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ABSTRACT: Poly(amidoamine) starburst dendrimers (SBDs) form stable supramolecular structures
(complexes) with DNA and confer protection against degradation by nucleases. Such properties make
SBDs excellent candidates for application in gene delivery strategies. Formation of supramolecular
structures by two generations of SBDs, namely 2SBD and 6SBD, with calf thymus DNA was examined
at varying r ) [SBD](surface groups)/[DNA](base pairs) through various physicochemical techniques
including electronic absorption spectroscopy (UV), circular dichroism (CD), DNA thermal denaturation
studies (melting profiles), and electron paramagnetic resonance (EPR) spectroscopy. EPR spectroscopy
of nitroxide-labeled dendrimers provides information on the interactions between SBDs and DNA, whereas
the other techniques mainly monitor the structural variations of DNA following formation of SBD-DNA
complexes. At the lowest r values (r < 1), both dendrimers slightly affect DNA conformation within the
general framework of B-type structure; minor stabilization effects of the double helix were detected through
analysis of the melting profiles. When r increases, extensive precipitation of the SBD/DNA adducts takes
place due to charge neutralization effects. A persistent opalescence of the solution prevents recording of
CD spectra up to r ) 100 for 2SBD and r ) 200 for 6SBD. However, at these r values, EPR analysis
indicates that a saturation of the interacting sites on DNA occurs which allows calculation of the formation
constant of the SBD-DNA adducts. By further increasing the [SBD]/[DNA] ratio, DNA resolubilizes. At
the high r values, both SBDs form stable soluble supramolecular structures with DNA due to a “salting
in” effect. EPR, CD, and UV results allow us to propose a model for the formation of different
supramolecular structures in the various r ranges.

Introduction

Dendrimeric polymers are compact structures with
high symmetry and well-controlled molecular proper-
ties, composed of layers of monomer units irradiating
from a polyfunctional central core.1 Among the den-
drimers, the poly(amidoamine) starburst dendrimers
(SBDs) are obtained by covalently attaching amido-
amine units to an amino or ethylenediamine core.2 The
subsequent layers constitute the generations.1,2

Several applications of SBDs in biomedicine have
been described. The internal structure and size of SBDs
mimic biological macromolecules, including globular
enzymes, viral proteins, antibodies, and, in particular,
histones and polyamine such as spermine and spermi-
dine.2-4 Unlike other polymers, such as polylysines,
SBDs are biocompatible and can be used in the phar-
maceutical and biochemical fields as drugs and vehicles
of biological materials,5-8 as probes for oligonucleotide
arrays,9,10 and as primers in polymerase chain reactions
(PCR).9 SBDs have also been coupled to antibodies for
application in immunoassays.6 Notably, SBDs have been
used as viral vectors and gene carriers to deliver DNA
sequences in cells:11 short DNA sequences can wrap
around dendrimers and allow genetic material to be

delivered to mammalian cells. SBDs are able to mediate
the delivery of both natural and synthetic DNA or RNA
of various kinds and sizes.11 In vitro and in vivo
transfection experiments involving SBDs have been
carried out;12,13 results indicate that the process is
highly efficient and is strongly dependent on SBD
generation, on the nature of target cells, and on the
presence of other reagents such as DEAE-dextran.14,15

Also, the cytotoxicity and the strength of Coulombic
interactions between dendrimers and DNA are concen-
tration and generation dependent: the higher genera-
tions (6SBD, 7SBD, 8SBD), although more cytotoxic, are
more efficient in transfection compared with the lower
ones.3-8 DNA complexed by SBD is protected against
degradation produced by specific nucleases.5a,11

To clarify some aspects of critical biological processes,
such as gene transfection, it is essential to investigate,
at a molecular level, the structure of host-guest SBD/
DNA complexes, to obtain some insight into the su-
pramolecular structures that might form. The first step
in understanding the gene delivery and transfection
processes is represented by the investigation of simple
binary systems consisting of the dendrimers and the
interacting biomolecule. Very recently, the electron
paramagnetic resonance (EPR) technique has been
employed to characterize the binary systems constituted
by SBDs and liposomes, which mimic important proper-
ties of cell membranes.16 In addition, EPR17 and fluo-
rescence18 methods provide useful tools to investigate
the interactions between SBDs and various poly-
nucleotides.17 Different interacting abilities toward the
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SBD surface were revealed by the different bases
constituting the DNA sequence. These interactions were
found to be mainly electrostatic in nature, although
small dendrimers were demonstrated to interact with
the DNA surface through less polar sites.

