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ABSTRACT

Dendrimers are attractive vehicles for nucleic acid delivery due to monodispersity and ease of chemical
design. The purpose of this study was to elucidate the self-assembly process between small interfering
RNA (siRNA) and different generation poly(amidoamine) dendrimers and to characterize the resulting
structures. The generation 4 (G4) and G7 displayed equal efficiencies for dendriplex aggregate forma-
tion, whereas G1 lacked this ability. Nanoparticle tracking analysis and dynamic light scattering showed
reduced average size and increased polydispersity at higher dendrimer concentration. The nanoparticle
tracking analysis indicated that electrostatic complexation results in an equilibrium between differently
sized complex aggregates, where the centre of mass depends on the siRNA:dendrimer ratio. Isothermal
titration calorimetric data suggested a simple binding for G1, whereas a biphasic binding was evident for
G4 and G7 with aninitial exothermic binding and a secondary endothermic formation of larger dendriplex
aggregates, followed by agglomeration. The initial binding became increasingly exothermic as the gen-
eration increased, and the values were closely predicted by molecular dynamics simulations, which also
demonstrated a generation dependent differences in the entropy of binding. The flexible G1 displayed
the highest entropic penalty followed by the rigid G7, making the intermediate G4 the most suitable for
dendriplex formation, showing favorable charge density for siRNA binding.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

RNA interference therapeutics like small interfering RNA
(siRNA) are potent drug candidates for the future treatment of
disabling and life-threatening diseases like arthritis and cancer
(Castanotto and Rossi, 2009). The bottleneck for the further devel-
opment of siRNA towards a drug product is the engineering of
safe and efficient delivery vehicles like cationic polymers (Cun
et al., 2008). The dendrimers in particular are attractive polymeric
carriers since the composition, and hence the properties, can be
precisely controlled by the synthesis, and the symmetrical den-
dritic architecture provides for a monodisperse and well-defined
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nanocarrier (Fig. 1, left) (Menjoge et al., 2010). The tree-like den-
dritic structure emanates from a central core, and the generation
number defines the number of branching points as well as the
density of the terminal functional groups in the periphery of the
molecule (Nanjwade et al., 2009).

The most extensively studied dendrimer family is the
poly(amidoamine) (PAMAM) dendrimers, which are surface-
functionalized with cationic primary amines, allowing for elec-
trostatic interaction with nucleic acids (Labieniec and Watala,
2009). The overall PAMAM shape is determined by the genera-
tion number: lower generation dendrimers are open and loosely
packed structures, whereas higher generations become increas-
ingly spherical, evolving from a star-like structure of generation 4
(G4) to a constant-density sphere for G10, as suggested by molec-
ular dynamics simulations (MDS) and small angle X-ray scattering
(SAXS)(Maiti etal.,2004; Prosaetal.,2001). Despite the widespread
use of dendrimers for delivery of various types of nucleic acids, little
is currently known about the structural requirements for efficient
dendrimer-based siRNA delivery (Guillot-Nieckowski et al., 2007;
Shcharbin et al., 2009a).

A pre-requisite for controlling and understanding the proper-
ties important for successful PAMAM-mediated siRNA delivery is
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Fig.1. Model for dendriplex formation of the G4 dendrimer and siRNA. The complexation occurs through an intermediate monomeric dendriplex, resulting in larger dendriplex
aggregates in the 100 nm size range. For illustrative clarity the dendriplex aggregate size is reduced. ® The Faculty of Pharmaceutical Sciences, University of Copenhagen.

to elucidate the molecular mechanism of the dendriplex forma-
tion. Based on a previous study, a simple electrostatic complexation
seems to occur between the cationic dendrimer and the phosphate
backbone of the siRNA resulting in an intermediate monomeric
dendriplex formation (Fig. 1, middle) (Jensen et al., 2010). In addi-
tion, results obtained from commonly used methods for dendriplex
characterization like dynamic light scattering (DLS), atomic force
microscopy (AFM) and transmission electron microscopy (TEM)
indicate the co-existence of larger dendriplex aggregates in the
100-nm range (Fig. 1, right), which complicates the detailed under-
standing of the molecular self-assembly process (Perez et al., 2009;
Shen et al.,, 2007; Zhou et al., 2006).

