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Introduction

The discovery of antisense oligonucleotides (AS-ODNs)
and, more recently, small interfering RNAs (siRNAs) has
opened wide perspectives in therapeutics for the treatment
of cancer, infectious, and anti-inflammatory diseases. How-
ever, these molecules are unstable in biological fluids, con-
comitantly displaying poor intracellular penetration. Nano-
technology can offer a solution to turn these genetic materi-
als into drugs, by allowing the design of new means to over-
come most of the barriers that hampered the development
of AS-ODN and siRNA therapeutics. These barriers can be
summarized as follows: i) protein and enzyme interactions
with the carrier or its content, and ii) tissular, cellular, and
subcellular targeting.

siRNAs were discovered by showing that the introduction
of a long double-stranded RNA (dsRNA) into a variety of
hosts could induce post-transcriptional silencing of all ho-
mologous host genes and/or transgenes.[1–4] Within the intra-
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cellular compartment, the long dsRNA molecules are me-
tabolized to small 21–23-nucleotide-interfering RNAs by the
action of an endogenous ribonuclease: the dsRNA-specific
RNAse III enzyme Dicer.[2,5,6] The siRNA molecules then
assemble to a multiprotein complex, termed RNA-induced
silencing complex (RISC). Functional RISC contains four
different subunits, including helicase, exonuclease, endonu-
clease, and homology-searching domains. When siRNA
binds to RISC, the duplex siRNA is unwound by helicase,
resulting in two single strands,[7] allowing the antisense
strand to bind to the targeted RNA molecule.[3] The endonu-
clease hydrolyzes the target messenger RNA (mRNA) ho-
mologous at the site where the antisense strand is bound.
RNA interference has an antisense mechanism of action, as
ultimately a single-strand RNA binds to the target RNA
molecule by Watson–Crick base pairing rules and recruits a
ribonuclease that degrades the target RNA.[8] When siRNA-
mediated silencing occurs, the products are cleaved, re-
leased, and degraded, allowing the RISC complex to inter-
act with other molecules from the mRNA pool.

siRNAs are natural phosphodiester compounds. However,
critical drawbacks such as their poor stability versus nucle-
ase activity both in vitro and in vivo, their low intracellular
penetration, and their scarce bioavailability have limited
their use in therapeutics.[9,10] All possible barriers and needs
for delivery of siRNA to cells have been nicely summarized
by Li and Szoka in a recent paper,[11] in which these authors
also clarified the needs for suitable vectors to deliver thera-
peutic genetic material, together with the definition of dif-
ferent approaches for circumventing these hurdles. At first,
a delivery system given by the intravenous administration
should avoid both interactions with plasma proteins and
uptake by the macrophages of the monocyte phagocytic
system (MPS). This is really a critical issue, as such interac-
tions result in the formation of aggregates that are trapped
in the lung endothelial capillary bed and then taken up by
the MPS.[12] Moreover, biocompatibility issues could arise
such as complement activation.[13] Similar to classical colloi-
dal drug carriers, delivery systems for nucleic acids should
cross the permeable endothelium, such as in neovascularized
tumors or inflammation. In such an instance, size effects
come into play, as only relatively small particles will be able
to pass through the fenestrated capillaries and reach the
tumor core or the inflammation site without escaping again
into the main stream (enhanced permeability and retention
effect, or EPR). Also, before reaching the cellular level, a
suitable vectors system should be able to cross the tight net-
work made by the extracellular matrix, composed of a varie-
ty of polysaccharides and proteins populating the cell sur-
face.[11] Finally, upon targeting its final destination, the
vector still has to face the problems of intracellular penetra-
tion, subcellular localization, endosomal escape, and, last
but not least, safe and efficient cargo release. The comple-
tion and optimization of all these steps need to be part of
the rationale to develop new and effective siRNA delivery
systems.

Initially, for the purpose of serving as nucleic acid carriers,
viral vectors were employed that had the advantage of high
transfection efficiency. This characteristic could be traced to
the inherent ability of viruses to transport genetic material
into the cell as a part of their natural replication and surviv-
al pathway. On the other hand, viral systems showed limited
loading capacity and, most importantly, posed severe safety
risks due to their oncogenic potential, inflammatory, and im-
munogenic effect, which prevent them from repeated ad-
ministration. In the light of these problems, concerns, and
limitations, nonviral systems have emerged as a promising
alternative for gene delivery. As outlined above, the main
requirements for these vectors are the protection of their
nucleic acid load as well as their efficient uptake into the
target cells and subsequent release of the cargo in the cell
cytoplasm (or, in the case of DNA, in the cell nucleus). Sev-
eral delivery strategies were thus developed, which can,
however, be classified into two main categories, namely lipo-
fection and polyfection, the former relying on cationic lipids,
whilst the latter is based on the employment of polymers,
dendrimers, and peptides.[14] However, unlike viral ana-
logues that have evolved means to overcome cellular barri-
ers and immune defense mechanisms, nonviral gene carriers
consistently exhibit significantly reduced transfection effi-
ciency as they still suffer some hindrance from several extra-
and intracellular obstacles. At the same time, biocompatibil-
ity and potential for large-scale production make these com-
pound classes increasingly attractive for gene therapy.

Owing to the ease of synthesis and commercial availabili-
ty, polyamidoamine (PAMAM) dendrimers have become
one of the most utilized dendrimer-based vectors for gene
transfer.[15] The synthesis of these compounds proceeds by a
repetitive sequence involving Michael addition of a nucleo-
philic core (ethylenediamine (EDTA) or ammonia) to
methyl acrylate followed by an amidation of the resulting
ester with an amine functionality (e.g., EDTA). Starburst
PAMAM dendrimers are nanoscopic polymers with a mo-
lecular architecture characterized by regular dendritic
branching and radial symmetry. The topological structure of
these polymers is achieved by the ordered assembly of poly-
mer subunits in concentric, dendritic tiers surrounding an in-
itiator core. The exclusive physical and chemical properties
of dendrimers are attributable to the outgrowth of their
shape as well as to the high positive charge density, due to
the presence of both primary amine groups on the surface
of the molecules and tertiary amine moieties within the den-
drimer inner branches, which are protonated at physiologi-
cal (7.4) and lower pH (5) values, respectively.