The present work aims at providing insight into the
mechanisms of interaction between SBDs and DNA and
structures of complexes formed between them. Informa-
tion on SBD/DNA adducts was obtained using several
techniques: EPR spectroscopy, in parallel with other
physicochemical techniques (circular dichroism, UV-
vis, and DNA melting profiles). To provide as much
information as possible on SBD/DNA complex forma-
tion, the relative concentrations of SBD and DNA were
varied systematically over a wide range, and the results
were analyzed in terms of the ratio, r, between SBD
concentration (in amino surface groups) and DNA
concentration (in base pairs). To investigate the effects
on complexation of differently sized dendrimers, we
selected a prototype of the so-called “earlier generation”
SBDs and one of the “later generation” SBDs, that is,
2SBD and 6SBD, respectively.17

For EPR studies, dendrimers were spin-labeled with
a nitroxide radical (2,2,6,6-tetramethylpiperidine-N-
oxyl), termed TEMPO. Henceforth, the labeled den-
drimers were indicated as SBD-T. The TEMPO radical
covalently linked to a few amino surface groups (about
3%) is very useful because it directly monitors the
localization of the dendrimers in the vicinity of DNA
surface as well as modifications of the interface proper-
ties due to dendrimer-DNA interactions.16-18

CD, UV spectroscopy, and melting profiles were
applied to investigate conformational changes experi-
enced by calf thymus DNA, when dendrimers-poly-
nucleotide complexes are formed. Overall, these tech-
niques follow the evolution of the system from the point
of view of the nucleic acid structure and provide
complementary data to the EPR technique.

Experimental Section
Starburst Dendrimers. Poly(amidoamine) starburst den-

drimers used in this work, indicated as nSBDs, where n is the
generation, are characterized by an ethylenediamine core with
terminal amino groups at the surface (Scheme 1). They were
synthesized by published methods.2

Circular Dichroism, Absorption Spectroscopy, and
DNA Melting. Each sample for CD, absorption spectroscopy,
and DNA melting analysis was prepared by adding the
required volume of a solution of either 2SBD or 6SBD,
dissolved in a buffer (10 mM NaH2PO4, 100 mM NaCl), to calf-
thymus DNA (Sigma Chemical Company) solutions. DNA
concentration was determined measuring the UV absorbance
at 260 nm (εM ) 6600 M-1 cm-1). Typically, the DNA
concentration was ∼30 µg/mL corresponding to ∼50 µM in base

pairs. Samples were incubated at 298 K for 1 h. The range of
[SBD](surface groups)/[DNA](base pairs) ratios (r) was varied
between 0 and 800.

CD spectra were recorded on a Jasco J600 dichrograph
interfaced with a PC and analyzed through the standard Jasco
software package.

UV absorption spectra were recorded between 200 and 400
nm using a Perkin-Elmer Lambda 20 Bio spectrophotometer.

Thermal denaturation experiments were performed in
quartz cuvettes with a Perkin-Elmer Lambda 20 Bio spectro-
photometer. Samples were continuously heated with a rate of
temperature increase of 0.5 °C/min while monitoring the
absorbance changes at 260 nm. The investigated interval of
temperatures ranged from 50 to 95 °C. Upon reaching 95 °C
samples were cooled back to 40 °C in order to follow the
renaturation process. Values for melting temperatures (Tm)
and for the melting interval (∆T) were determined according
to the reported procedures.19 Differential melting curves
(DMC) were obtained by numerical differentiation of experi-
mental melting curves.20

EPR Spectroscopy. To investigate the adducts formed
between SBDs and DNA via the EPR technique, the 2SBD
and 6SBD dendrimers were spin-labeled with Tempo (2,2,6,6-
tetramethylpiperidine-N-oxyl) nitroxide radicals. The latter
were stored at 4 °C. The labeling procedure has been described
elsewhere.17 The label concentration is ca. 3% of the SBD
surface groups. Labeled dendrimers will be signified to as
nSBD-T. The EPR measurements were performed as a func-
tion of r ) [SBD](surface groups)/[DNA](base pairs) at constant
nSBD-T concentration (ranging from 0.005 to 0.04 M). Increas-
ing amounts of calf-thymus DNA (Sigma Chemical Company)
were added in order to obtain r ratios between 10 and 1000.
To maintain a constant concentration of labeled dendrimers
was necessary for a correct comparison of the various EPR
results. However, EPR experiments carried out at constant
DNA concentration and variable SBD-T concentration provided
almost comparable results with respect to the results reported
hereafter. Both DNA and SBDs were dissolved in a buffer
consisting of 10 mM NaH2PO4 and 100 mM NaCl. Other
samples were prepared in the absence of the buffer. In this
case the natural pH of the dendrimer is about 9 for 6SBD-T
and about 8 for 2SBD-T. Previous studies indicated that the
amino groups at the surface are largely protonated (about 70%)
at pH 9. Thus, in the buffered solution used in this study (pH
7.4) total protonation is expected.22 The EPR spectra were
recorded with a Bruker 200D spectrometer operating in the X
band and interfaced through the Stelar software to a PC. The
temperature was controlled with the aid of a Bruker ST 100/
700 variable-temperature assembly.

