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Table 1. Selected examples of other poly(amidoamine) (PAMAM) dendrimer-based applications in 
small interfering RNA (siRNA) delivery. 

PAMAM Generation (Gn) Cancer Target of Delivered siRNA Reference 
G1 E6 and E7 oncogenes [1] 
G2 E6 and E7 oncogenes [1] 
G3 E6 and E7 oncogenes [1] 
G4 E6 and E7 oncogenes [1] 
G4 Human ether-à-go-go-related gene [2] 
G4 Vascular endothelial growth factor A [3] 
G4 Polo-like kinase 1 [4] 
G4 B-cell lymphoma 2 [5] 
G4 Epidermal growth factor receptor  [6] 
G4 B-cell lymphoma 2 [7] 
G5 Astrocyte elevated gene-1 [8] 
G5 B-cell lymphoma 2 [9] 
G5 Multidrug resistant protein 1 [10] 
G5 Polo-like kinase 1 [11] 
G5 Major vault protein [12] 
G6 Carbonyl reductase 1 [13] 

Determination of the Binding Free Energy of the TEA-Core Dendrimers and the Different 
siRNAs 

To estimate the free energy of binding Gbind between triethanolamine (TEA)-core 
poly(amidoamine) (PAMAM) dendrimers and all small interfering RNA (siRNA) molecules, 
including the two concatemers, we resorted to a well-established computational recipe based on the 
so-called Molecular Mechanics/Poisson–Boltzmann Surface Area (MM/PBSA) methodology [14–19]. 
Briefly, 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 Gbind = GAB – GA – GB. 

For any species on the right hand side of this equation, from basic thermodynamics we have Gi 
= Hi – TSi, where Hi and Si are the enthalpy and entropy of the i-th species, respectively, and T is the 
absolute temperature. In view of this expression, Gbind can then be written as: Gbind = Hbind –TSbind. 

Hbind is the variation in enthalpy upon association and, in the MM/PBSA framework of the 
theory, can be calculated by summing the molecular mechanics energies (EMM) and the solvation 
free energy (Gsolv), i.e., Hbind = EMM + Gsolv. 

Hbind is obtained directly from a single molecular dynamics (MD) trajectory of the molecular 
complex as EMM = EvdW + Eele, where EvdW is the variation of the nonbonded van der Waals energy 
and Eele is the electrostatic contribution calculated from the Coulomb potential. The 
solvation/desolvation contribution to the free energy, Gsolv, can also be also split in two components: 
Gsolv = GPB + GNP. 

The calculations of the polar solvation term GPB were done with the DelPhi package [20], with 
interior and exterior dielectric constants equal to 1 and 80, respectively. The dielectric boundary is 
the contact surface between the radii of the solute and the radius (1.4 Å) of a water molecule. The 



 

linearized Poisson–Boltzmann equations were solved on a cubic lattice by using the iterative finite-
difference method implemented in DelPhi. A grid spacing of 2/Å, extending 20% beyond the 
dimensions of the solute, was employed. Potentials at the boundaries of the finite-difference lattice 
were set to the sum of the Debye–Hückel potentials. The non-polar component GNP was obtained 
using the following relationship [21]: GNP =  SA + , in which  = 0.00542 kcal/(mol Å2),  = 0.92 
kcal/mol, and the molecular surface area SA was estimated by means of the MSMS software [22].  

The quasi-harmonic analysis approach [23] was followed to estimate the last parameter, i.e., the 
change in solute entropy upon association –TSbind. On the basis of MD snapshots of the complex, we 
generated structures of the uncomplexed reactants by removing the atoms of the dendrimer and 
siRNA, respectively. Each of those structures was minimized using a distance-dependent dielectric 
constant  = 4r to account for solvent screening, and its entropy was calculated using classical 
statistical formulas and normal mode-analysis. To minimize the effects due to different 
conformations adopted by individual snapshots, we averaged the estimation of entropy over 200 
snapshots. 

Finally, the effective number of charges involved in binding, and the corresponding effective 
free energy of binding values (Tables A1–A3) were obtained by performing a per residue binding 
free energy decomposition exploiting the MD trajectory of each given siRNA/dendrimer complex. 
This analysis was carried out using the MM/GBSA approach [24] and was based on the same 
snapshots used in the binding free energy calculation. 

