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Complexation Studied by Computer
Simulations: Effects of pH and Generation
on Dendrimer Structure and siRNA Binding®
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In this work we report, compare and discuss the results obtained from fully atomistic
molecular dynamics simulations of generations 4, 5, and 6 of PAMAM-based dendrimers
having NH; and triethanolamine as cores, forming complexes with a short interfering RNA
(siRNA) at different pH values and at physiological ionic strength. By employing a detailed
analysis we demonstrate how features such as molecular size, structural details, and proto-
nation level of this category of dendrimers affect the dendrimer/siRNA complexation. Proper-
ties like the conformational flexibility of the dendrimer, the effective charge distribution of

the assembly, and the level of intra- and inter-
molecular hydrogen bonding between the two
molecular entities are all found to play a signifi-
cant role in the mutual interactions between the
nucleic acid and the hyperbranched molecules. All
these features are of key importance in the multi-
faceted mechanism of dendrimer/gene complexa-
and their understanding can provide
valuable insight toward the design of more effi-

tion,

cient nucleic acid nanocarriers.
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1. Introduction

The use of DNA or RNA for therapeutical purposes (gene
therapy) is among the most promising routes for the
effective treatment of several diseases, which in some cases
are only poorly treatable by more conventional methods.!™
The principal challenge in gene-based therapeutic proce-
duresis the assisted vehiculation and delivery of the nucleic
acids (NAs) to the targeted sites. Other important issues
are related, for instance, to the limited loading capacity of
the carriers and to the control of related immunoresponse
phenomena. In this respect, non-viral vectors have surged
the activity of the scientific and industrial community
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toward the development of efficient and cost-effective NA
delivery systems.>*] Synthetic carriers can be superior
compared to viral vectors in terms of safety and flexibility of
use.[24°]

Hyperbranched polymers bear unique characteristics
such as nanosized dimensions, multifunctionality, well-
established chemistry protocols for modifying their func-
tional groups (thus controlling their physicochemical
behavior), as well as advantageous rheological properties
which allow their efficient transfer to the targeted sites.!®”]
These features, when combined with low immunogenicity
and biodegradability, render these molecules ideal candi-
dates for the development of non-viral vectors for
pharmaceutical and/or biological applications.[*#2]
Understanding the essential mechanisms which govern
the interactions involved in nucleic acid/dendrimer com-
plexes (NADCs) which, to alarge extent, affect the efficiency
of these systems in gene delivery processes is therefore both
a necessity and a challenge. To this ambitious goal,
computer simulations have already been employed as a
valuable tool for the exploration of the properties of such
systems.[*372%! To our knowledge, however, several aspects
of the mechanisms related to the non-covalent association/
dissociation between a nanovector and its NA cargo, the
role of specific topological details, and the influence of the
thermodynamic environment in which they operate,
remain largely unexplored. Accordingly, in this work we
tried to address such issues by focusing on the super-
molecular complexes formed by two families of poly-
(amidoamine)-based dendrimers and a double-stranded
(ds) 19 base-pair (bp) RNA sequence by means of detailed
atomistic molecular dynamics (MD) simulations.

This specificRNA strand has been selected as it represents
a prototype of a short interfering RNA (siRNA) molecule.
Indeed, post-transcriptional gene silencing by short RNA
interference has recently emerged as a promising route
toward a targeted inhibition of gene expression.[?472°!
Moreover, siRNA/dendrimer complexes are currently being
tested as potential systems for gene therapy applica-
tions.[>1229-32] Recent experiments, however, revealed that
the delivery efficiency of these nanovectors can be
improved by appropriate modification of the structural
features of the dendritic carriers.?”**34 Furthermore, key
features found toinfluence the formation, stability, loading
capacity, transport capability, and toxicity levels of the
NADCs involve, among others (i) the size of the dendritic
molecule, (ii) the different physiological pH levels in which
they operate, which may induce protonation of ionizable
groups and, thus, affect the surface charge of the dendritic
molecule, and (iii) theionic strength of the solution, which is
related to the level of screening of electrostatic interac-
tions.l727:3574% previous computational studies of com-
plexes comprised by diethylamine-core PAMAMSs and other
dendrimer families with siRNA sequences have examined
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effects of size and conformational variations in the binding
efficiency,***°4% and elucidated the role of counterions
and the presence of more than one dendrimer molecules in
certain static, dynamic, and energetic characteristics
related to the complexation process.[*42021]

To obtain a deeper insight of the relative importance of
the aforementioned parameters in siRNA/dendrimer com-
plexation, we performed extensive atomistic MD simula-
tions of three generations of PAMAM-based molecules
characterized by two different topologies in complex with a
19 bp, ds siRNA sequence. The supermolecular assemblies
were simulated at different pH levels in aqueous solutions
and in the presence of a physiological value of the ionic
strength (150 mm). Moreover, the binding energies of the
dendrimer generations currently employed for siRNA
delivery (ie., G4-G6) with the NA fragment at the pH
values most relevant to biomedical applications, were also
calculated. The paper is then organized as follows. In the
following section we provide the details of the molecular
models and simulation procedures employed. Our results,
obtained by MD simulations, are presented and discussed in
the next section. Finally, in the last section we summarize,
draw conclusions and point out some directions for future
work.

2. Models and Simulation Details

The two families of PAMAM-based dendrimers considered
in this work substantially differ in the topology of their
cores. In the first series the branching pattern emanates
directly from a NHj core, while the alternative series is
characterized by the presence of a triethanolamine (TEA)
central unit,?”#?! as illustrated in Figure 1.