Results

Circular Dichroism. CD is undoubtedly one of the
most powerful techniques for investigating the solution
structure of DNA and the conformational modifications
of the double helix produced by ligand binding. Although
CD spectral changes cannot be interpreted on a quan-
titative theoretical basis, comparison of the experimen-
tal results with empirical spectra of representative DNA
samples provides useful comparative and rather direct
structural information. The effects of the addition of
increasing amounts of 2SBD and 6SBD dendrimers on
calf thymus DNA conformation were investigated in
detail by CD spectroscopy in the UV. The intrinsic CD
activity in the UV of each dendrimer, both labeled or
unlabeled, was recorded and found to be negligible. The
observed effects on the CD spectra produced by addition
of increasing amounts of either labeled or unlabeled
2SBD to calf thymus DNA solutions are shown in Figure
1A-C.

Parts A and B of Figure 1 show the CD spectra of
[2SBD]/[DNA] and [2SBD-T]/[DNA], respectively, at the
various r values between 0 and 15. Figure 1C reports

Scheme 1
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the CD spectra of 2SBD at r ) 100 and 200, also
showing the r ) 0 spectrum for comparison. At low
[SBD]/[DNA] ratios (0 < r < 0.5) only minor effects on
the B-type CD spectrum of calf thymus DNA are
detected (Figure 1A); more precisely, addition of 2SBD
produces a modest increase of the positive band at 270
nm and of the negative band at 240 nm (Figure 1A,B).

Labeled 2SBD-T (Figure 1B) produces somewhat
stronger conformational effects than does unlabeled
2SBD. For example, at r > 1, 2SBD-T induces signifi-
cant shifts in the position of the UV CD bands, not
observed in the spectra of [2SBD]/[DNA] (Figure 1A).

Notably, when 2SBD concentration causes [SBD]/[DNA]
ratios to reach values of 1-1.5, extensive precipitation
of DNA occurs. As a result of the precipitation of SBD/
DNA adducts, the DNA concentration in solution de-
creases progressively (Figure 1A,B). In this concentra-
tion interval, the positive charges of the dendrimers
roughly equal the negative charges of DNA so that
charge neutralization occurs and leads to formation of
insoluble adducts that precipitate from the solution.
When the [SBD]/[DNA] ratio approaches 1, the residual
CD signal of DNA is significantly perturbed (Figure
1A,B). For higher [2SBD]/[DNA] ratios, the CD signal
disappears completely due to precipitation. However, by
further increasing [2SBD]/[DNA] ratios, DNA is resolu-
bilized. The precipitate is not visually apparent for r >
10, but an observed opalescence of the solution indicates
the presence of suspended material. In this region, no
CD signal is obtained (Figure 1A). However, at higher
ratios of [SBD]/[DNA], a CD signal reappears, as shown
in Figure 1C. Furthermore, for r > 100, inversion of the
sign of the CD bands at 240 and 270 nm is observed.
(In Figure 1C, the sample with r ) 200 provides an
example of such behavior.)

CD titrations of calf thymus DNA with either labeled
or unlabeled 6SBD are shown in Figure 2A-C. Figure
2A shows the CD spectra of [6SBD]/[DNA] at r ) 0-250;
Figure 2B shows the CD spectra of [6SBD-T]/[DNA] at
r ) 0-250; Figure 2C reports the CD spectra of 6SBD
at r ) 0 and several very high ratios >300. The spectra
obtained with 6SBD and 6SBD-T almost coincide, in
contrast to the situation for 2SBD and 2SBD-T for
various values of r. Labeled SBDs at the lowest r values
(Figure 2B) produce smaller hyperchromic effects than
do unlabeled SBDs (Figure 2A). Overall and qualita-
tively, the effects on the CD spectra produced by 6SBD
resemble those of 2SBD but occur at larger r values for
6SBD than for 2SBD. Indeed, at low ratios (0 < r <1),
6SBD causes some hyperchromic effects on both the
positive and the negative CD bands (Figure 2A,B). For
6SBD, DNA precipitation occurs over a very large
concentration range: between r ) 1 and r ) 40-50 a
gel precipitate is clearly visible in the solution. The CD
signal is absent up to r ∼ 200-250. Only at larger r
values (Figure 2C) does the CD signal reappear; at very
high [6SBD]/[DNA] ratios (r > 400) dramatic hyper-
chromic effects on both CD bands are observed (Figure
2C), indicating the formation of soluble SBD/DNA
supramolecular structures in the presence of a large
concentration of this dendrimer.

Electronic Absorption Spectra. To confirm the
picture emerging from the CD spectra and to quantify
more precisely the amount of DNA present in solution
following SBDs addition, absorption spectra in the UV
were recorded for [SBD]/[DNA] solutions at varying r
values (Figure 3). Since SBD absorption at 260 nm is
relatively low, reading of the absorbance at this wave-
length provides direct information on DNA concentra-
tion in solution. On the other hand, for solutions of
[SBD-T]/[DNA], the broad absorption band of the radical
partially overlaps and interferes the absorbance of DNA,
leading to an uncertainty in the analysis. Thus, we have
only analyzed the absorption spectra obtained with
unlabeled dendrimers.

In the case of 2SBD the characteristic UV band of
DNA at 260 nm slightly increases in intensity even at
the lowest r values (Figure 3A); these changes closely
correspond to the hyperchromic effects revealed by CD.

