterol units at the focal 
point providing a more favorable free energy of micellization (by 
ca. 3 kJ/mol). 

We then carried out a mesoscale modeling study of the interac-
tions between DNA and the dendron micelles. The resulting mor-
phology of the self-assembled micelles and DNA helices is visual-
ized in the second panel of Fig. (23), while the first panel shows the 
corresponding, un-assembled Z-G2/DNA systems for comparison. 
As can be seen, in the presence of the dendron micelles the DNA 
molecules are loosely packed without a well-defined interhelical 
pattern or distances. As in the other examples discussed above, also 
in this cases the DNA molecules seem to comply with the “bead-
on-a-string” model. The last panel of Fig. (23) shows the results 
obtained from the mesoscopic simulations performed on the 
PEI/DNA system, used as the gold standard comparison. These 
mesoscale results offer a sensible explanation for the high transfec-
tion capacity of PEI — the DNA is homogeneously intertwined 
between the PEI chains, so that it is quite efficiently protected from 
the outer environment. At the same time, since no particular struc-
turing (e.g., beads-on-a-necklace) is attained in solution, there are 
some areas where DNA bundles appear and some free space which, 
ultimately, might yield better performance during release of this 
system. 

Friend or Foe? (Or Computational Aspects of the Competitive 
Binding for Self-Assembled Dendrons by Nucleic Acid and 

Heparin) 

Exploiting the morphological information on the self-assembled 
dendron micelles obtained at the mesoscale level, we then went 

back to atomistic simulations (step 3 in our computational recipe, 
vide supra); accordingly, a quantitative modeling of mi-
celle/DNA interactions at a fully atomistic level was used to 
rank the affinity of each type of modified dendron micelle toward 
DNA, !Gbind. Interactions between the component of the micellar 
corona (outer dendron arms) and the grooves on the DNA double 
helix can be well seen in Fig. (24). 

As shown in (Table 7), the molecular dynamics-based 
MM/PBSA calculations indicated that Chol2-G2 is by far the most 
effective DNA binder, followed by Chol-G2, C22-G2, C16-G2, and 
C12-G2, in agreement with the corresponding experimental evi-
dence. By considering the per charge normalized values of !G
bind on the micelle (!Gbind/N), it is clear that Chol2-G2 is better 
able to utilize each charge in binding to the DNA double helix than 
Chol-G2 and all other self-assembled systems. 

Focusing on the two tighter DNA binders, this observation, that 
Chol2-G2 binds DNA more strongly than Chol-G2, is consistent 
with the corresponding experimental observations. This is perhaps 
surprising given that modeling indicated that the Chol2-G2 self-
assembled structures had lower surface charge densities than those 
resulting from Chol-G2 (Table 6) and suggests that the larger mi-
celle size of Chol2 G2 (Table 6) may play an important role in 
modulating the ability of the charges to bind to the DNA double 
helix without overcrowding at the micellar surface. Since PEI is a 
current standard vector system for DNA cell trasfection experi-
ments, MD atomistic simulations were also run on a PEI/DNA for 
comparison. Interestingly, the estimated binding affinity of PEI 
toward DNA is, in terms of !Gbind/N, somewhat intermediate be-
tween Chol-G2 and Chol2-G2. This finding is indicative of the fact 
that both cholesterol bearing, self-assembling dendrons possess

Fig. (23). Mesoscale modeling of Z-G2/DNA (left), Chol-G2/DNA (middle), and PEI/DNA (right) systems in water. As can be clearly seen, Z-G2 molecules 

remain dispersed in solution whereas Chol-G2 self-assembly in well-defined spherical micelles. The hydrophobic portion of the dendron molecules is por-

trayed as white sticks while the hydrophilic heads are painted in dark (Z-G2) and light (Chol-G2) gray sticks. Dark gray sticks are also used to depict PEI 

molecules. A gray or white field is used to represent water. 

Fig. (24). Atomistic molecular dynamics simulation snapshots of the Chol2-G2 (left) and Chol-G2 (right) micelle in complex with a fragment of DNA. The 

dendrons in the micelle are shown as light gray sticks, while the DNA fragment is in a ribbon representation. Cl- and Na+ ions are shown as light and dark gray 

spheres, respectively. Water is not shown for clarity. Redrawn from [54], with permission of the ACS. 
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Table 6. Values of the Experimentally Determined (CMCexp) and Computationally Estimated (CMCsim) Critical Micellar Concentration ( M), 