In the structure having TEA as the dendrimer core, the
branching units start at a distance of ten successive bonds
away from the central amine, whereas the prototype NH-
core PAMAM dendrimers branch out immediately at the
central nitrogen of the NH; core. These TEA-core dendrimers
have been previously reported for their efficient interaction
with RNA molecules and their effective delivery of siRNA
molecules.[2742]

The entire study is focused on systems of generation 4, 5,
and 6, as these are commonly used in pertinent biological
experiments.[*>374344] The detailed effect of the different
degree of protonation of the primary/tertiary amine groups
(ie., different pH values), was studied by performing
simulations of G4-G6 molecules of both series at five
different pH levels. For the higher generation systems
considered (G5 and G6), we focused on physiological (7.4)
and moderately acidic (5.6) pH levels, taken as representa-
tive values of blood stream and cytoplasm, and of
endosomal environment ensuing endocytosis of the com-
plexes,!*°! respectively (see Table 1). The protonation
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Figure 1. Chemical details of the TEA-core (left) and NH;-core PAMAM dendrimers considered in this work. For clarity, dendrimers of the

second generation (G2) are shown.

scheme adopted for both primary and tertiary amine
groups in the NH;- and TEA-based dendrimers (see Table 1)
was based on an extensive campaign of DOSY NMR
experiments performed on ethylene-diamine PAMAMs
dendrimers at the same pH values considered in this
work.1*®! All dendrimer three-dimensional (3D) models
were built following a well-consolidated procedure. 347501

The sequence of the 19 bp ds siRNA (i.e., CUUACGCUGA-
GUACUUCGA from the 3’ end to the 5’ end) was taken from
our previous work.[**! In this paper, however, dendrimer
and NA molecular models were parameterized using the
CHARMM forcefield®**?! (CHARMM?22 for the dendrimers
and CHARMM?27 for the siRNA, respectively). This force field
has been specifically optimized for the description of NAs
models and their complexes,®*>>* and already successfully
employed for modeling PAMAM dendrimers in combina-
tion with biological molecules.®>¢! To build the 3D models
of the siRNA/dendrimer complexes, the siRNA strand was
initially placed close to each dendrimer periphery using the

TEA- and NH;-core based PAMAM dendrimers used in the MD

Table 1. Number of the protonated primary/tertiary amines of
simulations at each pH value considered.

PH
G 40 5.6 7.4 8.4 12
4 48/46 48/31 44/1 22/0 0/0
5 96/94 96/64 87/3 45/0 0/0
6 192/190 192/129 168/6 90/0 0/0
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VEGA 7Z software.*”) The resulting molecular pair was
subsequently energy minimized to yield a starting
structure devoid of substantial van der Waals overlaps.
Each single dendrimer molecule as well as the correspond-
ing siRNA complexes were then solvated with an appro-
priate number of pre-equilibrated TIP3P!*®! water molecules
extending at least 20 A from the solute. A suitable number
of Na™ and CI” counterions were added to neutralize the
system and to mimic an ionic strength level (based on free
ions) of 150 mm®®! using the VMD software.[®”! Eventual
overlapping water molecules were removed.

Each molecular model was then subjected to a combina-
tion of steepest descent and conjugate gradient energy
minimization steps (50 000 cycles), in order to relax close
atomic distances. The energy-minimized systems were
further equilibrated by performing 4-12 ns MD simulations
in the isobaric-isothermal (NPT) ensemble using an
integration step of 1fs. During equilibration, different
energetic components as well as static and conformational
properties (e.g., radius of gyration of the dendrimer, average
distance between the dendrimer and the siRNA molecules,
and distribution of ions and water molecules around the
complex) were monitored, to ensure their stabilization prior
to production runs. MD production runs were performed on
equilibrated systems again in the NPT ensemble with 1 fs
time step (T=300K, P=1Dbar). The Langevin method for the
control of temperature (with a damping coefficient of
5 ps~*) and the Nose-Hoover Langevin piston method!® for
the control of pressure (using a piston period of 0.8 ps and a
decay time of 0.4 ps) were employed for temperature and
pressure control, respectively. Electrostatic interactions
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were computed by means of the particle mesh Ewald (PME)
algorithm.[*?! Depending on the molecular dimensions of
the examined systems, production MD trajectories of 4—6 ns
were generated after the equilibration procedure, during
which frames were saved every ps. The overall lengths of
thetrajectories thus produced were sufficient to achieve the
complete decay of the global conformational relaxation of
the dendritic component, as expressed by the autocorrela-

K. Karatasos, P. Posocco, E. Laurini, S. Pricl

tion function of the squared fluctuations of its radius of
gyration (see Supporting Information).

As an example, Figure 2 depicts the initial configuration
of the examined complexes after equilibration, at pH 7.4, as
obtained following the aforementioned procedure.

To estimate the free energy of binding between each
dendrimer and the siRNA molecule, we resorted to a
well-established computational recipel*>?7°963] pased
on the so-called molecular mechanics/
Poisson—Boltzmann surface area (MM/
PBSA) methodology.[** Accordingly, it
will only be briefly described below (see
Supporting Information for more details).

For a non-covalent association of two
molecular entities A-+B — AB, the free
energy of binding involved in the process
may be generally written as AGping = Gas
—Ga—Gg.Forany species ontheright hand
side of this equation, from basic thermo-
dynamics we have G;=H; — TS;, where H;
and S; are the enthalpy and entropy of the
i-th species, respectively, and T is the
absolute temperature. In view of this
expression, AGying can then be written as:
AGpind = AHping — TASping. AHping is the
variation in enthalpy upon association
and, in the MM/PBSA framework of
theory, can be calculated by summing
the MM energies (AEyy) and the
solvation free energy (AGsoy), ie,
AHping = AEpm + AGgopy. AEpmam in turn is
obtained from a single MD trajectory of
the complex as AEnm = AEvaw + AEcou,
where AE,gqw is the variation of the
nonbonded van der Waals energy and
AEcoy is the electrostatic contribution
calculated from the Coulomb potential.
The solvation term AGg., is given by
AGgoly = AGele + AGpp, in which  AGee
is obtained by solving the Poisson—
Boltzmann equation and AG,, is the
nonpolar solvation term estimated
via the semiempirical expression: AGy, =
y X SASA + B,inwhich SASA is the solvent
accessible surface area of the molecule,
y is the surface tension parameter
(0.00542kcal-A=2-mol™), and p=
0.92 kcal - mol™t. Finally, the estimation
of the entropic contribution —TASying