The unique chemical architecture of PAMAM dendrim-
ers, coupled with their limited size, has stimulated different
research groups to explore their applications in biology and
medicine, which began by evaluating their toxicity and im-
munogenicity. Unfortunately, PAMAMs were found endow-
ed with a notable cytotoxicity,[16] substantially related to the
formation of cavities in the cell membrane, indicating mem-
brane rupture. This damage was attributed to the cationic
nature of PAMAM-NH2 and appeared to be directly related
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to the generation number, concentration, and incubation
time with the cells.[17] At the same time, however, these free
amine surface groups are essential for enhancing the cyto-
plasmic delivery of therapeutic molecules.[18] Specifically, the
internalization and accumulation of PAMAM-NH2 dendrim-
ers in the cellular endosomes result in the acidification of
the overall environment. As a consequence, protonation of
the tertiary amine nitrogen atoms of the dendrimers takes
place as a buffering mechanism, which triggers the diffusion
and accumulation of Cl� counterions into the endosomes.
These, in turn, result in an increased endosomal osmotic
pressure and eventually rupture of the endosomal mem-
brane and release of its contents, including the loaded den-
drimers, into the cytoplasm of the targeted cells.[19]

Notwithstanding these problematic issues, PAMAM den-
drimers are still considered ideal model systems for under-
standing the process of uptake and delivery of therapeutic
agents including siRNAs, because of their high aqueous sol-
ubility, large number of chemically versatile surface groups,
and, as said, unique architectures and properties. Under
these perspectives, we decided to undertake a coupled ex-
perimental/theoretical investigation of classical PAMAM
dendrimers and their complexation with a small-interfering
RNA. For this purpose, atomistic molecular simulations
were performed for dendrimer molecules from generation 1
to generation 6 in the presence of explicit water molecules,
counterions, and added ionic strength and at two different
values of pH of physiological relevance (7.4 and 5). The
most important structural features of these molecules, such
as radius of gyration values, fractal dimensions, solvent-ac-
cessible surface areas, and radial distribution functions, were
thoroughly analyzed and compared with experimental data,
where available. The complexes between dendrimer genera-
tions most relevant to siRNA delivery applications (i.e., G4
to G6) and a standard reference siRNA sequence (GL3, see
the Supporting Information) were then simulated by using a
well-validated computational methodology, and the relevant
free energy of binding values DGbind were estimated.

To complement information stemming from simulations,
1H NMR DOSY spectra were recorded to determine the dif-
fusion coefficients of G4 and G5 PAMAMs and their com-
plexes with siRNA. Also, the values of the hydrodynamic
radii for these species (as well as those for the isolated den-
drimers) resulting from NMR were compared to those esti-
mated by modeling. Finally, gel retardation assay-based
techniques were applied to estimate the binding of G4–G6
and the siRNA at different dendrimer/siRNA charge ratios
(N/P), and a two-parameter model for the prediction of
these curves, based upon both experimental and theoretical
data, was formulated.

Results and Discussion

Dendrimers provide unique dual characteristics of ultrasoft
colloids and structural polymers, making them candidates
for a variety of biomedical applications ranging from drug

delivery to MRI imaging and gene therapy. The pH depend-
ence of the size and structure of the dendrimers is a critical
issue for their utilization as drug delivery vehicles in physio-
logic environments (pH 5 to 7.4). To provide insights into
the structure and the properties of dendrimers as a function
of generation at various pH conditions, we estimated their
radius of gyration Rg and calculated the corresponding
radial distribution functions by using fully atomistic MD
simulations in explicit solvent, counterions, and ionic
strength. Figure 1 shows equilibrated snapshots taken from
the MD trajectories of PAMAMs of generation G6 as an ex-
ample.

The radius of gyration Rg is a fundamental tool for the de-
scription of structural properties of dendrimers. This quanti-
ty, related to the square root of the second invariant of the
first-order tensor S, takes into account the spatial distribu-
tion of the atom chain by mediating over all N molecular

Figure 1. Snapshots taken from MD simulations of PAMAM generation 6
at different protonation levels. A) The low pH (=5) structure, B) the
neutral pH (=7.4) structure. Dendrimers are depicted in colored sticks
representation, with the terminal NH3

+ groups highlighted as white ball-
and-stick models. Sodium and chlorine counterions are portrayed as
purple and green spheres, respectively. Water is omitted from the picture
for clarity.
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components. For a dendrimer, the mean-square radius of gy-
ration is defined by Equation (1),

R2
g

D E
¼ 1

Mw

XN

i¼1

mi ri � Rj j2
" #* +

ð1Þ

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

are the position and mass of the ith atom, and Mw refers to
the total mass of the dendrimer. The Rg values estimated by
MD simulations for all generations at different protonation
levels (i.e. , pH 7.4 and 5) are reported in Figure 2 as a func-

tion of the dendrimer molecular weight Mw. Importantly,
these values are in excellent agreement with those previous-
ly determined by SAXS experiments,[21,22] and with other
MD simulations,[23] as evidenced in Table 1.

As shown in Figure 2 and Table 1, and as expected, the di-
mensions of the PAMAMs increase with increasing genera-
tion and, coherently, the Rg values at lower pH are greater
than the corresponding values at pH 7.4 by virtue of the
protonation of the tertiary amine nitrogen atoms which, in
turn, leads to a molecular expansion by internal charge re-
pulsion. This allows an enhanced water and counterions
penetration into the dendrimer branches, with the ultimate
consequence of nanovector swelling. This behavior is com-
monly known as the proton sponge effect,[20] as the influx of
water and chlorine counterions to compensate the increased

protonation state of the dendrimer makes the nanocarriers
behave like a virtual proton sponge.

One of the important problems in supramolecular chemis-
try is the origin of the specificity and recognition in molecu-
lar interaction. An essential step in this process is the com-
plementary contact between approaching molecular surfa-
ces. Surface representation of macromolecules such as, in
our specific case, nucleic acids or dendrimers, have provided
a powerful approach to characterizing the structure, folding,
interactions, and properties of such molecules.[24] A funda-
mental feature of surfaces that has not been characterized
by these representations, however, is the texture (or rough-
ness) of the polymer surface, and its role in molecular inter-
actions has not been defined. Another important, related
issue, deals with a basic property of surfaces: their accessi-
bility to incoming molecules depends on their size. General-
ly, there are three main factors that determine the accessibil-
ity of a given ligand to its receptor molecule. The first is the
umbrella effect of the ligand, as most molecules have cross-
sectional areas that shield more than the molecular locus in
which they bind. The second factor is the surface irregulari-
ty, tortuosity, and connectivity, and the degree to which
these surface features shield the binding points from an in-
coming molecule. The third parameter is surface heteroge-
neity, from the point of view of both the possible clustering
of binding sites and the difference in affinity of the interact-
ing groups due to inductive effects of the surroundings moi-
eties.

It has been long known in surface science that apparent
surface areas decrease with an increase in ligand size, due to
the parallel decrease in geometric accessibility. It was found
that, in many instances, the relation between these two pa-
rameters is given by Equation (2),

m / s�Df =2 ð2Þ

where m is the monolayer value of the bound ligands of
cross-sectional area s, and Df is often interpreted as the
fractal dimension of the surface available to binding. Since
it is found that, usually, 2 � Df<3, it seems that the sim-
plest interpretation of Df is that it reflects mainly the geo-
metrical nature of the surface, that is, from a flat surface

(Df =2) up to extreme volume-
like irregularity (Df = 3). Equa-
tion (2) may be applied, in prin-
ciple, for the evaluation of the
surface roughness and surface
accessibility of macromolecules,
such as proteins and dendrim-
ers. The degree of geometrical
irregularity of a dendrimer is
one of the parameters that de-
termine the diffusion kinetics of
a small substrate on the surface
of the macromolecule or into it.
The method of determining the

Figure 2. Log–log plot of Rg calculated from MD simulations as a func-
tion of the PAMAM molecular weight. Green symbols: pH 7.4; red sym-
bols: pH 5.