The overall siRNA binding capacity of dendrimers has roughly
been estimated by polyacrylamide gel electrophoresis and ethid-
ium bromide displacement assays, which suggest that improved
siRNA retention is obtained by increasing the number of dendrimer
molecules available for the binding, whereas the effect of den-
drimer generation is less clear (Perez et al., 2009; Shen et al., 2007;
Zhou et al., 2006). However, MDS of the interactions between siRNA
and PAMAM dendrimers (G4, G5 and G6) suggest that the flexibility
of the dendrimers is reduced with increasing dendrimer gener-
ation due to the elevated surface group density, and the overall
dendrimer size therefore remains constant upon siRNA binding
for the higher-generation dendrimers (Pavan et al., 2010a). Exper-
imental thermodynamic parameters for the binding and thereby
the monomeric dendriplex formation can be obtained by isother-
mal titration calorimetry (ITC) (Braun et al., 2005; Coles et al., 2008;
Jensen et al., 2010).

A recent review has highlighted the more than 100-fold dif-
ference in dendriplex aggregate size determined by different
characterization techniques (Shcharbin et al., 2009b). Apart from
the commonly used DLS method, there is a selection of microscopy-
based techniques, which allow for the analysis of single complexes
without overestimating the size due to the relatively large scatter-
ing intensity of agglomerates (Coles et al., 2007). For example, the
size of the G7 dendriplex measured by AFM and TEM is smaller than
the one obtained by DLS, suggesting the existence of several distinct
populations ranging from 15 to 130nm in diameter (Perez et al.,
2009). However, a pitfall of these microscopic techniques is that
sample preparation is required, which can potentially alter the den-
driplex appearance and cause agglomeration (Coles et al., 2007). A
novel alternative is the nanoparticle tracking analysis (NTA) based
on ultramicroscopic light scattering detection at a single particle
level, which enables the sizing of nanoparticles in aqueous suspen-
sion (Filipe et al., 2010; Malloy and Carr, 2006). The method more
accurately estimates the size distribution of polydisperse samples
due to a substantially better peak resolution, as compared to DLS.

The purpose of the present study was to investigate the
siRNA-dendriplex self-assembly process using amine-terminated
G1, G4 and G7 PAMAM dendrimers. We recently characterized
the PAMAM G7-siRNA binding and the resulting monomeric den-
driplex appearance (Jensen et al., 2010). The present biophysical
investigation expands these observations in a comprehensive study

by directly comparing the siRNA-PAMAM self-assembly process
and the resulting dendriplex aggregates. This is performed for the
three different generations of dendrimers in aqueous suspension at
different dendrimer-to-siRNA molar ratios (MRs) using DLS, NTA,
gel electrophoresis, ITC and MDS.

2. Materials and methods
2.1. Materials

Amine-terminated PAMAM G1, G4, and G7 dendrimers with
an ethylenediamine core were obtained from Sigma-Aldrich (St.
Louis, MO, USA). A Dicer substrate asymmetric siRNA duplex
directed against luciferase was provided by Integrated DNA
Technologies Inc. (IDT, Coralville, 1A, USA) as a dried, purified
and desalted duplex, and re-annealed as recommended by the
supplier in the IDT duplex buffer consisting of 30mM 4-(2-
hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), pH 7.5
and 100 mM potassium acetate (IDT). The siRNA had the follow-
ing sequence: sense 5'-pGGUUCCUGGAACAAUUGCUUUUAca-3’
and antisense 5'-UGUAAAAGCAAUUGUUCCAGGAACCAG-3’ where
lower case letters are 2’-deoxyribonucleotides, with a total of 52
negative charges and a molecular weight of 17930 g/mol (Rose et al.,
2005). RNase-free DEPC water was used for dilutions, and the solu-
tions were filtered through 0.2 pm filters (Millipore, Carrigtwohill,
Ireland) prior to use. All chemicals were obtained commercially at
analytical grade and used as received.

2.2. Preparation of dendriplexes

The complexation of siRNA with G1, G4 and G7 dendrimers was
performed in 10 mM HEPES buffer, pH 7.4 (AppliChem, Darmstadt,
Germany) as described previously (Jensen et al., 2010). Briefly, a
total volume of 50 pL dendrimer and siRNA solutions were pre-
pared separately in HEPES buffer. The solution with siRNA was
added drop-wise to the dendrimer solution, followed by at least 5's
of vortex mixing, and the mixture was left at room temperature for
20 min to allow complex formation. The final dendrimer concen-
tration was 400 nM for DLS and zeta potential measurements, and
the siRNA concentrations were 1000, 500, 250 and 100 nM, result-
ing in dendrimer-to-siRNA MR of 0.4, 0.8, 1.6 and 4, respectively.
For the NTA measurements, the final dendrimer concentration was
200nM, and the siRNA concentrations were 500, 250, 125 and
50 nM for MR 0.4, 0.8, 1.6 and 4, respectively. For gel electrophore-
sis, 10 pL of dendrimer and siRNA solution were mixed to a total
volume of 20 pL, with a net amount of 800 ng siRNA per sample,
varying the amount of dendrimer to obtain MRs of 0.4, 0.8 and 1.6
for G1, G4 and G7, with additional MRs of 4, 21.5 and 112 for G1.