Figure 2. Equilibrated MD snapshots of the G4 (top panel), G5 (middle panel), and G6
(bottom panel) dendrimers in complex with siRNA at pH=7.4. Left column, TEA-core
PAMAM:s; right column, NH;-core PAMAMs. The dendrimer molecule is portrayed in mid
gray sticks, with the terminal primary amine groups highlighted as light gray sticks-and-
balls. The NA is depicted as a white ribbon. CI” and Na™ are shown as dark gray and gray
spheres, respectively. Water is not shown for clarity.
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is performed using normal mode
analysis, which requires the computa-
tion of eigenvectors and eigenvalues
via the diagonalization of the Hessian
matrix.
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3. Results and Discussion

3.1. Static/Structural Study of the TEA- and NH,-core
PAMAMs in Complex with siRNA

Asestablished by past experimental and simulation studies
of NADCs involving PAMAMs as carriers, high generation
(G4-G6) molecules are considered appropriate for gene
delivery purposes while, due to their moderate size which
allows them to behave as soft deformable particles rather
than compact spheres, they offer a better control upon the
response of their conformational properties to changes in
the local environment.[>4+4465767] This is unequivocally
confirmed in the present study, as shown by the radius of
gyration R, curves in Figure 3(A) for G4-G6 of both
dendrimer series in complex, with a 19 bp ds siRNA.
Focusing on the TEA-core G4 molecule as a proof-of-concept,
from Figure 3(A) we observe that there is a perceptible
increase of the dendrimer average radius of gyration when
the pH drops to values lower than 7.4, which amounts to
~30% when considering the two extremes of the pH scale
considered (i.e,, 4 and 12). The same tendency of swelling
with decreasing pH is exhibited by the higher generation
dendrimers, as expected. It is worth noticing that for the
most deformable systems of the 4th generation, the average
dimensions appear smaller if compared to other experi-
mental and simulation works of non-complexed G4
PAMAM dendrimers at similar pH values.[**¢®] Interest-
ingly, however, the TEA-core PAMAMSs are more prone
to swelling at lower pH values than their corresponding
NHs-based counterparts. This TEA-core dendrimer
enhanced swelling capacity is intimately connected to
the presence of an extended core, which endows these
molecules with a greater structural flexibility and a more
open conformation with void spaces in the interior. On the
contrary, the NHs-core series, with their three branches
stemming directly from the small ammonia core, are
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more rigid and compact, with uniformly distributed
monomer units and no restricted void spaces in the entire
molecule.[*]

In harmony with these observations, the swelling of
dendrimers upon protonation of the amine groups favors
the penetration of a higher amount of water molecules
within the TEA-core dendritic structure than in the NHs-
based structures, particularly at high generations and
low pH conditions, as shown in Figure 3(B). Furthermore,
the number of internal waters grows almost linearly
with pH, paralleling the trend of Ry

The systematic behavior exhibited by the G4 systems in
the range of pH values considered is observed also for the
higher generations (i.e., G5 and G6), albeit the degree of
swelling is less pronounced than that observed for the
smaller generations. This is not a surprising finding, since
high generation PAMAM dendrimers are known to behave
as rather compact particles.***%%8! Moreover, also for high
generation numbers the molecules are characterized by the
presence of an enlarged core, which reflects in an enhanced
capacity of swelling for pH < 7.4 of TEA-core dendrimers
with respect to the more rigid NHs-core series. From a
structure—activity standpoint, the enhanced swelling
properties of TEA-core dendrimers at low pH values may
lead to a higher buffering capacity which, in turn, can be
beneficial to endosomal release of siRNA via the so-called
proton sponge effect.”® At the cellular level, in fact,
inadequate cytosolic access in one major challenge that
must be overcome if nanovector/siRNA systems are to
become effective in vivo therapies. Thus, the supermole-
cular construct must efficiently mediate membrane trans-
location from the endosomal compartment into the cytosol,
delivering its payload there, thus avoiding lysosomal
degradation. The increased proton sponge effect of TEA-
based dendrimers will allow these nanovectors to enter the
endosome, adsorb protons, swell, and cause an influx of
chlorine ions which, in turn, creates an osmotic effect

40000
(B)
A
30000 A,
A
20000} =] . Iy
£ &
10000f- 8 & &
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O 1 1 1 1 1
0 2 4 6 8 10 12 14
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Figure 3. (A) pH dependence of the radius of gyration Rg, for G4-G6 TEA-core (open symbols) and NH;-core (filled symbols) PAMAMs in
complex with siRNA. (B) Number of water molecules within the G4-G6 TEA-core and NH;-core PAMAM structures as a function of pH.
Symbols as in panel (A). Symbol legend: circles, G4; squares, Gs; triangles, G6. Error bars are smaller than symbols.
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Figure 4. Radial distribution functions of TEA-core (left) and NH;-core (right) G4 PAMAMs in complex with siRNA at different pH values. From

top to bottom, pH =12, 8.4, 7.4, 5.6, and 4.