Table 1. Radius of gyration Rg values [�] for PAMAM dendrimers obtained from MD simulations at two dif-
ferent pH values (standard deviation in parentheses). For comparison, experimental values obtained through
SAXS experiments and theoretical values derived from previous MD simulations are given.

Generation pH 5 pH 7.4 SAXS[a] Other MD
simulations[b]

G1 10.19 (0.34) 9.85 (0.30)
G2 13.88 (0.37) 14.44 (0.41)
G3 17.96 (0.17) 16.25 (0.38) 15.8[c] 16.5[d] 15.09[d]

G4 21.00 (0.22) 19.00 (0.21) 17.1 17.6 18.6 16.78[e]

G5 24.23 (0.18) 22.43 (0.29) 24.1 25.3 23.07 20.67
G6 28.90 (010) 27.21 (0.11) 26.3 27.5 27.5 26.76

[a] See references [21, 22]. [b] See reference [23]. [c] In CH3OH from sphere model. [d] In CH3OH from Guin-
ier plot. [e] In explicit water and counterions.
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Df value of dendrimers[24 has been to apply Equation (2) by
“covering” the surface of the dendrimers with a monolayer
of model spherical molecules of cross-sectional area s. The
area A thus determined is given by Equation (3).

A / s 2�Dfð Þ=2 ð3Þ

Table 2 lists the calculated surface fractal dimensions for
PAMAM generations G4–G6 at pH 5 and 7.4, as these are
the physiological environments at which binding and cell in-

ternalization occur, respectively, and G4–G6 are the most
relevant generations for biological applications.

It is worthwhile noting that the calculated fractal dimen-
sions for all dendrimer generations at both pHs are quite
close to those characterizing various protein and biomacro-
molecules, which vary, just to cite a few, between 2.05 for
DNA to 2.18 for retinol binding protein.[25] The results of
this analysis are of much value, especially in the molecular
design of pharmaceutical and/or biocompatible molecules,
as well as in surface molecular recognition based on similar
fractal dimensions, as it seems to be the case between
siRNA and PAMAMs.

Another molecular issue, derived from the collected data,
is the so-called molecular solvent-accessible surface area
(SASA). As SASA clarifies the specificity and recognition
in molecular interaction, we again limited the calculation of
this property only to dendrimer generations potentially in-
volved in binding. During the MD simulations, a significant
solvent penetration to the interior of the dendrimer mole-
cules has been detected, as testified by the corresponding
radial distribution functions discussed later in this paper.
This water take-up leads to more open molecular structures
for the dendrimers. The interaction of the dendrimers with
these solvent molecules is largely determined by its
SASA.[24a] The SASA is obtained by “rolling” a sphere of
radius rp around the van der Waals surface of the molecule,
where rp represents the effective radius of the solvent (e.g.,
rp =1.4 � for a water molecule). The SASA is then com-
posed of the locus of the probe-sphere midpoints. In princi-
ple, the SASA of an ideal, spherical molecule containing no
internal voids can be defined by Equation (4),

SASA ¼ 4pðRþ rpÞ2 ð4Þ

in which R and rp are the radius of the spherical molecule

and of the probe, respectively. Accordingly, a plot of
(SASA)1/2 versus rp for such an ideal molecule would be
linear, with a slope of 2p0.5 and an intercept proportional to
the radius R. Typically, real molecules are never exactly
spherical, nor free from internal voids. Therefore, for large
values of rp, the SASA is expected to reveal first-order de-
pendence from rp, whereas, for small values of the probe
radius, a deviation from linearity associated with the internal
region can be predicted. As can be seen in Figure 3A and B,

for large values of rp, the SASA indeed becomes linear with
rp for both pH values, as expected; nevertheless, for small
probe radii, a positive deviation from linearity is observed,
owing to the extra surface area associated with the interior
regions of the molecules.

For probe radii rp >6 �, (SASA)1/2 values are proportion-
al to probe radius, indicating that only the exterior surface
of the dendrimer is sampled, and suggesting that molecules
with a radius rp >6 � would not fit inside the dendrimer. As
we shall discuss later, this constitutes a direct validation of
the MD results relative to the dendriplexes simulations,
where the siRNA is mainly bound to the outmost dendri-
meric branches and only a few base pairs can penetrate into
the inner dendrimer structure for binding. The deviation in
SASA at smaller probe radii measures the internal cavities
within the dendrimer, and the available internal surface area
in a solvent-filled dendrimer. The behavior of (SASA)1/2 is
qualitatively similar for all PAMAM generations, but the
available internal surface area increases with the increase of
protonation level, in definite harmony with all evidences dis-
cussed above.

Table 2. Surface fractal dimension Df for PAMAM G4–G6 at pH 5 and
7.4.

pH 5 pH 7.4
Generation Df Df

G4 2.05 2.02
G5 2.14 2.08
G6 2.18 2.13

Figure 3. Square root of the solvent-accessible surface area (SASA) as a
function of the probe radius for PAMAM generations G4, G5, and G6 at
pH 5 (A) and pH 7.4 (B). Symbols: squares: G4; triangles: G5; dia-
monds: G6.
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As mentioned earlier, parameters such as branch size,
shape, and multiplicity can have dramatic effects on the ulti-
mate shape, the interior topology and the exterior surface
properties (alias congestion) of the developing molecule.
Mathematically, we can appraise dendrimer surface as a
function of generation from the relationship given in Equa-
tion (5),

Az ¼
A
Nz
/ R2

NcNG
b

ð5Þ

in which Az is the surface area per terminal group Z, A is
the dendrimer surface area, and Nz is the number for termi-
nal group Z per generation.[15] From this relation we can see
that, at higher generations G, Az becomes increasingly
smaller and experimentally approaches the cross-sectional
area of the van del Waals dimension of the surface group Z.
The generation G thus reached is referred to as the starburst
dense-packed (limited) generation. As predicted by de
Gennes and Hervet,[26] ideal starburst growth without
branch defects is possible only for those generations preced-
ing the dense-packed state. This critical dendrimer property
gives rise to self-limiting starburst dimensions, which are a
function of the branch-juncture multiplicity Nb and sterical
dimensions of the terminal group Z. Since the dendrimer
radius R in the expression above is dependent on the den-
drimer branch length Lb, larger values of Lb will delay this
congestion, whereas larger Nc and Nb values and larger Z di-
mensions will dramatically hasten it. As shown in Table 3,

Az increases from generation 1 to 4 at all protonation levels,
and starts decreasing from generation 5. Accordingly, this
analysis allows us to conclude that for this type of dendrim-
ers, the starburst limited generation, that is the generation
at which the molecule should exhibit i) sterically inhibited
reaction rates, ii) sterically induced stoichiometry, and, quite
possibly, iii) a critical phase change due to surface coopera-
tivity, is presumably located in correspondence with G4 at
both neutral and acidic pH.