2.3. Dynamic light scattering (DLS)

The particle size distribution and polydispersity index (PDI)
of the dendriplexes were determined by DLS, and the surface
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charge was estimated by zeta potential analysis (laser-Doppler
electrophoresis). The samples were prepared in triplicates (n=3)
and three measurements were performed per sample using a Zeta-
sizer Nano ZS (Malvern Instruments, Worcestershire, UK) equipped
with a 633 nm laser and 173° detection optics. Malvern DTS v.6.10
software (Malvern Instruments) was used for data acquisition and
analysis, and a Nanosphere™ Size Standard (220 4+ 6 nm, Duke Sci-
entific Corporation, Palo Alto, CA, USA) and a zeta potential transfer
standard (—504 5 mV, Malvern Instruments) were used to verify
the performance of the instrument. For viscosity and refractive
index, the values of pure water were used.

2.4. Nanoparticle tracking analysis (NTA)

NTA measurements were performed using a NanoSight LM10
(NanoSight, Amesbury, UK), equipped with a sample chamber con-
taining a 630nm laser and a Viton fluoroelastomer O-ring. The
samples were injected in the sample chamber with sterile 1 mL
syringes until the liquid reached the tip of the nozzle. The NTA soft-
ware (Version 2.0, Build 0127 from NanoSight) was used for data
acquisition and analysis. Each sample was analyzed three times
for 90 s of acquisition (technical replicated) with manual detection
threshold, shutter and gain adjustments to obtain the optimal visu-
alization of the sample. The single shutter and gain mode was used
to capture particles, and samples were measured in triplicates with
three technical replicates per sample. Size standards of 100 and
300 nm were used to verify the performance of the instrument.

2.5. Gel electrophoresis

A total amount of 400 ng siRNA was used for the analysis, and
electrophoresis was carried out on polyacrylamide gels (4-20%,
w/v, Lonza, Basel, Switzerland) in TBE buffer (0.089 M Tris base,
0.089M boric acid, and 2 mM sodium EDTA, pH 8.3) at 100V for
approximately 1 h. The siRNA bands were visualized using a Kodak
Image Station 1000 (Eastman Kodak Company, Rochester, NY, USA)
after staining for 40 min with a 1:10,000 dilution of SYBR-Green II
RNA gel stain (Invitrogen Inc, Carlsbad, CA, USA) in DEPC-treated
water. For control, dendriplexes were exposed to 1% (w/v) SDS prior
to analysis, showing a band of similar size and intensity as the siRNA
control.

2.6. Isothermal titration calorimetry (ITC)

High-sensitivity isothermal titration calorimetry (ITC) was per-
formed on a VP-ITC from Microcal (GE Healthcare Bio-Sciences,
Milwaukee, WI, USA) with an active cell volume of 1.4 mL using a
stirring rate of 250 rpm. All experiments were performed in 10 mM
HEPES buffer, pH 7.4 (AppliChem) and the dendrimer solution was
injected 10 L at a time into a solution of 4 wM siRNA at 10 min
intervals to allow for complete equilibration of the system between
injections. The dendrimer concentration was 500, 20 and 1.6 wM for
G1, G4 and G7, respectively. For the reference, the dendrimer sam-
ple was injected into the buffer showing constant non-zero heats,
and the siRNA concentration was kept constant during all titra-
tions. Titrations were performed in triplicate, and all solutions were
degassed prior to use. The injection heats were calculated using the
Microcal, LLC ITC package for Origin® version 7.0. Correction was
performed by shifting the entire titration curve so that it levelled
at zero at the end of the titration. The apparent molar enthalpy of
binding (AHpinq) Was calculated from the first injections, similar
to previous reports (Braun et al., 2005; Lobo et al., 2001), and nor-
malized to the number of dendrimer molecules and the number of
primary amines (Table 1).

Table 1
Physico-chemical properties of amine-terminated PAMAM dendrimers (Nanjwade
et al., 2009).