leading to water influx. These events are purported to cause
endosome membrane destabilization and rupture, with
subsequent release of the nanovector/cargo complex in the
cellular cytosol. The effective importance of the proton
sponge effect is still somewhat debated. However, should
this property play a major role in the overall transfection/
silencing process mediated by PAMAM-based dendrimers,
the present results concur to justify the enhanced transfec-
tion propertied of TEA-core based dendrimers with respect to
the NHs-core based counterparts under this perspective.
Generally speaking, changes in size upon protonation of
their amine groups is known to induce significant
intramolecular conformational changes in PAMAM den-
drimers.!®®7%72] These, in turn, may affect their ability to
form stable complexes with nucleotide sequences. Figure 4
shows the radial distribution functions p(r) of the G4
systems taken as a proof-of-concept. Focusing on the peaks
at distances around 5 A, which refer to separations between
atoms typically corresponding to structural units like
dihedral angles, a systematic reduction of the peak
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p(r)
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amplitude is observed upon lowering pH. Such a loss of
structural coherence with decreasing pH (as implied by the
reduced probability of detecting distances corresponding to
rigidity-related local structural units such as bending
angles and torsions) is compatible with an enhancement
of conformational flexibility of the dendrimers.

As can be inferred from this figure, a similar pattern
characterizes the pH dependence of the radial distribution
functions of the two dendrimer series. In fact, for both
branched molecules an increase in their conformational
flexibility is observed as their charge increases. As a
consequence, their internal space widens, allowing more
water molecules, counterions, and the NA fragment to
penetrate inner parts of the dendritic architecture. A closer
inspection of Figure 4 further reveals that three different
“zones” of dendrimer conformational response to pH
changes can be distinguished: a high pH zone (i.e,
pH > 8.4), an intermediate pH zone (pH="7.4 here), and a
low pH zone (i.e, pH<5.6). Indeed, the most prominent
conformational variations are detected in the transitions
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r (A)

siRNA at pH 5.6 (left) and 7.4 (right). Continuous lines, TEA-core PAMAMS; broken lines, NH;-core PAMAMs. Arrows indicate the distances at
which changes in the amplitudes of the conformational peaks can be observed.

I Figure 5. Radial distribution function of G4 (black), Gs (dark gray), and-G6 (light gray), TEA-core, and NH,-core PAMAMs in complex with
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between the different zones, thatis from pH =8.4t07.4,and
from pH=7.4 to 5.6. The first conformational change (i.e.,
from high to intermediate pH) corresponds to the proto-
nation of the majority of the primary amine groups, while
the second conformational change (i.e., from intermediate
to low pH) is detected when most of the tertiary, inner
amine-groups bear a positive charge as well.

A different behavior, however, is seen for higher
generation of both dendrimer series. In particular, at the
two physiologically relevant pH values examined (7.4
and 5.6) only a weak reduction of the amplitude of the
conformational peak in the range of 4-5 A can be observed
for the G5 systems, while no noticeable change is detected
for the G6 molecules (data not shown). These indications
allow us to conclude that, for the PAMAM-based dendri-
mers studied here, the variation of pH leads to small
intradendrimer conformational rearrangements for high
generation systems, in agreement with previous observa-
tions in other dendrimer families.[”*7

For a better mapping of the dependence of the structural
rearrangements on dendrimer size, in Figure 5 we compare
the radial distribution function of the G4-G6 dendrimers at
the two most physiologically important pH values.

Asindicated by the arrows, the amplitudes of the peaks at
distances associated with characteristic conformational
units such as bending and torsional angles exhibit a
systematic behavior upon variation of dendrimer genera-
tion, namely, the amplitude of the peaks decreases with
increasing dendrimer size. However, this trend becomes
less prominent as pH decreases. The loss of conformational
coherence with increasing generation number suggests
that at the same, constant protonation state, higher
generation dendrimers retain a higher degree of structural
flexibility at these local length scales.

To investigate how the conformational rearrangements
triggered by changes in pH affect the complexation
characteristics between a given dendrimer and its siRNA
cargo, we monitored the density distribution of the siRNA
molecule with respect to the center of mass of the
dendrimer in the corresponding complexes, as shown in
Figure 6.

As can be readily noticed, the siRNA profiles become
broader and progressively shift toward the dendrimer
interior as the pH level drops.

Interestingly, for the NHs-core PAMAM G4, at both
cellular-interesting pH values and, in particular, at pH 7.4,
the siRNA seems to be able to penetrate somewhat deeper
within the dendrimer interior than its TEA-core counter-
part. At the lowest pH value no sensible differences can be
discerned in the siRNA density profiles but, for the poorly
protonated or the fully unprotonated states, a reverse
situation can be envisaged, in which the siRNA is kept closer
tothe dendrimer surface in the case of the TEA-core PAMAM
with respect to the NHs-core case.
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Figure 6. Density distributions of the siRNA strands with respect
to the center of mass of the dendrimer in the corresponding
complexes with TEA-core (gray) and NH;-core (black) G4 dendri-
mers. Note that the distance r has been corrected for the
dendrimer own radius of gyration (see text); accordingly,
the o value on the x-axis indicates a distance corresponding to
the radius of gyration of the dendrimer.

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 centers of mass between the siRNA
cargo and its dendritic nanovector in each complex, as is
illustrated in Figure 7.
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Figure 7. Average distance between the centers of mass of the G4
dendrimer and the siRNA, as a function of pH in the correspond-
ing complexes. Symbols: TEA-core PAMAM, circles; NH;-core
PAMAM, squares.

From acidic to physiologically relevant pH levels (i.e.,
PpH < 7.4), the center of mass of the siRNA 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 error
margins. Importantly, higher generation molecules follow
an utterly analogous trend of 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 siRNA 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
unaffected by the differences in dendritic topology and
(ii) remains close to the dendrimer radius of gyration R;.