It was previously discussed how, in the presence of a polar
solvent like water, a substantial penetration of water inside
the macromolecule is observed, which causes the structure
to swell as a consequence of the favorable interaction of the
solvent with the protonated amines. Moreover, depending of
the degree of protonation, a significant fraction of the coun-
terions condense with the dendrimer, residing very close to
the protonated sites. As the protonation level increases,

there are more counterions inside the dendrimer, and the
dendrimer swelling is more pronounced. Figure 4A and B
plot the radial density distributions of all PAMAM genera-
tions at low and neutral pH, respectively. It can be inferred
that, in presence of solvent and both at neutral or low pH,
for G1–G6 the density distribution is characterized by a
maximum at small R values, and then decreases somewhat
monotonically with increasing R. This effect becomes more
evident as the pH decreases, and constitutes an indication
that the dendrimer core region is denser than the outer part.
Because of this hollowness at the middle regions of the mol-
ecule, a significant number of water molecules are allowed
to penetrate within the dendrimer inner branches.

Another dramatic feature is the high degree of back-fold-
ing. The usual schematic diagrams found in the literature for
dendrimers, particularly the 2D representations, convey the
idea that the terminal groups are located at the periphery of
the molecule. However, the actual MD simulations reveal
the presence of a substantial back-folding of the end groups
toward the dendrimer core. These findings agree with the
solid-state NMR measurements on flexible dendrimers,[27]

which reveal close contact between the core and peripheral
group, and with other atomistic simulations on various den-
drimer systems.[28, 29] To quantify this aspect, the radial distri-
bution functions for terminal nitrogens for various genera-
tions are reported in Figure 4 C and D. This indicates that
the end groups are sufficiently flexible to interpenetrate
nearly the whole molecule. In particular, the end groups of
higher generations come even close to the core of the mole-
cule, and the extent of back-folding increases with the in-
crease of generation. This effect is again more evident at
neutral pH; higher generations show evident peaks near the
core of the molecule and, for lower generations, the back-
folding pervades the entire molecular architecture.

To gain structural and energetic insights, at a molecular
level, into the complexation between clinically important
PAMAM generations (G4–G6) and siRNA, another set of
atomistic MD simulations was performed on the relevant
complexes, assuming a simplified stoichiometry of 1 dendri-
mer:1 siRNA in each respective dendriplex. Figure 5 shows
equilibrated snapshots extracted from the corresponding
MD trajectories of the G6/siRNA complexes at pH 5 and
7.4, respectively.

To characterize the conformational change of dendrimer
and siRNA upon binding, we calculate the values of the
radius of gyration of the entire complex, Rg

compl, and those
of the dendrimer and siRNA within the complex, Rg

dend and
Rg

siRNA, respectively. The values obtained from our MD cal-
culations are reported in Table 4. At both pH values and for
each dendrimer generation, Rg

siRNA is significantly smaller
than Rg

dend, testifying the tendency of siRNA to partially
penetrate inside the dendrimeric structure. Nevertheless, as
expected, the biggest part of the siRNA double helix still re-
mains outside the dendrimer, and this reflects in the Rg

compl

value being larger than Rg
dend. Furthermore, the siRNA is a

duplex, and the base pairing/stacking interactions between
the opposite strands concur to confer an intrinsic rigidity to

Table 3. Surface area per terminal group versus generation for PAMAM
G4–G6 at pH 5 and 7.4.

Az

G1 G2 G3 G4 G5 G6

pH 5 199 226 238 242 241 230
pH 7.4 203 226 234 235 232 233
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the overall structure, preventing a substantial wrapping of
the nucleic acid around the dendrimer surface.

These considerations are also supported by the analysis of
the solvent-accessible surface area SASA (vide supra) and
of the radial distribution functions reported below in
Figure 6.

Comparing Figure 6A and B, it can be seen that, due to
the swelling of the polymer, considerable water can pene-
trate inside the dendrimer. The water uptake seems to be
dependent on the dendrimer generation; in particular, at
neutral pH, water diffusion within the dendrimer branches
decreases as G increases. In any case, water molecules are
detected even close to the dendrimer cores at both pH 5
and pH 7.4. Upon siRNA complexation, all PAMAM gener-
ations do not appear to undergo major conformational
changes, maintaining the dense core configuration observed
for isolated dendrimers (see Figure 4A and B). Finally,
siRNA density distributions are found well inside the corre-
sponding dendrimer density profiles, indicating that the nu-
cleic acid can easily penetrate into the outmost dendrimer
branches, some base pairs reaching deeper into the nanovec-
tors structure.

The free energy of binding values DGbind between
PAMAMs from generation G4 to generation G6 and the
GL3 siRNA sequence were estimated by using the molecu-
lar mechanics/Poisson–Boltzmann surface area (MM/PBSA)
methodology.[30] These values are reported in Table 5, to-
gether with all the energy components contributing to
DGbind.

As expected for the interaction of two highly, oppositely
charged macroions, the electrostatic part of the nonbonded
mechanical energy components of DGbind, namely DEele, af-
fords the predominant contribution to the binding for each
dendrimer generation and at both pH values. On the other
hand, due to the polar character of both the nanovectors
and cargo, the desolvation penalty paid by these molecules
upon binding (DGPB) is also quite substantial (see Fig-
ure 7A). The corresponding mean values of the van der
Waals and hydrophobic overall interaction energies (DEvdW

+ DGNP, see Table 5) contribute approximately to 10 % of
the overall electrostatic components (DEele + DGPB), thus
confirming the substantial electrostatic nature of the interac-
tions in the dendriplexes.

Finally, the calculated changes in solute entropy, �TDS,
make an unfavorable contribution to the complex formation

Figure 4. Radial density distributions for PAMAM generations G1 to G6 (continuous lines) and water (broken lines) at pH 5 (A) and pH 7.4 (B). Radial
density distributions for terminal nitrogens of PAMAM generations G1 to G6 at pH 5 (C) and pH 7.4 (D). Color code: red: G1; light green: G2; dark
green: G3; blue: G4; purple: G5; dark red: G6.
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in all cases, which increases as the dendrimer generations in-
crease independently of the pH value considered (Fig-
ure 7B). A plot of the values of DH versus �TDS (taken
from Table 5) is shown in Figure 8A. A least-squares linear
regression fit of the points (correlation coefficient R2 =0.98)
demonstrates the linear relationship between the enthalpies
and the entropies of siRNA binding to the PAMAMs. As
this plot indicates, the binding entropy decreases when the
binding enthalpy increases. One explanation for this obser-

vation is that as the dendrimer forms favorable interactions
by wrapping the siRNA with some of its outer branches,
both the dendritic arms and the nucleobases involved in
these interactions lose degrees of freedom upon binding.
Moreover, solvent molecules and stabilizing counterions as-
sociated with the hydration shell of the nanovector and
those residing in the binding pocket in the major groove of
the siRNA also become rearranged. Similarly, a plot of DH
versus DGbind (shown in Figure 8B) is also linear (R2 =0.99),
again characteristic of classical enthalpy/entropy compensa-
tion.