Dendrimer Primary amines Mw? (g/mol) Hydrodynamic
generation diameter® (nm)
G1 8 1430 2.2
G4 64 14215 45
G7 512 116493 8.1

2 Nominal values calculated for ideal dendrimer.
b Measured by size exclusion chromatography at 25°C.

2.7. Computational methods

The modelling of G1, G4 and G7 PAMAM dendrimers was
performed as described previously (Jensen et al., 2010; Pavan
et al,, 2010a,b). The modelling was done at a theoretical pH of
7.4, where every primary amine is assumed to be protonated
resulting in a total charge of 8, 64 and 512 for G1, G4 and G7,
respectively (Table 1). The computational method used to simu-
late the binding between dendritic structures and a 21-base pair
firefly luciferase siRNA (GL3) was adapted from a previous study
(Pavan et al., 2010c). The MDS were conducted using the AMBER
10 suite of programs (Case et al., 2005) and the normal-mode
analysis approach was used to estimate the entropic contribu-
tions (—TAS) (Andricioaei and Karplus, 2001). The free energy
of binding (AGyi,q) was calculated according to the equation:
AGpind = AHpind — TASpindg, Where the MM-PBSA approach was
used to estimate the enthaplic term of the free energy of bind-
ing (AHpjnq) (Srinivasan et al., 1998). Finally, the ptraj module of
AMBER 10 was used for estimating the radii of gyration (Rg) of the
dendrimers by processing the equilibrated dynamic trajectories.

2.8. Statistics

Statistical analysis was performed using SigmaPlot v. 11.0 (Sys-
tat Software Inc., San Jose, CA, USA). The normal distribution of the
data was confirmed by a Shapiro-Wilk test, and the statistical sig-
nificance of the results was determined using one-way analysis of
variance (ANOVA) employing a confidence interval of 95%.

3. Results and discussion

PAMAM dendrimers of G1, G4 and G7 were selected for charac-
terization of the complexation with siRNA since they represent a
low, intermediate and high molecular weight, respectively, with a
corresponding increase in amine charge density (Table 1). We have
chosen to perform a direct molecular comparison of the interaction
between dendrimer and siRNA for the present biophysical charac-
terization, at four fixed dendrimer-to-siRNA molar ratios (MRs) at
a constant dendrimer concentration. This enables a comparison of
the dendriplex formation at equimolar concentrations of the three
different dendrimer generations (Fig. 1). It should be noted that
the MRs differ from the amine-to-phosphate (N/P) ratios, which
are usually used for studies of the biological activity of polyplexes.
Therefore, the net charge of the dendriplexes varies between the
formulations at identical MRs. The use of DLS, ITC and MDS for char-
acterizing the thermodynamics of siRNA dendriplex formation with
PAMAM G7 has recently been presented (Jensen et al., 2010), and
the present study elaborates further on these observations by pro-
viding a direct comparison between different generations of carrier
molecules.
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3.1. NTA complements DLS for determination of the average
particle size

The formation of dendriplex aggregates was characterized by
both DLS and NTA, since the methods complement each other for
the characterization of samples in the nanoscale size range (Filipe
et al., 2010). For both methods, analysis was performed in aque-
ous suspension without further sample preparation, and due to the
lower concentration requirements, the dendriplex concentration
was reduced for NTA measurements.

The zeta potentials of the dendriplexes with an excess of den-
drimer charge were all around 40 mV, and thereby displayed the
expected positive surface charge (Table 2). The remaining samples
had negative zeta potentials, where the magnitude was correlated
to the overall charge. Focussing on the average measurements, nor-
mally depicted in literature, the DLS z-average values of G4 and G7
dendriplexes of positive charge, showed particles in the 95-146 nm
range with a low polydispersity index (PDI) (Table 2). A tendency
of reduced z-average was observed with increasing MR, along with
an increased sample polydispersity, suggesting increased hetero-
geneity of the dendriplex aggregates. The average sizes measured
by NTA were generally higher, ranging from 165 to 275 nm in diam-
eter. Surprisingly the G4 sample at MR 0.4 displayed agglomeration
by DLS but not by NTA, which may be due to the reduced particle
concentration of the NTA measurements.

More details of the NTA measurements were obtained by com-
paring the D10, 50 and 90 values, representing the cumulative size
at 10, 50 and 90% of the number population (Fig. 2). Here a reduc-
tion in particle size was observed with increasing MR, shown by
the D10 and D50 values. The only exception was G4 at MR 0.8, rep-
resenting a neutral charge ratio. The D90 increased at the highest
MR, showing an elevated tendency of agglomerate formation, cor-
relating with the increased polydispersity and number of particles
above 1 wm in Table 2.