Micellar Diameter Dm (nm), Core Radius Rc (nm), Aggregation Number Nagg, Micelle Surface Charge Density  m (e/nm
2
), and Free En-

ergy of Micellization  Gmic (kJ/mol) for the Different Modified Dendrons in Figure 21 As Obtained from Mesoscale Simulations. Adapted 

from [54], With Permission of the ACS 

Compound CMCexp CMCsim Dm Rc Nagg  m  Gmic

C12-G2 208 ± 56 2.7 2.9 ± 0.1 0.8 6 1.77 -63.6 

C16-G2 37 ± 6 0.23 3.1 ± 0.1 0.9 7 1.89 -75.7 

C22-G2 2.0 ± 0.1 0.080 3.3 ± 0.2 1.0 9 2.09 -92.3 

Chol-G2 4.9 ± 0.6 0.035 3.9 ± 0.2 1.1 16 2.68 -96.4 

Chol2-G2 4.9 ± 0.6 0.018 5.1 ± 0.1 1.5 22 2.15 -99.6 

Table 7. Free Energy of Binding  Gbind (kcal/mol) and Normalized Free Energy of Binding Per Charge on the Micelle  Gbind/N (kcal/mol) the 

Between Hydrophobically Modified Dendron Micelles and DNA. Adapted from [54], With Permission of the ACS 

Compound  Gbind  Gbind/N 

C12-G2 -16.8 ± 1.3 -0.35 ± 0.03 

C16-G2 -22.4 ± 1.7 -0.40 ± 0.03 

C22-G2 -33.8 ± 2.8 -0.47 ± 0.04 

Chol-G2 -71.2 ± 3.1 -0.56 ± 0.02 

Chol2-G2 -119.2 ± 3.1 -0.68 ± 0.02 

PEI -269.0 ± 2.6 -0.63 ± 0.01 

excellent DNA binding properties which could be potentially ex-
ploited with success in gene delivery processes. 

We then went on to investigate the ability of these dendrons to 
transfect cells using a luciferase expression assay. From the trans-
fection data, we saw that Chol-G2 was the most effective vector, 
with an activity of around 10% of that of PEI. Chol2-G2 showed 
some transfection at ca. 4% PEI positive control, C22-G2 only 
showed negligible levels, while Z-G2, C12-G2, and C16-G2 exhib-
ited no measurable transfection. 

Interestingly enough, the value of one of the micellar key pa-
rameters, the surface charge density �m, as estimated by our mod-
eling procedures, correlates directly with the cellular transfection 
efficiency (TE) data discussed above. Indeed, the higher the 
value of �m, the higher the transfection efficiency of the corre-
sponding system. This finding is not only qualitatively but also 
quantitatively in agreement with what is observed for cationic 
lipid/DNA-mediated delivery systems for which — depending on 
the morphological structure of the overall assembly — high values 
of �m are beneficial for achieving high TEs. 

Overall, however, none of the new dendrons performs as well 
as PEI. Since efficient DNA binding, cellular uptake, endosomal 
escape and toxicity causes were excluded by experiments, we rea-
soned that although our dendrons self-assemble into highly effec-
tive multivalent DNA binders perhaps this binding was in fact too 
strong to facilitate intracellular DNA release. The ability of the 
dendrons to effectively release DNA was therefore investigated 
using a heparin sulfate displacement assay. Heparin sulfate is an 
anionic polymer, which can compete with DNA for binding to the 
cationic dendrons. Thus, the amount of heparin sulfate required to 
fully displace the DNA from the vector is a good indicator of how 
effectively the vector can release the DNA from its complex in-
tracellularly. The experimental heparin sulfate competition assays 
were paralleled by atomistic molecular dynamics simulations Fig. 
(25) of direct binding !Gbind of each dendron micelle and a chain 
of heparin sulfate. As shown in (Table 8), MM/PBSA ranked the 
affinity of the different dednon micelles toward heparin sulfate in 

the following order: Chol-G1 > Chol-G2 > C22-G2 > C16-G2 > C12-
G2, in agreement with the affinities exhibited by these self-
assemblies for DNA. 

Fig. (25). Atomistic molecular dynamics simulation snapshot of the Chol2-

G2 micelle in complex with a fragment of heparin sulfate. The dendrons in 

the micelle are shown as gray sticks, while the heparin fragment is in black 

CPK representation. Cl- and Na+ ions are shown as big and small gray 

spheres, respectively. Water is not shown for clarity. Adapted from [54], 

with permission of the ACS. 

More enlightening information is however obtained by consid-
ering the last column in (Table 8) presenting the difference in bind-
ing affinity of each dendron micelle toward heparin sulfate and 
DNA, respectively. Since here !!Gbind is defined as: !!Gbind = 
!Gbind(heparin sulfate) - !Gbind(DNA), the more positive the value 
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of !!Gbind for a given dendron micelle, the higher the affinity of 
that micelle toward DNA rather than to heparin sulfate. The data 
indicate that compound Chol2-G2 binds DNA much more effec-
tively than heparin. This modeling study therefore verifies the ex-
perimentalresults provided by gel electrophoresis, in which Chol-
G2 was best able to release the DNA and transfection studies in 
which Chol-G2 was the most e ff ective delivery vehicle. This pro-
vides further support to the concept that, although beneficial for 
complexation, compaction, protection transport, and cellular entry, 
if DNA binding is too tight in comparison with other anionic hepa-
rin is much more competitive with DNA species it is detrimental to 
the fundamental step of DNA release inside the target cell. 