Enthalpy/entropy compensation is a phenomenon widely
observed in biology, and commonly reported for the binding
of ligand to proteins, particularly in papers dealing with
computational aspects, such as this.[31] In these cases, molec-
ular rationales of the enthalpy/entropy compensation have
relied both on the “local freezing” of the molecular parts di-
rectly involved in binding, as well as on the involvement of
water molecules and mobile ions rearranged in the binding
processes. Ordered waters and ions around charged macro-
molecules clearly are expected to have an important effect
upon binding; accordingly, when a siRNA duplex binds to

Figure 5. Snapshots taken from MD simulations of PAMAM generations
G6 in complex with GL3 siRNA at different protonation levels. Top: low
pH (=5) structure; bottom: neutral pH (=7.4) structure. Dendrimers are
depicted as colored sticks, with the terminal NH3

+ groups highlighted as
white ball-and-stick models. The siRNA is outlined as a golden ribbon.
Sodium and chlorine counterions are portrayed as purple and green
spheres, respectively. Water is omitted for clarity.

Table 4. Radius of gyration values Rg
compl(�) for G4–G6 PAMAM den-

drimers in complexes with GL3 siRNa (standard deviations in parenthe-
sis). The values for the dendrimer and siRNA within the corresponding
complexes, Rg

dend and Rg
siRNA, are also given.

pH 5 pH 7.4
Generation Rg

compl Rg
dend Rg

siRNA Rg
compl Rg

dend Rg
siRNA

G4 23.65ACHTUNGTRENNUNG(0.15)
22.06ACHTUNGTRENNUNG(0.15)

19.56ACHTUNGTRENNUNG(0.39)
23.01ACHTUNGTRENNUNG(0.21)

19.56ACHTUNGTRENNUNG(0.24)
20.08ACHTUNGTRENNUNG(0.36)

G5 25.83ACHTUNGTRENNUNG(0.10)
24.76ACHTUNGTRENNUNG(0.10)

18.79ACHTUNGTRENNUNG(0.33)
24.81ACHTUNGTRENNUNG(0.14)

23.47ACHTUNGTRENNUNG(0.15)
20.41ACHTUNGTRENNUNG(0.21)

G6 30.01ACHTUNGTRENNUNG(0.14)
29.38ACHTUNGTRENNUNG(0.08)

19.76ACHTUNGTRENNUNG(0.35)
28.39ACHTUNGTRENNUNG(0.07)

27.41ACHTUNGTRENNUNG(0.08)
19.43ACHTUNGTRENNUNG(0.33)

Figure 6. Radial density distributions for PAMAM generations G4 to G6
in complexes with siRNA (continuous lines), water (broken lines), and
siRNA (dotted-broken line) at pH 5 (A) and pH 7.4 (B). Color code:
blue: G4; purple: G5; dark red: G6.
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an oppositely charged PAMAM molecule, the base pairs of
the nucleic acid involved in the interaction undergo some al-
teration and become locally distorted to accommodate the
dendrimer moieties. This results in a local stretching of the
phosphate backbone that alters and reduces some degree of
freedom at the binding zone.[32] The latter change also re-
duces the local charge density and would necessarily result

in the release of condensed
counterions,[32,33] which partly
attenuate the substantial de-
crease in entropy of the macro-
ions upon binding. Also, many
important direct and indirect
interactions are expected to
take place between the dendri-
mer, siRNA, and the surround-
ing solvent; formation of specif-
ic hydrogen bonds between the
nanovectors and the siRNA can
also possibly be mediated by
bridging waters. Water layer re-
arrangements along the major
groove at the binding site, cou-
pled with the specific van der
Waals and electrostatic interac-

tions discussed above, and a variety of new and reoriented
stacking interactions all likely contribute to the formation of
the relevant dendriplex.

The foregoing discussion about the radius of gyration
highlighted the importance of this parameter in quantifying
the molecular size of dendrimers and their siRNA com-
plexes, as well as their molecular behavior in solution. An-
other quantity, strictly related to Rg, is the hydrodynamic
radius Rh. Experimentally, Rh can be estimated by using the
Stokes–Einstein equation, which relates the diffusion coeffi-

Table 5. Free energy of binding and its component for the formation between PAMAM G4, G5, and G6 and
GL3 siRNA under two pH conditions of physiological interest, as obtained from MM/PBSA calculations. All
values are in kcal mol�1. Standard errors of the means are reported in parentheses.

pH 7.4 pH 5.0
G4/GL3 G5/GL3 G6/GL3 G4/GL3 G5/GL3 G6/GL3

DEvdW �44.58ACHTUNGTRENNUNG(5.93)
�66.50ACHTUNGTRENNUNG(9.70)

�71.29ACHTUNGTRENNUNG(9.18)
�87.18ACHTUNGTRENNUNG(9.49)

�114.57ACHTUNGTRENNUNG(13.18)
�135.77ACHTUNGTRENNUNG(15.22)

DEele �27186.60ACHTUNGTRENNUNG(210.40)
�51796.44ACHTUNGTRENNUNG(364.56)

�86827.58ACHTUNGTRENNUNG(1493.61)
�57630ACHTUNGTRENNUNG(619.27)

�100315.04ACHTUNGTRENNUNG(678.29)
�158934.28ACHTUNGTRENNUNG(2382.03)

DEMM �27231.18ACHTUNGTRENNUNG(209.94)
�51862.94ACHTUNGTRENNUNG(364.32)

�86898.88ACHTUNGTRENNUNG(1500.45)
�57717.68ACHTUNGTRENNUNG(624.39)

�100429.61ACHTUNGTRENNUNG(689.07)
�159070.05ACHTUNGTRENNUNG(2398.29)

DGNP �11.12ACHTUNGTRENNUNG(0.57)
�17.56ACHTUNGTRENNUNG(1.39)

�15.21ACHTUNGTRENNUNG(1.78)
�20.14ACHTUNGTRENNUNG(1.97)

�24.46ACHTUNGTRENNUNG(1.94)
�26.33ACHTUNGTRENNUNG(1.91)

DGPB 26870.38ACHTUNGTRENNUNG(203.46)
51227.80ACHTUNGTRENNUNG(354.70)

85901.50ACHTUNGTRENNUNG(1480.93)
56985.10ACHTUNGTRENNUNG(603.46)