Figure 1. (A, B) CD spectra of 2SBD/DNA (A) and 2SBD-T/
DNA (B) at various r ) [SBD](surface groups)/[DNA](base
pairs)values: (a) r ) 0; (b) r ) 0.005; (c) r ) 0.05; (d) r ) 0.5;
(e) r ) 1.5; (f) r ) 5; (g) r ) 15. (C) CD spectra of 2SBD/DNAbp
at (a) r ) 0; (b) r ) 100; (c) r ) 200. DNA concentration is 30
µg/mL (50 µM in base pairs); T ) 298 K; 10 mM NaH2PO4
and 100 mM NaCl buffer, pH 7.4. The molar ellipticity [θ] is
expressed in units of deg M-1 cm-1.
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The observed spectral modifications are ascribed to
minor conformational transitions induced by electro-
static interactions with the dendrimers. Upon ap-
proaching r ) 1, a net decrease in the intensity of the
260 nm band is observed for dendrimers, directly related

to DNA precipitation. At r ) 200 a weak band becomes
visible at higher wavelengths (about 275 nm) diagnostic
of the fact that DNA starts being resolubilized. The
intensity of this band slightly progressively increases
as r increases. At r ) 500 the absorption spectrum
matches closely the spectrum of pure DNA (trace g),
indicating that DNA has been completely redissolved.

A similar behavior is observed for 6SBD (Figure 3B).
At low r values (r ) 0.03 and r ) 0.3) minor hyperchro-
mic effects on the 260 nm band are detected. For higher
r values, for which massive DNA precipitation takes
place (see trace d; r ) 10), the absorbance of DNA is
essentially absent. At r ) 100 (trace e) the UV spectrum
is still absent, but a sharp increase of the absorption
signal occurs for r ) 200 (trace f). In this case the band
at 260 nm, appearing as a shoulder of a high-intensity
band at λ < 200 nm, is assigned to redissolved DNA
that is complexed with SBD. We shall demonstrate (vide
infra) that at this r value the EPR signal shows the
maximum quenching in mobility, corresponding to a
saturation of the DNA binding sites by the dendrimer.

Figure 2. (A) CD spectra of 6SBD/DNA at various r )
[SBD](surface groups)/[DNA](base pairs): (a) r ) 0; (b) r )
0.025 and r ) 1; (c) r ) 0.25; (d) r ) 0.8; (e) r ) 2.5; (f) r ) 8;
(g) r ) 25-200. (B) CD spectra of 6SBD-T/DNA at (a) r ) 0;
(b) r ) 0.025; (c) r ) 0.08; (d) r ) 0.25; (e) r ) 0.8; (f) r ) 2.5;
(g) r ) 80; (h) r ) 200. (C) CD spectra of 6SBD/DNA at (a) r )
0; (b) r ) 300; (c) r ) 400; (d) r ) 500; (e) r ) 800. DNA
concentration is 30 µg/mL (50 µM in base pairs); T ) 298 K;
10 mM NaH2PO4 and 100 mM NaCl buffer, pH 7.4. The molar
ellipticity [θ] is expressed in units of deg M-1 cm-1.

Figure 3. (A) UV spectra of 2SBD/DNA at various r )
[SBD](surface groups)/[DNA](base pairs): (a) r ) 0, (b) r )
0.05, (c) r ) 0.1, (d) r ) 0.5, (e) r ) 1, (f) r ) 200 (g) r ) 500.
DNA concentration is 30 µg/mL (50 µM in base pairs); T )
298 K; 10 mM NaH2PO4 and 100 mM NaCl buffer, pH 7.4.
For comparison purposes, the spectrum of 2SBD alone is
shown in the inset (the concentration of surface sites is 0.01
M and corresponds to the concentration of the r ) 200 adduct,
trace f). (B) UV spectra of 6SBD/DNA at various r )
[SBD](surface groups)/[DNA](base pairs): (a) r ) 0, (b) r )
0.03, (c) r ) 0.3, (d) r ) 10, (e) r ) 100, (f) r ) 200. DNA
concentration is 30 µg/mL (50 µM in base pairs); T ) 298 K;
10 mM NaH2PO4 and 100 mM NaCl buffer, pH 7.4. For
comparison purposes the spectrum of 6SBD alone is shown in
the inset (the concentration of surface sites is 0.01 M and
corresponds to the concentration of the r ) 200 adduct, trace
f).

Macromolecules, Vol. 33, No. 21, 2000 Formation of Supramolecular Structures 7845



Notably, the position of the UV signal for the 6SBD/
DNA system moves to lower energies upon increasing
r up to 800 (data not shown).