3.2. Electrostatic Characteristics of the Dendrimer/
siRNA Complexes

As proposed in several experimental studies focusing on the
biophysical characterization of dendrimer/DNA complexes,
electrostatic interactions play a significant role in the
binding process of these molecules,>3774 often sensibly
ascribed to the interactions between the dendrimer
positively charged amine groups and the negatively
charged phosphate groups of the NA.”*1 On the other hand,
it has been demonstrated that, despite the structural
similarity between siRNA and DNA with negatively
charged anionic phosphodiester backbones, electrostatic
interactions of siRNA with a cationic polymeric agent bear
distinctly different characteristics.*®! On these accounts,
and taking into consideration the implication of the
electrical characteristics of the complexes in their biodis-
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tribution,!®! we tried to characterize the systems under
study here in terms of their effective charge. In the effort
toward obtaining a more accurate picture of these
phenomena, we calculated the overall charge distributions
of each dendrimer/siRNA complexes as a function of the
distance from the center of mass of the dendritic molecule,
taking into account the partial charges of all atoms
belonging both to the dendrimer and the siRNA. Further-
more, in order to account for possible screening effects,”4!
the charges of those counterions residing within the
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Figure 8. Effective charge distributions with respect to the center
of mass of the dendrimer for the complexes of siRNA and TEA-
core (gray) and NHs-core (black) G4 PAMAMs at different pH
values.
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geometric boundaries of each molecular assembly were
taken into account as well.

Figure 8 depicts the aforementioned effective charge
distributions for the G4 systems at the different pH values
examined.

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
which is followed by a negative effective charge at
distances close to the dendrimer periphery. Within the
statistical accuracy, this behavior characterizes all systems
of both TEA- and NHj-core series. The negative excess
charge might be related to the presence of the negatively
charged siRNA near the dendrimer surface. This notion is
corroborated by the fact that the negative area of the
profiles shifts toward longer distances from the dendrimer
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center of mass, in line with the expansion of the dendrimer
dimensions upon increasing the dendrimer protonation
state (see Figure 3). This finding indicates that, although the
total effective charge of the complex remains close to zero
(the negative section being approximately counterba-
lanced by the positive section of the curves), the complexes
develop a sustained polar character. The emergence of the
polar character of the complexes can already be observed
at pHvalues 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 pH values of physiological
relevance, in Figure 9 we show the charge distribution
curves for siRNA complexed by dendrimers of generation
5 and 6. Importantly, the main feature characterizing the
charge behavior of the G4/siRNA complexes —that is
the development of areas of excess positive and negative
charge —is still present in these cases; however, significant

- pH5.6 G4

Got (1)
£

r(A)

0 0 10 20 30 40 50 60 70
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and NH;-core (black) G5 and G6 PAMAMs at different pH values. To facilitate a direct visual comparison, the corresponding profiles of the G4

I Figure 9. Effective charge distributions with respect to the center of mass of the dendrimer for the complexes of siRNA and TEA-core (gray)

complexes shown in Figure 9 are included as well.
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differences can also be noted. Aside from the fact that
charge fluctuations within the dendritic structure seem to
increase with increasing dendrimer generation, the elec-
trically neutral part of the complex appears to extend at
distances comparable to the radius of gyration of the
dendrimer as generation grows.

In other words, for high dendrimer generation assem-
blies 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 enhanced
siRNA binding and delivery capacity of these bigger
nanovectors with respect to the smaller counterparts
(vide infra).

3.3. Intra- and Intermolecular Hydrogen Bonding in
the siRNA/Dendrimer Complexes

Previous experimental”*®% and computational stu-

diest*#21 have ascertained the important role played
by hydrogen bonding in the formation of complexes
between dendrimer as nanovectors and hydrogen-bond
forming compounds (e.g., polymers, drugs, lipids, proteins,
and NAs) as their cargos. Furthermore, this non-covalent
interaction seems to contribute substantially during the
process of cellular uptake by facilitating the interaction of
the nanovector and the cell membrane.*® In fact, hydrogen
bonds have been deemed as (at least partly) responsible for
the increased membrane penetration ability of internally
charged PAMAM dendrimer/siRNA complexes.*® Aside
from the intermolecular hydrogen bonding between the
components of a supermolecular complex or between the
complex subunits and the solvent, because of their high
degree of branching and the proximity of the branches
imposed by the dendritic structure, dendrimer molecules
are also well-known to form intramolecular hydrogen
bonds. This last feature might actually affect the conforma-

0.25

(A)
0.20

0.15f %
0.10f

0.05f

N, of intrags/Ngonors

0.00
0 2

N =
[e)]
[e-]
o
o
-
N
-
s

K. Karatasos, P. Posocco, E. Laurini, S. Pricl

tional properties of the dendrimer and, eventually, act
antagonistically against the formation of hydrogen bond
interactions between the dendrimer and the guest mole-
cule(s).**#1%2] To quantify the degree of intra- and
intermolecular hydrogen bonding in the systems studied
here, we focused our attention on characteristic atomic
pairs which could potentially participate in such interac-
tions in PAMAM dendrimers as well as in the NA fragment
(siRNA).I”! Namely, to probe hydrogen bond formation
within the dendritic structure we monitored the interac-
tions between amine hydrogen (H) and carbonyl oxygen (O)
pairs while, for the intermolecular dendrimer/siRNA
hydrogen bonding, we analyzed the interactions between
the dendrimer amine hydrogen (H) and the siRNA
phosphate oxygen (OP) pairs.>®*#4 Identification of a
hydrogen bond was made based on commonly employed
geometric criteria,®*=#7) i.e, the distance dy;, between the
relevant hydrogen and oxygen atoms lying within the
proper range (typically close to 2-3 A for the examined
pairs) and the angle %, between the N-H.:--O triplet was
greater than 120° (see Supporting Information for more
details on this point).