99307.69ACHTUNGTRENNUNG(682.91)
157252.06ACHTUNGTRENNUNG(2292.85)

DH �371.92ACHTUNGTRENNUNG(13.71)
�652.69ACHTUNGTRENNUNG(13.85)

�1012.59ACHTUNGTRENNUNG(29.70)
�752.72ACHTUNGTRENNUNG(27.97)

�1146.38ACHTUNGTRENNUNG(35.81)
�1844.32ACHTUNGTRENNUNG(31.78)

�TDS +64.78ACHTUNGTRENNUNG(3.64)
+101.64ACHTUNGTRENNUNG(13.14)

+ 228.79ACHTUNGTRENNUNG(25.64)
+154.47ACHTUNGTRENNUNG(16.74)

+284.42ACHTUNGTRENNUNG(29.23)
+577.06ACHTUNGTRENNUNG(56.88)

DGbind �307.14 �551.05 �783.80 �598.25 �861.96 �1267.26

Figure 7. A) Comparison of the electrostatic DEele and polar solvation
DGPB contributions to the binding free energy of GL3 siRNA to
PAMAM G4–G6 at two different pH values: 7.5 (green bars) and 5 (red
bars). Dotted bars: DEele ; horizontally lined bars: DGPB. B) Comparison
of the enthalpic DH and entropic �TDS contributions to the binding free
energy of GL3 siRNA to PAMAM G4–G6 at two different pH values:
7.5 (green bars) and 5 (red bars). Dotted bars: DH ; horizontally lined
bars: �TDS. (see Table 5 and Supporting Information for more details).

Figure 8. Relationship between the enthalpy and the entropy of siRNA
binding to G4–G6 PAMAM dendrimers at two different pH: 7.5 (green
symbols) and 5 (red symbols). A) Plot of DH versus �TDS and B) plot
of DH versus DGbind. The two solid lines through the data are the best fit
lines (see Table 5 and Supporting Information for more details).
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cient D (as measured e.g., by NMR DOSY experiments) to
the hydrodynamic radius of the object undergoing transla-
tional motion according to Equation (6),

Rh ¼
RT

6phD
ð6Þ

in which k is the Boltzmann constant, T is the temperature
(in K), and h is the medium viscosity. Rg and Rh are two
closely related, although not identical, quantities, the latter
taking into account both the contribution of solvent mole-
cules and shape effects. Figure 9 shows the linear correlation

between experimental values of log(D) and the theoretical
values of log(Rg), derived from NMR DOSY experiments
and MD calculations, respectively (see Table 1), for
PAMAM G4–G6 at acidic, neutral, and basic pH values.

From the experimental standpoint, the pure GL3 siRNA
and the dendrimer solutions (G4 and G5) were also studied
by using 1H NMR spectroscopy (see Figure 10). The spec-
trum recorded for GL3 shows, in the region between d= 3.5
and 6 ppm, resonances attributable to ribose and pyrimidine
5-H protons, whereas the low-field peaks in the d= 6–8 ppm
region are due to pyrimidine 6-H, and purine 8-H or 2-H
protons.[34]

Addition of PAMAM to the GL3 solution caused an ex-
tensive line-broadening of both RNA and dendrimer NMR
resonances, due to the increase in the molecular correlation
time as a result of complex formation. This made rather dif-
ficult a reliable measurement of diffusion coefficients, based
on the observation of the RNA signals. However, the d=

2.7–3.55 ppm region of the NMR spectrum is characterized
by resonances arising only from the PAMAM side chains
and is devoid of any RNA resonance (see trace A and B in
Figure 10). This region was found suitable for the measure-
ment of diffusion coefficients based on dendrimer signals
alone, as any interference from the GL3 resonance is pre-
vented in the numerical analysis. In this region, the sharp
triplets attributable to the methylene groups of the external

side chains are evident at d= 3.46 (-CONHCH2CH2NH3
+)

and 3.1 ppm (-CONHCH2CH2NH3
+), together with the

methylene groups located in the a-position with respect to
the tertiary amines at d = 2.8 ppm (-NH+CH2CH2CONH-)
and to the inner amides at d= 3.3 ppm
(-CONHCH2CH2NH+-)

The last trace in Figure 10 (trace C) illustrates the
1H NMR spectrum of the GL3 siRNA/G5 PAMAM com-
plex. The spectrum shows a substantial modification in the
d= 2.7–3.5 ppm region, where the dendrimer signals experi-
enced both a chemical shift and a line-width variation. The
triplets, originating from the external CH2 groups, were the
least affected, as they are characterized by an intrinsic
major amplitude of the segmental motions, with respect to
the inner groups.

Pseudo two-dimensional DOSY experiments were thus
carried out using a gradient-based stimulated echo bipolar
pulse sequence.[35] DOSY yields a two-dimensional map that
correlates NMR chemical shifts with the corresponding mo-

Figure 9. Linear correlation of experimental log(D) versus theoretical
log(Rg) values, derived from DOSY experiments and MD calculations, re-
spectively, for G4–G6 dendrimers at neutral pH. [PAMAM]=31 mm,
D2O, NaCl 0.15 m, T=298 K. Correlation coefficient (R2) is 0.99.

Figure 10. 1H NMR spectrum (600 MHz) of a 75 mm GL3 siRNA solution.
Trace A: expansion of the d =2.7–3.55 ppm region of the same spectrum;
trace B: expansion of a 1H NMR spectrum of dendrimer G5; trace C: ex-
pansion of a 1H NMR spectrum of a siRNA/G5 mixture at a molar ratio
[siRNA]/[G5] =21. Solution conditions: D2O 100 %, NaCl 0.15 m, phos-
phate buffer 20 mm, pH 7.0.
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lecular self-diffusion coefficients D. The chemical shifts are
employed for resonance assignments (see discussion above),
whereas the self-diffusion coefficients D can be used to esti-
mate the average molecular weights and the hydrodynamic
radii Rh of the molecular systems under investigation. Ac-
cordingly, a linear correlation of log(D) values versus
log(Mw) was derived by using several standards, as depicted
in Figure 11, from which the Mw values of PAMAM G4–G6
and those of the dendriplexes siRNA/G4 and siRNA/G5
could be derived on the basis of the experimentally deter-
mined D values.

As expected, the three Mw values for the pure dendrimers
and the nucleic acid are in excellent agreement with the cal-
culated ones (see the Supporting Information for more de-
tails). More important, however, are the data relevant to the
dendriplexes. Indeed, under the conditions in which the
actual DOSY experiments were carried out, the estimated
molecular weight for the PAMAM G4/siRNA complex is
around 39 kDa, suggesting a stoichiometry of 1 G4:2 siRNA
molecules for this dendriplex. On the other hand, in the
case of G5 the corresponding molecular weight of the den-
driplex is approximately 72 kDa, resulting in a complex stoi-
chiometry of 1 G5:3 siRNAs. These results can be rational-
ized on the basis of both dendrimer surface charges and di-
mensions. In fact, G4 being smaller and characterized by
less protonated amines on its surface, is able to bind a lower

number of nucleic acid charges than the larger and more
surface-charged G5 counterpart.