Melting Profiles. To gain further insight into the
effects on DNA conformation and stability produced by
complexation of dendrimers, melting profiles were meas-
ured for SBD/DNA adducts at various r values. The
DNA melting technique directly monitors the changes
of the thermal stability of the double helix following
addition of DNA ligands which causes alterations of
DNA structure.19 Typically, DNA stability is largely
enhanced when the ligand gives rise to electrostatic
interactions with the phosphate groups of the double
helix. Melting experiments were carried out in the low
ratio range (0 < r < 0.15 for 2SBD and 0 < r < 0.8 for
6SBD), the r region just preceding adduct precipitation,
and for some of the higher ratios. The results obtained
at the lowest ratios are shown in Table 1. It is observed
that addition of increasing amounts of the dendrimers
results into modification and stabilization of the double
helix, in line with the results from CD and UV meas-
urements. For instance, the melting temperature (Tm)
of calf thymus DNA increases by about 3 °C for 2SBD
at r ) 0.15 and by about 5 °C for 6SBD at r ) 0.8. No
significant changes of the melting interval ∆T were
revealed in both cases (Table 1). The effects observed
are in agreement with a simple electrostatic model of
interaction. Notably, addition of the dendrimers, at the
low ratios, does not favor DNA renaturation after
melting. Far larger effects on the melting profiles are
observed at the highest ratios; however, under these
conditions the melting profiles are often dramatically
perturbed and, therefore, are difficult to interpret.
However, very complicated patterns of the dependence
of absorbance at 260 nm on temperature are detected
in agreement with formation of SBD/DNA supra-
molecular structures.

EPR Analysis. The EPR spectra at room tempera-
ture of the labeled dendrimers, 2SBD-T and 6SBD-T,
display the usual three-line pattern due to the coupling
between the unpaired electron spin and the nitrogen
nuclear spin.23 Although covalently linked to the den-
drimer, the label possesses a certain freedom of motion.
Addition of DNA causes a slight decrease in the height
of the third line of the EPR profile, which is attributed
to a reduction in the rotational mobility of the label
resulting from binding of SBD-T to DNA.24 However,
the mobility remains in the range of fast motion. (The
correlation time for the rotational mobility τ is <2 ×
10-9 s.) This finding may seem to conflict in contrast
with the occurrence of binding between the dendrimer
and DNA, which should reduce the mobility of the
labels. However, as shown in previous studies,16b,17 other
effects, e.g., the presence of a fraction of unbound
dendrimers whose labels might mask the signal from

the bound dendrimers, possibly contribute to the ob-
served signals.

To avoid these interferences by unbound dendrimers,
we performed EPR measurements at T < 260 K, below
the freezing temperature of the samples. The samples
were directly inserted in the EPR cavity kept at a fixed
temperature. The freezing of a portion of the labeled
dendrimers was quantified on the basis of the decrease
in signal intensity. Under these conditions, a fraction
of dendrimers, nonbound to DNA, separates from the
solutions, and its EPR signal is too broad to be detected.
In contrast, a fraction of the dendrimers in the vicinity
of the DNA surface gives rise to a “glass transition”, and
the corresponding EPR signal indicates a progressive
slowing of mobility with decreasing temperature. For
this fraction of labelssabout 30-40% of the initial
amount (which is constant in most of the presented
experiments)sthe stronger the interaction with DNA,
the lower the mobility of the labels at the DNA surface.
EPR measurements were carried out by directly insert-
ing the samples in the EPR cavity kept at 258 and 248
K; these temperatures were selected to enhance the
differences (in mobility conditions) among the different
systems studied in this work. Further measurements
were carried out by progressively decreasing the tem-
perature, but no additional information was obtained.

Figure 4 shows examples of experimental EPR spectra
of [2SBD-T]/[DNA] (Figure 4A) and [6SBD-T]/[DNA]
(Figure 4B) at 248 K at different r ratios. Figure 4A also
shows the Azz′ component of the hyperfine coupling
tensor A (for the coupling between the electron spin and
the nitrogen nuclear spin).23 Azz′ increases with the
decrease in the mobility of the labels, thus indicating
the stronger interaction and binding of the dendrimers
with the DNA sites. This component was evaluated
directly from the spectrum as shown in the figure.
Figure 4B also shows the “slow” and the “fast” spectral
components which constitute the EPR signals of 6SBD-
T/DNA (where “slow” (s) and “fast” (f) are indicative of
the mobility of the label). The subtraction of one
component (obtained from 6SBD-T water solutions by
changing temperature) from the overall EPR signal and
the subsequent double integration of the two extracted
components allow calculation of the Is/If parameters: Is/
If represents the intensity ratio between “more interact-
ing” (in close contact with DNA sites) and “less inter-
acting” (i.e., in the vicinity of the DNA surface) labels,
characterized by different mobility conditions. It must
be stressed that while the spectra of 6SBD-T/DNA are
constituted by both components, the spectra of 2SBD-
T/DNA showed only the “stronger interacting” compo-
nent, for which only the Azz′ parameter is evaluated.