Comparison of the average dendriplex aggregate sizes across
generations by DLS suggested a slight decrease in z-average with
increasing generation number, as demonstrated previously (Perez
et al., 2009), while the PDI values were generally slightly lower for
the G4 dendriplexes compared to the G7 dendriplexes. The average
size measured by NTA showed no difference between G4 and G7,
but a larger percentage of the G4 sample population seemed to
consist of agglomerates (above 1 wm). The G1 complexes did not
resultinvalid DLS and NTA data, depicted by the high polydispersity
of the DLS measurements, and for NTA a valid capture of particles
could not be obtained.

3.2. The improved resolution of NTA reveals polydisperse
dendriplex aggregates below 80 nm

To obtain a greater insight into the dendriplex appearance, rep-
resentative size distributions for the G4 and G7 dendriplexes are
shown in Fig. 3. The intensity-based distributions measured by DLS
for both generations were generally broad, ranging in size from 80
to 800 nm, and displayed a shift towards lower sizes at higher MRs
(Fig.3a). Agglomerates in the pmrange appeared at MR 4, and addi-
tionally at MR 1.6 for G7, contributing to the observed increase in
polydispersity (Table 2). The presence of a peak in the wm range
could indicate dust, but since its presence was confirmed in sep-
arately prepared triplicates of both G4 and G7 dendriplexes, this
seemed to be unlikely. With the conversion to a number-based dis-
tribution, this minor sample constituent was no longer apparent
(Fig. 3b), with a shift towards lower dendriplex aggregate sizes.
For G7 dendriplexes a peak between 6 and 20 nm was observed
at MR 4, which became dominant upon conversion into a num-
ber distribution (Fig. 3b). This peak had an average particle size
of approximately 9nm in diameter and might have represented

a
800 -
—~ 600
E
R
1.
2
@ 400
E []
5 }
200 - A4
r
- *
-
0 . . ; .
0.4 0.8 1.6 4.0
Molar ratio
b
800
—~. 600
E |
| 5
2
E 400 A i
@ L}
o [] 1
200 -
[} - - =
0 ; : ; )
0.4 0.8 1.6 4.0
Molar ratio

Fig. 2. Dendriplex diameter at cumulative sample populations of 10 (black spheres),
50 (light grey triangles) and 90% (dark grey squares) as determined by NTA. (a) G4
dendriplexes and (b) G7 dendriplexes. Data represents mean +SD, n=3.

the pure G7 dendrimer or the monomeric dendriplex (Jensen et al.,
2010).

In contrast, the NTA number distribution had a broad peak
with a jagged appearance between approximately 10 and 80 nm
(Fig. 3¢). This population comprised more than 10% of the sample
for both G4 and G7 dendriplexes (Fig. 2) and was poorly defined,
since experimental variations were observed between individual
measurements on the same sample (data not shown). For both
generations, the major peak shifted towards lower sizes with
increasing MR, with a more narrow size distribution. The G7 den-
driplex formulation at MR 4 seemed to be poorly defined, showing
larger variation in the size distributions (data not shown) and a high
percentage of agglomerating particles in Table 2 and Fig. 2.

The NTA size distribution indicates that the composition of the
sample is inconsistent, and since individual well-defined popula-
tions were not evident, the present data indicates the presence of
aggregates of a broad size range, where different appearances may
coexist. The NTA method has a substantially better peak resolution
compared to DLS, but the detection of monomeric dendriplexes is
not expected as the lower detection limit is between 10 and 30 wm,
dependent on the sample quality (Filipe et al., 2010; Malloy and
Carr, 2006). The present data confirms previous findings of several
subpopulations of G7-binding to siRNA with AFM and TEM, but
in the present study, distinct populations could not be confirmed
(Perez et al., 2009). All together this demonstrates the importance
of performing additional characterization to supplement the DLS
measurement.
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Table 2
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Dendriplex aggregate characterization by dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) showing the zeta potential, z-average and PDI of DLS
measurements, and average size and the percentage of particles above 1 wm for NTA measurements. Results denotes mean +SD (n=3).