The ability of the different PAMAM generations to form
dendriplexes with GL3 siRNA was further investigated by
using gel retardation-based assays. The application of a
quantitative procedure[36] for the analysis of dendriplexes
formation between G4, G5, and G6 with siRNA led to the
interesting results illustrated in Figure 12. Indeed, the
siRNA/PAMAM complexation curves are characterized by
the same sigmoidal shape, irrespective of the dendrimer gen-
eration. Interestingly, similar sigmoidal trends were obtained

by using entirely different tech-
niques for studying the aggrega-
tion of various types of nucleic
acids with PAMAMs by Bielin-
ska et al. ,[37] thus providing
direct support to the present
case. The position of the flex
points in all curves locate at ap-
proximately the same value of
N/P, that is, 4.6, again irrespec-
tive of G and in the range re-
ported in the literature for
closely related systems.[38]

Therefore, according to this ex-
perimental evidence, PAMAM
generations G4 to G6, currently
found endowed with promising
delivery capacities as nanovec-
tors, do not seem to show any
generation-dependent effect in
the in vitro binding of GL3
siRNA in a wide range of N/P
ratios.

In the attempt to relate the
above information with some
parameters stemming from the
MM/PBSA analysis of the MD
simulations, a simple mathemat-
ical relationship was formulated
as given in Equation (7),

YðRÞ ¼ A

1þ expðR�R50

B Þ
ð7Þ

in which the Y(R) is the percentage of complexed siRNA at
a given N/P ratio R, and A is a constant equal to the maxi-
mum amount of complexed siRNA (i.e. , 100 %). R50 is the
value for which Y(R)= 50, that is the N/P ratio at which
50 % of siRNA complexation by the nanovectors is attained.
As discussed above, this parameter is independent of G and,
for biologically relevant PAMAM generations (G4–G6), is
equal to 4.6. The application of this methodology to siRNA
binding by other dendrimer families in the same interval of
dendrimer generations (i.e., G4–G7) (data not shown) not
only confirmed the general validity of the approach, but

Figure 11. Left: Linear correlation of diffusion coefficients, log(D), measured by DOSY experiments, versus
molecular weight, log(Mw). The derived equation is: log(D)=�0.433 log(Mw)�8.1987, correlation coefficient
(R2) is 0.99. The following data are displayed: molecular weight standards (*); log(D) of PAMAM G4–G6,
measured at pH 8 (~); predicted log(Mw) values for siRNA/G4 and siRNA/G5 complexes (*). Note that
GL3 siRNA was also included as an additional standard (see Supporting Information for details). Right: Pro-
jections of the pseudo-2D DOSY experiments for the estimation of Mw values for PAMAM G4 (trace A),
siRNA (trace B), PAMAM G5 (trace C), siRNA/G4 dendriplex (trace D), and siRNA/G5 dendriplex (trace
E).
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also the fact that R50 is uniquely dependent on the dendri-
mer chemical structure and not on the dendrimer generation
number.

Finally, B is a coefficient accounting for the dynamics of
complexation and, as such, should, in principle, be depen-
dent on the dendrimer generations. To have a model in
which all parameters were non empirical in nature and, as
such, linked to molecular features, we checked which com-
ponent of the free energy of binding, DGbind, could eventual-
ly be related to B. Interestingly, we found a linear relation-
ship [Eq. (8)] between B and the entropy variation upon
binding (TDS) values reported in Table 5 (see Figure 13).

B ¼ �0:0029��TDSþ1:0483 ð8Þ

The results of the binding curves for G4–G6 PAMAMs
and GL3 siRNA at different N/P ratios predicted by using
Equation (7) and the B value estimated by using Equation
(8) are illustrated as continuous lines in Figure 12D, E, and
F, respectively. As can be seen from these panels, the agree-
ment between predicted and experimental curves is excel-
lent. Although undisputedly more tests are needed for vali-
dation, this model, which depends upon two parameters
only (one of which (R50) can be easily determined experi-
mentally and the other (B) can be computed by using the
well-known MM/PBSA approach), constitutes a predictive

model for the formation of
siRNA dendriplexes limiting, in
principle, the number of labora-
tory experiments.

Conclusion

Gene-based therapy has attract-
ed significant attention over the
past two decades as a potential
method for treating genetic dis-
orders as well as an alternative
method to traditional chemo-
therapy used in treating cancer.
In particular, due to its high ef-
ficacy and specificity, RNAi has
already become the standard
method for gene targeting in
vitro and is gaining increasing
relevance for the therapeutic in
vivo breakdown of pathologi-
cally relevant genes. Since
target gene-specific siRNAs
play a pivotal role in triggering
RNAi, their efficient delivery is
one major challenge both in
vitro and in vivo.[39] For several
reasons, including cost consider-

ations and biosafety, the non-viral delivery of siRNA is pre-
ferred over the alternative viral approaches. Owing to the
ease of synthesis and commercial availability, PAMAM den-
drimers are among the most utilized dendrimer-based vec-
tors for gene transfer.[40] Notably, it has been shown recently
that PAMAMs possess strong binding affinity for RNA mol-
ecules,[41,42] interact tightly with group I intron ribozymes,[41]

and, last but not least, can efficiently deliver siRNA and
thus induce gene silencing in cell cultures.[43]

Notwithstanding these perspectives, relatively few at-
tempts have been made so far along these lines to study in
detail the molecular mechanisms underlying the complexa-

Figure 12. Gel electrophoresis of PAMAM G4/siRNA (A), G5/siRNA (B), and G6/siRNA (C) complexes at
varying N/P ratios. Percent of complexed siRNA was evaluated from each assay according to the methods de-
scribed in Figure 13, and plotted against the N/P ratio for complexation with PAMAM G4 (D), G5 (E), and
G6 (F). Each point represents the mean � standard deviation (n=3). Lines are predicted binding curves using
the two-parameter models proposed in this work ([Eq. (7)]).

Figure 13. Linear relationship ([Eq. (8)]) between the coefficient B in
Equation (7) and the entropy variation upon binding (�TDS) values ob-
tained from the estimation of DGbind for G4, G5, and G6 PAMAMs and
GL3 siRNA using MD simulations in the MM/PBSA framework of
theory.
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tion process between PAMAMs and siRNAs. We report
herein a comprehensive study in which fully atomistic mo-
lecular dynamics simulations were coupled to NMR and gel-
retardation assays with the purpose of studying the molecu-
lar requirements of the interaction of RNA-based therapeu-
tics and PAMAM dendrimers of different generations. The
calculated structural parameters for PAMAMs at different
pH were in excellent agreement with the actual NMR ex-
periments; also, the fractal dimensions estimated at two bio-
logically important pH values for all dendrimer generations
were quite close to those characterizing various protein and
biomacromolecules.