Figure 10 plots the average number of intramolecular H-
O hydrogen bonds for the siRNA complexes based on the G4
dendrimers at different pH levels as an example. Appar-
ently, both TEA-core and NHs-core dendrimer series exhibit
a similar non-monotonic behavior, the higher number of
hydrogen bonds being achieved at the non-protonated
state. The size of the vertical bars appearing in Figure 10
(and in the figures to follow as concerns hydrogen bonding
information) reflects the fluctuation of the number of
detected hydrogen bonds per ps (which corresponds to the
frame-saving frequency of the MD trajectory) due to their
rapid breaking and reformation which takes place at this
timescale.[°?]

AspHdrops from highly basic conditions to physiological
levels, the formation of intramolecular hydrogen bonds

(B)
20

pH

for the G4/siRNA complexes. (B) Total number of intramolecular hydrogen bonds per timeframe in the same systems of panel (A). Symbols:

I Figure 10. (A) Average number of the H-O intradendrimer hydrogen bonds per hydrogen donor and per timeframe, as a function of the pH

circles, TEA-core PAMAMs; squares, NH;-core PAMAMs. For the definition of the vertical bars see text.
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depletes on average while for low pH values this trend
seems to reverse. The initial suppression of intradendrimer
hydrogen bonding upon protonation can be rationalized by
taking into account the progressively increasing Coulombic
repulsions among the positively charged amine groups, the
consequent dendrimer conformational rearrangements to
alleviate these repulsions, and the ultimate structure
swelling. Indeed, such conformational adjustments result
in a larger separation between the dendritic branches
which, in turn, ultimately reflect in a reduction of the
number of close contacts between potential donor/acceptor
pairs. The subsequent tendency of an increasing number of
hydrogen bonded pairs upon further protonation of the
tertiary amines can be interpreted as a combined effect of
different factors. On one hand, an increase of the
protonation level leads to an increase of the number of
hydrogen-bonding sites while, on the other hand, it
generates a repulsion between the likely charged groups
increasing thus the distance between the structural units
they reside. In other words, the number of available donors
can increase, but the number of hydrogen bonding events
do not necessarily increase proportionally. There is,
however, an additional factor that may influence the
population of the detectable hydrogen bonds, and this is
associated with the fact that hydrogen bonds involving
charged groups tend to be energetically stronger'®® (see
also Supporting Information). That s, evenif the probability
of the formation of hydrogen bonds might decrease by
virtue of Coulombic repulsion, those bonds already formed
can survive quite longer. The dependence of the dendrimer/
siRNA intermolecular hydrogen bonds as defined above, is
depicted in Figure 11 for the G4 systems.

Asforthe dendrimer intramolecular hydrogen bond case,
the dependence of the intermolecular hydrogen bond
formation between the nanocarrier and the NA fragment
on pH follows a common pattern for both dendritic
topologies examined within the estimated error levels.
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Generally speaking, the protonation of the amine groups for
both systems facilitates the formation of dendrimer/siRNA
H-OP hydrogen bonds (“H” and “OP” abide to the definition
given earlier). Upon lowering pH, it appears that the larger
increase in the population of H-OP hydrogen bonds takes
place when passing from the state where the primary
amines are partially protonated (i.e., pH = 8.4 in this work),
tothe state where almost all primary amines bear a positive
charge (i.e., pH=7.4 in this work). At least for the NH;-core
systems this increase lies beyond the error margins and the
pH=7.4 state appears to correspond to the protonation
level which maximizes the population of the formed H-OP
pairs. Notably, this maximum in the number of dendrimer/
siRNA intermolecular hydrogen bonds seems to be
correlated with the apparent minimum of the dendrimer
intramolecular hydrogen-bonding pairs at the same pH
value, as can be inferred by comparing Figure 11 and 10.

For complexes of higher dendrimer generations, the
number of available hydrogen bonding sites increases with
the number of the polar amine groups. The dependence of
the extent of intermolecular H-OP hydrogen bonding on
dendrimer generation at the most biologically
interesting pH values of 7.4 and 5.6 is shown in Figure 12.

Focusing on the effect of dendritic topology, it appears
that for the TEA-core systems at pH=5.6 there is a
systematic trend toward an increase in the examined
hydrogenbonded pairs as generation grows. At the same pH
level for the NHs-core systems, only at the G6 complexes a
substantial increase in the number of formed H-OP pairs
can be observed. At pH="7.4, no such systematic pattern
can be distinguished, irrespectively of the dendritic
topology.

Actually, when passing from G5 to G6 a trend for
stabilization (TEA-core) or even a decrease (NH3-core) of the
number of hydrogen bonded pairs can be observed. These
differences emphasize the role of the dendrimer generation
and the protonation state in the efficacy of intermolecular
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of pH (see text for the hydrogen bond pairs definition). (B) Total number of such intermolecular pairs per timeframe for the same systems of

I Figure 11. (A) Dendrimer—siRNA intermolecular hydrogen bonds per hydrogen donor and per timeframe, for the G4 PAMAM:s as a function

panel (A). Symbols: circles, TEA-core PAMAMs; squares, NH;-core PAMAM:s.
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Figure 12. Number of intermolecular dendrimer/siRNA H-OP
hydrogen bonded pairs per timeframe for all examined systems
at pH=5.6 (circles) and pH=7.4 (squares). Open symbols,
TEA-core PAMAMs; filled symbols, NH;-core PAMAM:s.
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hydrogen bonding between the cargo and vector compo-
nents of the complex. While for the G4 assemblies no
significant differences could be noted between systems at
both physiologically interesting pH states, for G5 nanoas-
semblies it seems that on average the number of H-OP
hydrogen bonds peaks at pH=7.4 whereas for the G6
counterparts this maximum localizes at pH=5.6. These
effects are most likely related to the different conforma-
tional characteristics of the G5 and the G6 dendrimers,
where properties like the degree of backfolding or shape
deformability —factors that might affect the relative
location of the dendrimer amine groups—are known to
be strongly dendrimer-size dependent.[*>%°!