Generation Molar ratio Dynamic light scattering Nanoparticle tracking analysis
Zeta potential (mV) z-average (nm) PDI Size (nm) %>1 pm
G1 04 -30.7 £ 34 950+1056 0.56+0.31 Not suitable for
0.8 —-399 + 2.2 512+210 0.52+0.15 analysis
1.6 -27.1 £6.7 311+113 0.44+0.09
4.0 -121+1.0 418+130 0.52+0.08
G4 0.4 —3.16 + 8.5 1116+ 664 0.50+0.22 202411 0.62 + 0.24
0.8 379+ 20 136+3 a 0.12+0.01 275+41 1.83 + 0.64
1.6 415+ 3.2 1165 0.17+0.03 a 175+£26 2 113 £ 1.29
4.0 453 + 5.8 133+8 0.31+0.04 183 +£27 2.69 +1.33
G7 04 464 + 3.2 146 +£2 0.15+0.01 22147 042 + 0.04
0.8 454 + 1.4 121+5 b 0.20+0.01 a 193+4 0.32 + 0.08
1.6 425+ 29 106 +1 | 0.27 +0.03 165+7 0.39 + 0.24
4.0 44.7 + 3.8 95+15 0.35+0.07 221446 411 +3.79
4 p<0.05.
b p<0.001.
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Fig. 3. Representative size distributions from dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA). For clarity, the sample with G4 at MR 0.4 was omitted
from the DLS distributions, due to poor sample quality. Top: G4 dendriplexes; Bottom: G7 dendriplexes. (a) Intensity distribution for the DLS measurements, (b) number
distribution for DLS, and (c) number distribution for NTA. Green: molar ratio (MR) 0.4, blue: MR 0.8, black: MR 1.6, and red: MR 4.

3.3. Dendrimer binding prevents siRNA migration in a charge
density- and concentration-dependent way

Gel retardation assays were performed to estimate the overall
dendrimer binding. At all examined MRs, the large G7 dendrimer
completely prevented siRNA migration, suggesting that the vast
majority of siRNA is bound to the dendrimer at the investigated
MRs (Fig. 4). The G4 dendriplexes at a MR of 0.8 and 1.6 cor-
responding to an overall positive charge also prevented siRNA
migration, while at MR 0.4 a minor part of the siRNA remained
unbound, corresponding to a net negative charge of the sample.
In contrast, G1 was not able to retain the siRNA migration, but
a broadening of the band was apparent suggesting that the den-
drimers interact with siRNA. This became more pronounced when
increasing the amount of dendrimer to MR 26 and 104, repre-
senting an overall positive charge with N/P ratios of 4 and 16,
respectively. The siRNA molecule (18kDa) is roughly ten times

larger than the G1 dendrimer (1.43 kDa), explaining the broad-
ening of the peak rather than a prevention of migration. This is
consistent with previous studies of triethanolamine core PAMAM
dendrimers, where G1 (having similar size and number of charges
as the present dendrimer) proved inadequate for retarding siRNA

<

E Gl G4 G7

Z 04 08 16 4 26 104 04 08 16 04 08 16
i ] A ~ &

—— - : ; 3

Fig. 4. siRNA retardation assay of dendriplexes with different generation den-
drimers. Each well contains 400 ng of siRNA complexed with dendrimers to a
dendrimer-to-siRNA molar ratio of 0.4, 0.8 and 1.6. For the G1 dendrimer, additional
molar ratios of 4, 26 and 104 were included in the analysis.
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migration and for complex formation detected by AFM (Shen et al.,
2007).

3.4. G4 and G7 show biphasic siRNA binding, while no
reorganization occurs for G1

The thermodynamics of siRNA binding to PAMAM dendrimers
was explored by ITC. The dendrimer concentrations were adjusted
to resolve both the primary binding curve and the saturation of the
system within the course of one titration. An example of a titration
isotherm for each dendrimer is presented in Fig. 5, which illustrates
the difference in binding behaviour between the different genera-
tion dendrimers. The primary binding process was exothermic for
all three generations and it probably represented the monomeric
dendriplex formation as showninFig. 1. For G1, arapid saturation of
the binding process was observed, reaching the background level
after five injections. At reduced dendrimer concentration, the G1
titration curves had a similar appearance, but only a single titra-
tion peak could be attributed to the binding reaction (data not
shown).

The G4 and G7 dendrimer titrations into siRNA resulted in
a biphasic binding pattern (Fig. 5). The initial exothermic titra-
tions of constant heat was followed by a rapid decrease in the
released heat, leading to endothermic titrations, showing satu-
ration of the system, which might represent the formation of
larger dendriplex aggregates. Apparently, the titration was termi-
nated by an agglomeration of the dendriplexes, evident from a
widening of the peaks (Fig. 5b and c). This behavior is in accor-
dance with previous findings from the titration of spermidine
and cobalt hexamine into DNA, which is initiated by electro-
static interaction followed by DNA condensation (Matulis et al.,
2000).