The Azz′ and the Is/If parameters, evaluated for 2SBD-
T/DNA and 6SBD-T/DNA systems, are plotted as a
function of r in Figure 5. First of all, it must be noted
that the data from 2SBD-T samples are evaluated at
258 K, whereas the data for 6SBD-T are obtained at
248 K. Indeed, to obtain similar mobility conditions of
the more interacting component, 6SBD-T needed a lower
temperature (248 K) with respect to 2SBD-T (258 K).
The plots show the occurrence of multiple maxima and
minima. Maxima are assumed to correspond to the
saturation binding of the “interacting sites” on the DNA
surface by the dendrimers, whereas minima indicate
loss of saturation. It is significant that more than one
saturation condition is met upon increasing r within the
range 10-1000.

Table 1. Experimental Tm and ∆T Values As Determined
from the Thermal Denaturation Profiles; DNA

Concentration Is 30 µg/mL (50 µM in Base Pairs)

2SBD

r ) 0 r ) 0.0015 r ) 0.005 R ) 0.05 r ) 0.15

Tm (°C) 81.6 ( 0.5 81.7 ( 0.6 81.7 ( 0.5 81.8 ( 0.4 84.9 ( 0.5
∆T 8.8 ( 0.6 8.6 ( 0.5 8.6 ( 0.4 8.7 ( 0.6 8.8 ( 0.6

6SBD

r ) 0 r ) 0.025 r ) 0.08 R ) 0.25 r ) 0.8

Tm (°C) 81.6 ( 0.5 82.0 ( 0.5 82.2 ( 0.5 83.1 ( 0.4 87.0 ( 0.5
∆T 8.8 ( 0.6 8.4 ( 0.5 9.0 ( 0.6 8.9 ( 0.6 8.8 ( 0.6
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Considering the data in more detail, the plot obtained
for 2SBD-T (Figure 5A) starts from r ) 10. Data at lower
r values could not be collected due to intrinsic limits in
the solubility of the SBD/DNA adducts and in the
sensitivity of the technique. Upon increasing r a pro-
gressive decrease in Azz′ is observed until a sharp
minimum is reached for r values around 40. At larger
r, Azz′ increases until it reaches a sharp maximum at r
≈100. Moving to higher r values, Azz′ decreases again
and reaches a second minimum at r ≈200. Further
increases in r cause an increase in Azz′ once more to
provide a second broader maximum at r ≈500. It was
found that the second maximum is shifted toward
higher values when working at 0.04 M (surface groups)
SBD concentration (instead of 0.01 M). For larger r
values (r > 600), Azz′ decreases again. Values larger than
1000 are not reported, since the mobility increases and
approaches that obtained for pure SBD solutions (un-
bound dendrimers).

In the case of 6SBD-T a qualitatively similar pattern
of maxima and minima is observed for the depend-
ence of both Is/If and Azz′ on r (Figure 5B). However,
the first peak centered at r ≈ 200 is broader than in
the case of 2SBD-T, and the maxima are shifted toward
higher r values with respect to 2SBD-T. Also, the broad
maximum at the highest r values is slightly dif-

ferent depending on the measured parameter; it is at
r ∼ 700 for Is/If, whereas it increases at r ∼ 800 for
Azz′.

Remarkably, the EPR parameters of both 2SBD-T and
6SBD-T in the absence of the buffer are completely
different. As shown in Figure 6, a true saturation curve
is found, reaching a plateau at r ∼ 700 and then slightly
decreasing at high r values. Again, the spectra of
2SBD-T allow calculation of Azz′, since only the “strongly
interacting” component was observed, whereas the main
parameter for 6SBD-T, which provides information on
the interaction with DNA, is Is/If. In this case the
parameters of both 2SBD-T and 6SBD-T are evaluated
at T ) 258 K; the intensity ratio Is/If for 6SBD-T at
saturation is particularly high, also at T ) 258 K, in
comparison with the buffered solutions. The plot of Azz′
for 2SBD-T starts at r ) 300, since at lower r values
the spectra show fast motion. (Azz′ could not be evalu-
ated.) The absence of the first broad maximum and the
saturation at higher r values may be caused by the
basicity of the dendrimer solutions; in the absence of
the buffer, the pH of the dendrimer solutions is about
8-9, and this prevents neutralization of DNA phosphate
groups by SBDs. Thus, the formation of a precipitate
and of the opalescence at the intermediate r values are
impeded.

Figure 4. Experimental EPR spectra of 2SBD-T/DNA (A) and
6SBD-T/DNA (B) at 248 K and at different r ) [SBD](surface
groups)/[DNA](base pairs). Constant SBD concentration in
surface groups ) 0.01 M.