We propose that the better relative ability of Chol-G2 to bind 
heparin and release DNA may be a consequence of the higher sur-
face charge density of Chol-G2 being better matched to the very 
high anionic surface charge density of heparin. We therefore reason 
that the cationic charge density of the self-assembled nanostructures 
may play an important role in enabling heparin-mediated DNA 
release. This would also explain why PEI, which has very high 
charge density, achieves such e ff ective DNA release under these 
conditions. 

Give Me a Break! (Or Simulations of Nanovector Degradation 

for DNA/RNA Enhanced Release) 

The DNA “overbinding” dendrons discussed above were de-
signed to incorporate ester groups into the branched framework, 
providing them with the capacity to degrade under biological condi-
tions of pH. It had been our intention that over biologically relevant 
time scales dendron degradation would occur, turning a multivalent 
ligand array into smaller units which were not capable of such ef-
fective DNA binding. We hoped that this would actually facilitate 
intracellular DNA release, helping overcome this DNA tight-
binding barrier to gene transfection. We therefore designed an elec-
trospray mass spectrometric (ES-MS) assay to probe the path-
ways of dendron degradation which were actually taking place. 
In general terms, all of the dendrons degraded with none of the 
initial dendron (100 "M) remaining after a period of 6/10 h — a 
transfection relevant time scale. At first sight, therefore, the MS 
assay would indicate that dendron degradation should occur under 
cellular conditions and encourage DNA release. However, we also 
found that dendron degradation does not occur at pH 5.0, relevant 
to the interior of endosomes. It is therefore possible that during 
trafficking into the cell degradation of the dendron is limited as it 
experiences the more acidic endosomal environment and that this is 
responsible for the poor DNA release and transfection profile. 

To confirm that dendron degradation should, in principle, lead 
to DNA release, we performed further atomistic MD simulations 
starting from each dendron micelle in complex with a small frag-
ment of ds-DNA. For this study, we detached surface ligands from 
the dendron by in silico degradation, and monitored the thermody-
namics of binding by MM/PBSA calculations. The modeling is 
represented graphically in Fig. (26), which illustrates how our mi-

celles lose their ability to bind to DNA as surface ligands are de-
tached in this manner. 

(Table 9) collects the quantitative binding data which demon-
strate that, as expected, the degraded products are less able to bind 
DNA than the intact dendrons when assembled into micellar form. 
Interestingly, the loss of DNA binding is more marked for Chol-G2 
than for Chol2-G2. For Chol-G2, when half of the ligands have been 
lost (i.e., degradation of one of the ester bonds as evidenced by 
mass spectrometry), the binding strength for DNA has dropped by 
ca. 70%. However, for Chol2-G2, loss of half the binding ligands 
only leads to a decrease in binding affinity of 58%. Only on further 
degradation does the free energy of DNA binding for Chol2-G2 
drop significantly below 50 kcal/mol. 

We suggested that the two hydrophobic cholesterol units in 
Chol2-G2 are better able to maintain the self-assembled nanostruc-
ture during degradation, enabling the maintenance of a higher mi-
cellar surface positive charge density and allowing the micelles to 
hold onto DNA more effectively. These modeling observations 
would imply that if intracellular degradation is indeed occurring 
then Chol-G2 would be the better dendron for achieving rapid DNA 
release, in agreement with our experimental observations of gene 
delivery. 

CONCLUSIONS 

The extensive series of examples illustrated and discussed 
above - taken from our own experience in the field - emphasize the 
role and potentiality of multiscale molecular modeling in the pre- 
and post-development of nanodevices for gene delivery. Accurate 
and reliable molecular modeling can be performed more easily than 
experiments. In silico evaluation can take into account the molecu-
lar specificity of the problem and dramatically reduce the time and 
cost required to formulate a new device and therapeutic interven-
tion, and eventually translate it into the clinical setting. In 
nanomedicine, the need for accurate multiscale molecular modeling 
is even more pressing. Despite its rapid growth and extraordinary 
potential, the field is still in its infancy, is highly interdisciplinary, 
and aims at solving problems of extraordinary and unprecedented 
complexity. With such a scenario, multiscale molecular modeling 
could dictate the success of nanomedicine and make the difference 
between several years of unfruitful research and the development of 
new, revolutionary therapeutic strategies readily available to the 
public. 
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Table 8. Free Energy of Binding  Gbind (kcal/mol) the Between Hydrophobically Modified Dendron Micelles and Heparin Sulfate. ""Gbind = 
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Table 9. Free Energy of Binding  Gbind (kcal/mol) and Normalized Free Energy of Binding Per Charge on the Micelle  Gbind/N (kcal/mol) for 

DNA Binding of the Hydrophobically Modified Dendron Micelles With Sequential Ligand Detachment. Adapted from [54], With Permis-
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2 -21.1 ± 1.1 -0.33 ± 0.02 
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0 -1.3 ± 0.4 - 

Chol2-G2 4 -119.2 ± 3.1 -0.68 ± 0.02 

3 -82.6 ± 2.2 -0.63 ± 0.02 
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