3.5. The binding becomes increasingly exothermic at higher
dendrimer charge densities

The injection heats were normalized per mole of dendrimer,
where the appearance of the curves in Fig. 6a was very different
for the three dendrimer generations due to the large difference in
the number of charges per dendrimer molecule (Table 1). There-
fore, the AH was normalized to the number of dendrimer charges
to enable comparison between the three generations (Fig. 6b). The
initial part of the titration curve, representing the primary binding
was similar for all three dendrimers, with an increasing exother-
mic AH at higher generations, and the course of the titrations was
similar for G4 and G7. The apparent molar enthalpy of the siRNA
binding (AHpinq) Was calculated from the initial injections under
the assumption that every dendrimer molecule was bound to siRNA
(Braun et al., 2005; Jensen et al., 2010; Lobo et al., 2001). The AH
values normalized per mole of dendrimer and per charge are pre-
sented in Table 3, showing an increase in the numerical value of
AH at higher generations.

Table 3
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Fig. 5. Representative raw data isothermal titration calorimetric curve of 4 uM
siRNA titrated with 10 pL of (a) 500 uM G1, (b) 16 wM G4, and (c) 1.6 uM G7 den-
drimer per injection. Titrations were performed in 10 mM HEPES buffer, pH 7.4 at
25°C, with one initial injection of 1 L.

Estimation of AH from isothermal titration calorimetry (ITC) measurements and molecular dynamics simulations normalized per mol and per charge of the dendrimer
molecules. Additionally TASharge and AGeharge are included from the molecular dynamics simulations.

Dendrimer generation ITC measurements?

Molecular dynamics simulations

AHbinclb AHchargec AHbindb AHchargeC TASchargec AGcheu'gec
G1 -10.4 + 0.78 -135+0.10 -99+04 —1.24 + 0.05 —0.72 + 0.08 -0.52
G4 —100.4 £ 10.5 —1.57 £ 0.20 -96.9 + 3.5 —1.51 £ 0.05 —0.26 + 0.03 -1.25
G7 —869 + 90 -1.70 £ 0.21 —-8499 + 15 —1.66 + 0.03 —0.45 + 0.04 -1.21
2 n=3.
b kcal/mol.

¢ kcal/charge.
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Fig. 6. Integrated heats of titration for dendrimer solution titrated into siRNA solu-
tion as a function of the dendrimer-to-siRNA molar and N/Pratio. (a) AH normalized
per mol dendrimer, as a function of molar ratio, (b) AH normalized per dendrimer
charge, as a function of N/P ratio. Black circles: G1, light grey triangles: G4, and dark
grey squares: G7.

With respect to the triplicate analysis of G4 and G7 titrations,
the first part of the curve was similar, displaying rather low stan-
dard deviation between measurements, whereas the dendriplex
aggregate formation and the final agglomeration were associ-
ated with larger experimental variation between measurements
(data not shown). The dendriplex aggregate formation must to
some extent be irreversible causing variation between the mea-
surements. Due to this irreversibility a complete thermodynamic
analysis, including the determination of affinity constants and the
binding stoichiometries is not possible. The aggregation process
following electrostatic interactions has been described previously
for the titration of dendrimers and cationic lipid into DNA (Braun
et al,, 2005; Lobo et al., 2001). Assuming that the entropy of the
binding between siRNA and the dendrimer molecules is similar for
all generation, the results in Table 3 indicate that the interaction is
more favorable for the higher generation of dendrimers.

Numerous studies have described the binding between plas-
mid DNA and several polycationic molecules, while our group
is the first to investigate the siRNA-dendrimer binding by ITC
(Jensen et al., 2010). Even though both siRNA and DNA are double-
stranded polynucleotides, a direct comparison between results is
not straight forward. The larger plasmid DNA molecules are con-
densed into toroidal structures when the number of nucleotides
is above 400, while siRNA molecules of less than 30 nucleotides
in length are more rigid (Chattoraj et al., 1978; Gary et al., 2007;
Widom and Baldwin, 1980). For the closest comparison, titration
of PAMAM G2, G4, G7 and G9 dendrimers into supercoiled plas-

Table 4
Estimation of the dendrimer radii of gyration (Rg) before and after siRNA by molec-
ular dynamics simulations.

Dendrimer generation R, pre binding (NM)  Rg, post binding (NM)  Difference (%)

G1 0.95 1.03 7.8
G4 1.88 1.92 2.1
G7 3.39 3.42 0.9

mid DNA gave positive enthalpy of binding ranging between 1.47
and 2.22 kcal/charge (Braun et al., 2005). A recent study of peptide-
based polycationic dendrimers titrated into salmon sperm DNA
displayed exothermic AHy;,q (Coles et al., 2008). This demon-
strates the difficulty in comparing the results obtained under
different experimental conditions. For example, the heat of pro-
tonation of different buffers results in different estimates for
the enthalpy of electrostatic complexation, which might involve
the uptake or release of protons. A buffer-independent bind-
ing enthalpy, AH, can be calculated as AH,=AHgps — nAHjgpi,
where AH,,s is the observed enthalpy and AH,,i, depicts the
buffer ionization enthalpy, and n is the number of protons taken
up by the polymer upon binding (Baker and Murphy, 1996;
Choosakoonkriang et al., 2003; Prevette et al., 2007). The present
study was not concerned with the protonation effect, and thus a
direct comparison between our results and other studies is not
possible.