3.4. Free Energy of Binding between TEA- and
NH;-core Dendrimers and siRNA

To complement these structural investigations with some
energetic considerations we performed MM/PBSA estima-
tion of the free energy of binding AGy;ng between G4-G6
dendrimers of both series and the chosen siRNA sequence at

B T7able 2. Analysis of the different energetic components involved in the dendrimer/siRNA binding in kcal - mol ™.

TEA-core PAMAMSs

pH=74
G AHping —TASpina AGpina AHpina/N —TASpina/N AGyina/N
4 -432+11 99+10 —3334+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
TEA-core PAMAMs
pH=56
G AHypina —TASping AGypina AHyina/N —TASpina/N AGpina/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
NH;s-core PAMAMSs
pH=74
G AHping —TASping AGypina AHying/N ~TASpina/N AGyina/N
4 —353+16 152 +12 —-201+20 -8.02 3.45 —-4.57
5 =702+ 14 195+10 =507 +17 -16.0 443 -11.5
6 -829+13 210+10 —-619+16 -18.8 4.77 -14.1
NHs-core PAMAMSs
pH=5.6
G AHping —TASping AGping AHying/N ~TASpina/N AGyina/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

Macromol. Biosci. 2012, 12, 225-240
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

’a\
M““(‘liir’ﬁ

www.MaterialsViews.com



Poly(amidoamine)-based Dendrimer/siRNA Complexation Studied by Computer-...

the two most biologically significant pH values (5.6 and 7.4).
In order to be able to compare the affinity of carriers of
different generation toward the NA, the resulting values of
AGying and its components (the enthalpy of binding AHping
and the entropy variation upon binding —TASy;,4) must be
normalized by the total number of dendrimer charged
amine groups N ata given pH. Accordingly, Table 2 lists both
the actual and normalized values of AGyig and its
components for the whole set of complex systems.

AscanbeseeninTable 2, forall systems
considered the free energy AGping is
negative, which is favorable for binding.
Moreover, the TEA-core PAMAMs show a
superior affinity for the siRNA sequence
with respect to their NHs-core counter-
parts. As somewhat expected, the ther-
modynamic quantity governing the bind-
ing process in both cases is the enthalpy
variation, which is also large and nega-
tive, and, hence, favors the binding
between the siRNA and its vector. On
the other hand, the entropy variations
always afford an unfavorable contribu-
tion to binding. Actually, this is an
expected result, as both molecules lose
degrees of freedom upon complex forma-
tion with respect to theirisolated states in
solution.

Importantly, however, the behavior of
the components of the binding free
energy is not linear with dendrimer
generation and pH, and shows both
differences and similarities for the two
PAMAM-like dendrimer families. In
detail, we begin by noting that the
enthalpy of binding AHyng for both
TEA-core and NH;-core dendrimer/siRNA
complexes increases almost linearly with
increasing dendrimer generation at
pH =5.6, whilst it deviates from linearity
for G5 at pH 7.4. Notably, this thermo-
dynamic observation correlates directly
with the observed trend in the number of
intermolecular hydrogen bonds between
the nanovectors and their cargos (see
Figure 11). At the same time, the entropy
contributions are seen to be lower (ie.,
less unfavorable) in the case of TEA-core
molecules, in particular at pH="5.6. This
lower value of —TAS;nq can be ascribed to
a greater conformational change of the
dendrimer (allowed by its high flexibility
due to the large core) in order to enwrap
the siRNA, followed by an enhanced
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productive bending of the NA for all generations in this
dendrimer family. In other words, the conformation of the
TEA-core dendrimers is such that the outer branches can
readily move toward the phosphate backbone of DNA and
the surface amino groups can arrange themselves via
“induced-fit” for the optimal binding with DNA. This
observation is somehow reminiscent of histones under-
going an induced fit conformational change when binding
to DNA to form the nucleosome. A visual impression of the

Figure 13. Snapshots from the MD production runs of the G4 (top panel), G5 (middle
panel), and G6 (bottom panel) dendrimers in complex with siRNA at pH=5.6. Left
column, TEA-core PAMAMs; right column, NH;-core PAMAMs. The dendrimer molecule
is portrayed in mid gray sticks, with the terminal primary amine groups highlighted as
light gray sticks-and-balls. The NA is depicted as a white ribbon. CI” and Na™ are shown

as dark gray and gray spheres, respectively. Water is not shown for clarity.
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binding of the siRNA strands with the dendritic structure of
the TEA-core and the NHs-core dendrimers at the end of the
production runs, is given in Figure 13.

Inspection of the snapshots implies that the “degree of
integration” of the siRNA cargo into the dendritic structure
is rather higher in the TEA-core systems (particularly in the
larger generation models), in consensus with the analysis
presented above.

4. Conclusion

Understanding the pathways and mechanisms governing
the interactions of dendrimer/siRNA complexes and cells is
crucial to making dendrimer-mediated gene delivery
therapeutically viable. The complexity of the transfection
process — from the nanovector/cargo assembly formation
to its initial attachment to the plasma membrane,
internalization of the complex via endocytosis, its release
from the endosome followed by the dissociation of the
vector from the siRNA followed by successful gene
silencing — suggests that an interplay of many critically
important parameters needs to be considered in order to
achieve transfection. Optimizing all possible variables
underlying this incredibly multifaceted pathway is a
daunting task, if possible at all. Moreover, since nanovec-
tor-assisted delivery of NAs/small drugs is a multidisci-
plinary field by nature, any even small advancement in the
knowledge of the chemistry, physics, biology, pharmacol-
ogy, medicine, etc. of these systems is of paramount
importance.