Figure 5. (A) Plot of Azz′ as a function of r ) [2SBD-T](surface
groups)/[DNA](base pairs) at T ) 258 K and two fixed 2SBD-T
concentrations: 0.01 M (open squares) and 0.04 M (full circles)
in phosphate buffer solutions. (B) Plot of Azz′, extracted from
the interacting component in the EPR spectra (open squares),
and Is/If (full circles) as a function of r ) [6SBD-T](surface
groups)/[DNA](base pairs); EPR spectra recorded at T ) 248
K and at a fixed SBD concentration of 0.01 M in phosphate
buffer solution.
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Discussion

The application of various physicochemical techniques
to describe the interactions in solution between two
starburst dendrimers, 2SBD and 6SBD, and calf thymus
DNA has provided considerable information on the
structure and interactions of SBD/DNA complexes. EPR,
UV, and CD spectroscopies and DNA melting profiles
supply a number of independent data on SBD/DNA
complexes as a function of r. In some cases information
provided by the individual techniques are complemen-
tary. Because of intrinsic sensitivity problems, the EPR
technique covers only the region with r > 10. On the
other hand, precipitation of SBD/DNA adducts (opal-
escence of the solution affects the results from ca. r ∼ 1
up to r ) 200) prevents the acquisition of melting
profiles and CD and also modifies UV spectra within
this interval. However, on the grounds of the informa-
tion gained from the different techniques, it is possible
to propose a general model for the structures and the
interactions occurring in solution between SBDs and
calf thymus DNA, in the relevant r ranges. The model
is based on the experimental results from this work and
on results from a previous investigation18 of the interac-
tions of SBDs and DNAs. The main features of this
model are summarized in Scheme 2.

The model comprises three well distinct phases
depending on the r ratio of SBD sites to DNA base

pairs: (a) low r ratios, (b) intermediate r ratios, and (c)
high r ratios.

(a) Low r ) [SBD]/[DNA] Ratios. In the range of
low r values (defined as r < 1 for both dendrimers), the
interactions of SBDs with calf thymus DNA are easily
monitored through CD and UV absorption spectroscopies
and DNA thermal denaturation profiles. CD results
show that even at the lowest ratios both dendrimers
produce small but significant changes of the character-
istic B-type CD spectrum of DNA; the observed spectral
modifications are diagnostic of binding to the double
helix. In more detail, it is observed that both 2SBD and
6SBD cause a net hyperchromic effect on the positive
band at 270 nm. Such effects are detected up to r values
∼0.8. Apparently, the small 2SBD dendrimer is more
effective than 6SBD in modifying DNA conformation.

Overall, the significant CD changes at low r values
indicated that low concentrations of dendrimers are
effective in reversibly perturbing the overall conforma-
tion of DNA, providing indirect evidence for tight
binding. Furthermore, the modulation of the CD effects
as r increases is accounted by the different binding sites
at the DNA surface, characterized by different binding
affinities toward the few SBD molecules. For instance,
the first addition of 2SBD in Figure 1A (trace b)
produces larger spectral changes than the subsequent
addition of a 10-fold amount (trace c), implying the
presence of primary binding sites on DNA with higher
affinity and larger conformational effects. The picture
emerging from CD is confirmed by UV spectra showing
significant hyperchromic effects at 260 nm even at the
lowest SBD concentrations. DNA thermal denaturation
profiles show some significant stabilization of the DNA
double helix for r values of 0.15 (2SBD) and 0.8 (6SBD);
it turns out that 2SBD is more effective than 6SBD in
stabilizing the double helix. For lower r values melting
parameters are scarcely affected by dendrimer addition,
suggesting substantial preservation of double-helix na-
tive conformation. Renaturation profiles show that both
SBDs do not favor the DNA renaturation process after
melting, in agreement with the formation of stable
DNA-SBD adducts in this range of r. These adducts
are described as supramolecular structures in Scheme

Figure 6. (A) Plot of Azz′ as a function of r ) [2SBD-T](surface
groups)/[DNA](base pairs): EPR spectra recorded at T ) 258
K and at fixed 2SBD-T concentration of 0.01 M in water. (B)
Plot of Is/If as a function of r ) [6SBD-T](surface groups)/
[DNA](base pairs): EPR spectra recorded at T ) 258 K and
at fixed 6SBD-T concentration of 0.01 M in water solutions.

Scheme 2
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2, in which few dendrimers are interacting with the
DNA surface, being the large dendrimers partly wrapped
up by the DNA strands.18

(b) Intermediate r Ratios. An intermediate range
of values of r (defined as r > 1 to ca. 100 for 2SBD and
r ∼ 1 to ca. 200 for 6SBD) is notable for the precipitation
of SBD/DNA complexes that occurs due to charge
neutralization effects. Apart from direct observation of
the turbidity of the solutions and, at the lower inter-
mediate r values, of the formation of a gel precipitate,
CD spectroscopy reports the progressive disappearance
of the characteristic DNA signal in the UV for both
dendrimers. For the purpose of the present study, the
range of r, in which the formation of DNA/SBD ag-
gregates at low solubility occurs, is well accounted for
by the disappearance of the band at 260 nm upon
passing from r ) 0.5 to r ) 1 for 2SBD and upon passing
from 0.3 to 10 for 6SBD (see Figure 3). In turn, CD and
UV also account for resolubilization of the DNA/SBD
aggregates in the range 100/200 for 2SBD and 200/500
for 6SBD.