Steered Molecular Dynamics (SMD) of G5/siRNA Unbinding 

The purpose of a MD-based study of the dissociation of a siRNA molecule from its dendrimer 
complex is the determination of the transition from a bound state (BS) to an unbound state (UBS) 
along a pathway coordinate (r) (e.g., the distance between the dendrimer and the nucleic acid 
fragment). This pathway is typically characterized by a substantially high free energy barrier, i.e., 
several times kbT. Under these circumstances, the probability to observe a spontaneous barrier-
crossing event within a reasonable simulation time is extremely low. Therefore, in order to supersede 
this obstacle, a time-dependent external potential energy function U can be applied to the system 
under study to drive the reaction from BS to UBS. If the pathway coordinate (r) is a function of 
atomic positions, then the external potential energy function U((r),t) is called a steering function. 
U((r),t) is generally chosen harmonic and centered on a given reference reaction coordinate 0(t) so 
that: U((r),t) = (kCM/2) × ((r) − 0(t))2. 

The reference reaction coordinate 0(t) is changed typically with a constant velocity so that: 0(t) 
= BS + t. 

The harmonic constant kCM and the steering velocity  are then the two parameters of a steered 
molecular dynamics (SMD) simulation. In any SMD experiment, both the steering function 0(t) and 
the atoms to which it must be applied should be chosen very carefully. For big molecules with rather 
loose structures which are bound by strong interactions such as the G5 TEA-core dendrimer and a 
siRNA complex, the classical approaches of i) applying a pulling force on a single atom or ii) defining 
 as the distance between the two centers of mass of the two molecules in the complex are not 
appropriate. In fact, in this case a single point force (or mass weighted uniform force) will induce the 
stretching of the nucleic acid with unrealistic structure distortion and a partial unwinding before the 
unbinding process takes place. 

An additional problem might arise during conventional SMD unbinding simulations of a big 
supermolecular systems such as G5/siRNA if the interaction between the dendrimer and the nucleic 
acid is spread over a large surface perpendicular to the pulling direction. If, during the pulling phase, 
one side of the interface unbinds while the other remains bounded, a force moment is generated with 
respect to the center of mass. This results in a rotation of the two macromolecules, which roll on each 
other instead of falling apart. 

To avoid both stretching and rolling artifacts, we applied a procedure based on the so-called 
individual pulling method, recently proposed by Cuendet and Michielin [25]. Briefly, the reference 
position of an atom in an MD equilibrated structure of a given G5/siRNA complex is determined with 



 

respect to the center of mass of its respective unit (dendrimer or siRNA). A harmonic potential energy 
term centered on this reference point is then applied to the z-coordinate of the atom in a xyz 
coordinate reference system, while movement in the lateral plane is left free. This corresponds to a 
restraint of the root-mean-square deviation (RMSD) along the z-axis in each molecular unit of the 
complex. To realize pulling, the reference position of all restrained atoms is shifted uniformly along 
the z-axis—each unit (nanocarrier and cargo) in opposite directions. During this process, the 
reference structures remain unchanged in each part, while the distance between the centers of mass 
is increased. The physical and mathematical concepts underlying the individual pulling method in 
SMD are given in full in reference [12]. 

For the SMD simulation setup, decorrelated configurations with the velocities of each G5/siRNA 
complex system were chosen from the corresponding equilibrated MD trajectories as starting points 
for the pulling runs. In detail, 180 snapshots taken from the last 90 ns of each MM/PBSA MD 
production run were employed to calculate the average center of mass distance BS, as well as the 
average internal coordinates. This initial structural was used as initial distance and reference 
structure for the individual restraints. Next, these restraints were applied on the atoms specified 
above, with a resulting harmonic constant kCM equal to 2 × 104 kJ/(mol nm2), a value stiff enough to 
have a good spatial resolution in the free energy profile while not damping the thermal behavior of 
the system. The steered system was then allowed to further equilibrate for 0.5 ns with 0 fixed to BS. 
Finally, the pulling itself was started. A pulling speed  of 5 × 10-4 nm/ps was chosen as a trade-off 
between staying as close to equilibrium as possible and keeping the computing time within 
manageable limits. With these settings, 2 nm were covered in 4 ns of the SMD simulation. 
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