Under these perspectives, in this work we performed an
extensive campaign of fully atomistic MD simulations on
bimolecular complexes of PAMAM-based dendrimers and a
19 bp ds siRNA sequence, with the purpose of elucidating
several structural/energetic aspects between the dendri-
meric nanovectors and their siRNA cargo. All simulations
were carried out in aqueous solutions under realistic
conditions of ionic strength and different pH levels.
Namely, in the study we considered effects of variations
in the dendrimer branching topology (i.e., TEA-core and
NH;-core) and dendrimer size, on the static/structural
characteristics, on the hydrogen bonding, and on energetic
aspects describing the complexes.

Regarding the effects of the topological differences
between the TEA-core and the NHjs-core systems in the
structural changes of the dendrimer hosts, no drastic
differences were observed especially at intermediate/
low pH values for these macromolecules within the
expected error. It appears, therefore, that in this pH range
itis the nature and the number of the ionizable groups that
concur to determine their behavior rather than the
structural differences in their core region. However, in
the intermolecular hydrogen bond network between the
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dendrimer and the siRNA in complexes of higher generation
dendrimers, a certain differentiation in the average
behavior can be unambiguously identified for the mole-
cules of the two varying topologies. In addition, for all
systems of both architectures, changes in the behavior of
the complexes as a function of dendrimer size and pH are
remarkable and systematic.

The effects associated with changes in pH (as probed
mainly from the behavior of the G4 systems) are reflected
by the conformational, electrostatic, and hydrogen-bond-
ing characteristics of the formed complexes. Aside from the
monotonic increase of the average dendrimer size with
decreasing pH due to enhanced Coulombic repulsions,
conformational rearrangements affecting the flexibility of
the dendritic molecule take place upon gradual protonation
of the amine groups as well. In fact, the lower the pH, the
higher the observed degree of loss of dendrimer structural
coherence at distances corresponding to local conforma-
tional units (i.e, bending and torsional angles). These
changes appear to work synergistically with the develop-
ment of a polar character of the complexes as pH levels
decrease, in order to allow for a closer approach of the center
of mass of the siRNA to that of the dendrimer, reaching
separations even shorter than the R; of the dendrimer. It is
worthy to point out here the part that the counterions and
the ionic strength play in this process, since their presence
contributes decisively in the observed modulation of the
effective charge. The development of a polar character in
the complexes might actually create the driving force for
the formation of supramolecular aggregates in non-
stoichiometric dendrimer/NA systems.[2+:37.74]

Variation of the pH level is also closely linked to changes
in both the intramolecular and the intermolecular hydro-
genbonding pattern in the complexes. It was found that, on
average, close to physiological pH the number of intramo-
lecular hydrogen bonding pairs within the dendrimer is
minimized while, under the same conditions, the inter-
molecular dendrimer/siRNA hydrogen bond level reaches a
maximum.

The effects of dendrimer generation at constant pH (at
two physiologically relevant pH values of 5.6 and 7.4)
become apparent through (i) the alteration of the den-
drimer conformational characteristics such as the loss of
structural flexibility upon increasing generation number,
(ii) the “shift” of the polar region of the complex at distances
closer to the dendrimer periphery, and (iii) the different
intermolecular hydrogen bond levels as a function of the pH
and the structural details of the dendrimer.

Finally, the free energies of binding between the
dendrimers and the NA fragment as estimated via the
MM/PBSA approach confirm that high dendrimer genera-
tions of the examined topologies are required for efficient
siRNA complexation. In particular, the values of AGpina/N
(ie.,the values of the binding free energy normalized by the
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total number of charges on the dendrimer molecule at a
given pH) highlight the substantial difference in affinity
between nanocarriers of G4 and G5-G6, yielding the basis
of a molecular rationale for the experimentally observed
enhanced efficacy of these high G vectorsin cell transfection
experiments.[2>3¢° Fyurthermore, the analysis of the
components of the binding free energies also reveals that
two molecular design parameters play a major role in
favoring nanovector/cargo interactions: (i) a substantial
number of intermolecular hydrogen bonds between the
dendrimer and the siRNA, which correlates with the
enthalpy of the binding process, and (ii) the dendrimer
flexibility associated mainly with the surface area, as
expressed by the smaller entropy penalties paid by the
more flexible dendrimers in enwrapping the siRNA
molecule. As discussed above, one of the limiting step in
the transfection efficiency of these dendrimer/siRNA based
systems (and likely of all other nanovector-based delivery
systems) is the endosomal escape. The escape from
endosomes likely occurs via an activated fusion process
of the oppositely charged endosome membrane and the
dendrimer/siRNA complex. The activation energy of this
process is proportional to the bending rigidity of the
complex. Bending or deformation of the complex, as
required by fusion, obviously results in an energy cost
proportional to the overall complex rigidity. Thus, in
principle, if the structural flexibility of the nanovector
increases, the activation energy decreases, making fusion
more likely; this finding is in line with the current
experimental results for which the more flexible TEA-
based dendrimers are more efficient in transfection than
the intrinsically rigid NH3-core PAMAM:s.

Combining the results from all the different analysis
tools we have employed, it appears that for the PAMAM
family dendrimers examined and at an experimentally
realizable ionic strength, the main attributes related to an
increased binding affinity between the two components
in a qualitative sense are (i) the size of the dendrimer
(the larger the generation the higher the binding affinity),
(ii) the number of surface hydrogen-bonding-capable
sites per dendrimer at pH conditions close to physiological
levels (the larger the number the more efficient the
binding), and (iii) the degree of structural flexibility of
the dendritic structure (the higher the degree of flexibility
the more favorable the binding due to the ability of the
dendrimer to adapt its conformation appropriately in order
to enwrap the siRNA strands).

Based on the above findings we believe that the
present work offers new insight regarding the
mechanisms involved in the dendrimer/siRNA complexa-
tion, contributing thus toward a better understanding
of the function of PAMAM:-like dendrimers as potential
gene delivery systems.
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