By applying the well-validated MM/PBSA computational
approach, we then quantified the affinity between a model
siRNA and G4–G6 PAMAMs, and the complexes were
structurally characterized. Interestingly, both at acidic and
neutral pH, and for each dendrimer generation, the MD tra-
jectory revealed the tendency of siRNA to partially pene-
trate inside the dendrimeric structure. Nevertheless, as ex-
pected, the biggest part of the siRNA double helix still re-
mains outside the dendrimer. The values of the DGbind com-
ponents substantiated the electrostatic prevalence in the in-
teractions between the genetic material and the dendrimers,
and also revealed the existence of an enthalpy/entropy com-
pensation effect upon binding.

NMR experiments confirmed the structural in silico pre-
dictions and yielded further information on both the com-
plex structure and stoichiometry at low N/P ratio values.
Indeed, according to the pseudo-2D DOSY experiments, in
excess siRNA, PAMAM G4 is able to bind two GL3 mole-
cules, whereas G5, by virtue of both higher charge density
and larger dimensions, is able to accommodate three GL3
siRNA onto its surface.

Lastly, based on gel retardation assays, siRNA/PAMAM
complex formation at different N/P ratios was monitored,
leading to the discovery that the value at which 50 % of the
siRNA complexation by the nanovectors is attained is inde-
pendent of the dendrimer generation and, for relevant
PAMAM generations (G4–G6), is equal to 4.6. Also, a
simple model was proposed that related the amount of
siRNA complexed to the entropy variation upon complex
formation, as obtained from the computer simulations.[54]

Experimental Section

Computational details : All molecular dynamics (MD) simulations and
data analysis were performed with the AMBER 9 suite of programs.[44]

Dendrimers were parameterized by using the General Amber Force
Field (GAFF),[45] whereas the Amber99 force field[46] was used for pa-
rameterization of the GL3 siRNA ligand. At neutral pH (ca. 7.4) all the
primary amines were considered to be protonated, whereas at low pH
(ca. 5), both primary and tertiary amines were considered protonated.
The 21 base-pair double-stranded GL3 siRNA model was generated with
the Nucgen module of AMBER 9. Both siRNA and dendrimer molecules
were solvated in a TIP3P water box,[47] and a suitable number of Na+

and Cl� counterions were added to neutralize the system and to repro-
duce the ionic concentration of organic solutions. All structures were
energy minimized; then, molecular dynamics runs were conducted in

three major steps: i) warming, to bring the system to 300 K (100 ps), ii)
equilibration (4 ns), and iii) production (4 ns).

From the trajectories of these MDs, representative equilibrated structures
of G4–G6 PAMAMs and of GL3 siRNA were extracted and used in the
building of the corresponding complexes. The resulting molecular assem-
blies were solvated, and a suitable number of counterions were added to
ensure electrical neutrality. A total of six dendrimer–siRNA complexes
were obtained (G4, G5, and G6 with GL3 under two different pH condi-
tions: 7.4 and 5). All energetic analyses were performed for a single MD
trajectory of each dendrimer/GL3-siRNA complex, with 100 unbound
dendrimer and siRNA snapshots taken from the frames in the equilibrat-
ed data production phase of that trajectory.

The binding free energy for each ligand/dendrimer system, DGbind, was
calculated according to the molecular mechanics/Poisson–Boltzmann sur-
face area method (MM/PBSA)[30] given in Equations (9) and (10).

DGbind ¼ DHbind � TDSbind ð9Þ

DHbind ¼ DEgas þ DGsol ð10Þ

The average values of the enthalpic contribution to DGbind were calculat-
ed by summing the gas-phase energies (DEgas = DEele + DEvdw) and the
solvation free energies (DGsolv =DGPB + DGNP).[48] The polar component
of DGsolv was evaluated by using the Poisson–Boltzmann (PB) ap-
proach,[49] whilst the nonpolar contribution to the solvation energy was
calculated as DGNP =g (SASA) + b, in which g =0.00542 kcal ��2, b=

0.92 kcal mol�1, and SASA is the solvent-accessible surface area estimat-
ed with the MSMS program.[50] Finally, from the production dynamic sim-
ulation, 10 snapshots, from the original 100 were selected and the
normal-mode analysis approach was applied to estimate the last parame-
ter: the entropic contributions (�TDS).[51]

All simulations of dendrimers, GL3-siRNA molecules, and complexes
were conducted on the CINECA BCX IBM BladeCenter LS21 Cluster
and on the Tartaglia cluster of the University of Trieste, working in paral-
lel on 32 processors.

NMR experiments : The NMR spectra were recorded at 25 8C on a
Bruker AV600 spectrometer operating at a frequency of 600.10 MHz for
the 1H nucleus. Chemical shifts (d) were measured in ppm. 1H NMR
spectra were referenced to external 2,2-dimethyl-2-silapentane-5-sulfo-
nate sodium salt (DSS) set at 0.00 ppm. DOSY experiments were per-
formed on a 500 mL solution of siRNA/dendrimer complexes in a [siR-
NA]/ ACHTUNGTRENNUNG[PAMAM] molar ratio equal to 21. Resonance assignments for
PAMAMs were performed by using standard two-dimensional homonu-
clear shift correlation techniques. Pseudo two-dimensional DOSY experi-
ments were acquired by using a gradient-based stimulated echo bipolar
pulse sequence.[35, 52]

A linear correlation of log(D) values versus log(Mw) was derived by
using different standards.[53] The GL3 siRNA was also included as an ad-
ditional standard. Linear least-squares fitting was achieved by using
Equation (11), with a correlation coefficient R2 of 0.9947.

logðDÞ ¼ �0:4333� logðMwÞ�8:1987 ð11Þ

siRNA/PAMAM complexation assay : To determine the efficiency of the
complex formation between siRNA and PAMAM G4-G6 dendrimers,
each corresponding mixture of siRNA and PAMAM underwent electro-
phoresis in the presence of GelRed (1:10000) at 80 mV for 1 h. RNA was
visualized under UV light by using the InGenius gel analysis system, and
quantified by using the ImageJ software. Since the degree of complexa-
tion was reflected both by the amount of shifted RNA and the velocity
of shifting, both these parameters were considered. Briefly, the amount
of RNA in each gel line was estimated as the maximal volume of signal
intensity, whilst the velocity of RNA run was assumed as a shift of the
“center of mass of the signal” from the starting point. The product of the
two parameters was calculated for each sample, and normalized relative
to the two outermost samples: free RNA and completely complexed
RNA. Formation of any specific siRNA/PAMAM complex in the appro-
priate range of N/P ratio was assayed in triplicate; the means of the vol-
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umes and standard deviations were fitted to a three-parameter sigmoid
function using SigmaPlot software.

The siRNA sequence employed, and the detailed description of all the
computational and experimental procedures adopted in this work is avail-
able in the Supporting Information.
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