3.6. The siRNA binding is enthalpy-driven, with differences in the
entropic penalty of binding

Molecular modelling was used to characterize the siRNA binding
to PAMAM G1, G4 and G7, estimating AH, TAS, AG, the size and
the appearance of the dendrimers upon binding (Tables 3 and 4
and Fig. 7) (Pavan et al., 2010a; Pavan and Danani, 2010). The AH
values were all in close accordance with the ITC estimations show-
ing an increasingly exothermic AH at higher dendrimer generation
after normalization to the charge of the dendrimer (Table 3). From
the estimation of the entropy the highest penalty of binding was
observed for the G1 dendrimer, which represents the most flexi-
ble molecule, experiencing the highest structural restriction upon
binding (TAScharge in Table 3). This phenomenon was demonstrated
in previous studies on dendrons (Jones et al., 2010; Kostiainen et al.,
2010; Pavan et al., 2009) and was also apparent from the highest
increase in dendrimer size of 7.8% upon siRNA binding, demonstrat-
ing adaptability towards the siRNA molecule (Table 4). In general,
elevated dendrimer rigidity was demonstrated at higher genera-
tion number from the estimation of dendrimer size and binding
appearance (Table 4 and Fig. 7), while the G7 dendrimers dis-
played a higher entropic penalty upon siRNA binding, compared
to the G4 dendrimer (Table 3). This can be explained by enhanced
rigidity of the dendrimer, leading to a reduced ability to orient
and approach the primary amines towards the negative charges
of the siRNA backbone (Pavan et al., 2010a). The resulting AG was
therefore most favorable for the G4 dendrimer, closely followed
by G7 demonstrating that the siRNA binding does not solely rely
on the number of positive charges for the electrostatic complex-
ation, but also on the flexibility of the primary amines, enabling
positioning towards the siRNA backbone (Table 3). This analysis
allows for interpretation of the ability of each generation to use the
active surface groups for binding and defines a threshold in car-
rier flexibility for optimal binding, showing optimal conditions for
intermediate dendrimer sizes, as demonstrated previously (Pavan
etal., 2010a).
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2nm

Fig. 7. Snapshot of the molecular dynamics simulations of PAMAM dendrimer
binding to siRNA at pH 7.4. The charged primary amines of the dendrimers are
represented as spheres and the siRNA molecules as dark solid ribbons. The binding
is shown for dendrimers of the following generations: (a) G1, (b) G4 and (c) G7.

4. Conclusion

With an excess of primary amines, both the G4 and G7 den-
drimers were able to retain siRNA migration by gel electrophoresis,
and an initial exothermic binding enthalpy suggested increasingly
favorable attraction at higher dendrimer generation. The bind-
ing process was biphasic with a secondary endothermic process
reflecting the formation of larger dendriplex aggregates followed
by agglomeration.

MDS closely predicted the enthalpy of binding for all three gen-
erations as well as enhanced dendrimer rigidity with increasing
generation, showing reduced change in dendrimer size upon siRNA
binding. The G1 dendrimer displayed the highest entropic penalty
of binding, and even though the G7 dendrimer displayed the most
favorable enthalpy of binding, an additional entropic penalty of the
binding reaction due to the increased charge density was appar-
ent. Therefore the G4 dendriplex formation was the most favorable,
showing optimal dendrimer charge density for siRNA binding by
the intermediately sized PAMAM dendrimer.

The G4 and G7 dendrimers displayed equal efficiencies in the
dendriplex aggregate formation in the presence of an excess pos-
itive charge. The average dendriplex aggregate size was reduced
at elevated dendrimer concentration with a simultaneous increase
in polydispersity. The NTA measurement complemented the DLS
measurements, but also emphasized the polydispersity of the sam-
ples by visualizing several poorly defined populations of small
dendriplex aggregates below 80 nm in diameter. This indicates that
the electrostatic complexation results in an equilibrium between
differently sized complex aggregates, where the centre of mass can
be shifted by changing the MR.

The siRNA binding to G1 dendrimers was dependent on the den-
drimer concentration, but the dendrimer lacked the ability to form
dendriplex aggregates.
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