Centrifugation of the solutions containing a SBD-T/
DNA gel precipitate provides a pellet whose EPR
indicates that the mobility of the labels is strongly
quenched (spectra not shown), whereas the supernatant
solution exhibits a largely reduced EPR signal. Forma-
tion of the gel and subsequent opalescence of the
solution most likely correspond to neutralization of the
DNA negative charges with the positive charges of the
dendrimer and to formation of large SBD/DNA ag-
gregates, as shown in Scheme 2. The EPR results also
account for the formation of such large aggregates. From
r ) 10 to r ) 40 for 2SBD-T and to r ) 60-80 for 6SBD-
T, the Azz′ and Is/If parameters decreased (increase in
mobility) down to a minimum, since the system is
reorganizing from the saturation of the sites in the
single DNA strands to formation of aggregates consti-
tuted by various DNA and SBD molecules. When the
mobility begins decreasing after the minimum, the
formation of the large low-soluble aggregates shown in
Scheme 2 prevails. The increase in the EPR parameters
Azz′ and Is/If continued approaching the r ) 100 and r
) 200 maximum conditions, for 2SBD-T and 6SBD-T,
respectively.

(c) High r Ratios. Soluble SBD/DNA adducts were
formed at high r values (defined as r > 100 for 2SBD
and r > 200 for 6SBD). Indeed, addition of large
amounts of both SBDs (r > 100 for 2SBD and r > 200-
250 for 6SBD) results in complete resolubilization of the
SBD/DNA adducts. This phenomenon is analogous to
the well-known salting-in effect of proteins. Resolu-
bilization of DNA by an excess of polyamines or other
cationic polymers has been recently described in de-
tail.25,26 The DNA resolubilization process is easily
monitored through CD and absorption spectroscopies
and corresponds to the saturation conditions detected
by EPR. Absorption spectra show reappearance of a
weak band in the 280-300 nm range for 2SBD at r
>100. Most remarkably, CD spectra show inversion of
the positive band at 270 nm, which reaches its maxi-
mum intensity for r ) 200. In the case of 6SBD the CD
spectrum of DNA is progressively recovered with the
increase of r (r > 200-250) and, at the highest ratios,
undergoes characteristic modifications. At r ) 800, the
spectrum exhibits a very strong hyperchromic effect
accompanied by spectral shape changes. (The positive
and negative bands increase by a factor ∼3, and the

negative band assumes a much narrower shape.) It is
noteworthy that the CD bands are not shifted, as was
found for a similar system by Arigita et al.26 The
absence of the shift in wavelength in our spectra
indicates that the structural variations, responsible for
the hyperchromic effect we found, do not modify the
DNA secondary structure from B to C. Furthermore,
this conformational change is not permanent: the
interaction is essentially reversible, and by adding more
SBD to dendrimer/DNA adducts at high ratios, DNA
restores its correct folding. Therefore, we suppose that
the delivery of DNA to cells by the dendrimers is not
compromised by this conformational change.

On passing from r ) 100 to r ) 200, the absorption
spectrum shows the sudden appearance of an intense
band at 260 nm. This band is assigned to redissolved
DNA; the unusual form of this band is probably due to
important absorption contributions from the binding
dendrimer. Overall, we take such strong CD and UV
effects, together with the occurrence of a further broad
maximum of the EPR parameter as evidence for the
formation of soluble SBD/DNA supramolecular struc-
tures in which several dendrimers are linked to each
DNA molecule, as described in Scheme 2. Notably,
occurrence of DNA melting under these extreme condi-
tions is evidence for the conservation of the double-
stranded structure, even if the melting process appears
to be highly perturbed.

It is of particular interest to analyze the EPR behavior
of SBD/DNA complexes which occur at high values of
r. The EPR spectra of SBD/DNA samples within this
range exhibit some interesting features. The peaks
observed in the graphs at r ) 100 in the case of 2SBD-T
and r ) 200 in the case of 6SBD-T (see Figure 5) most
likely correspond to formation of supramolecular ad-
ducts for which the DNA double helix heavily coats the
dendrimers (Scheme 2). It is noteworthy that this
saturation condition corresponds to the beginning of the
recovery of the CD and UV spectra at high r. From the
EPR data, formation of these supramolecular structures
is accompanied by a net decrease in label mobility,
although the decrease in mobility is comparable to that
observed upon formation of the low-solubility aggre-
gates. This saturation condition revealed by EPR occurs
at lower r values for 2SBD-T with respect to 6SBD-T
and is in line with a stronger interacting ability of the
smaller dendrimer.

The maximum at r ) 200 for 6SBD allowed a rough
but informative calculation of the stability constant for
the formation of supramolecular adducts constituted by
DNA wrapping around 6SBD, such as it does with the
histones. We took the following into consideration: (a)
reduction in the EPR signal intensity upon the freezing
transition of the solutions (about 30% of the initial
amount remains to contribute to the EPR signal for a
SBD concentration of 0.01 M in surface groups; surpris-
ingly this percentage almost does not change in a r
range between 100 and 600); (b) the maximum at Is/If
) 1.4 (60% of the remaining labels interacting with
DNA); (a) + (b) provides a resulting dendrimer concen-
tration (in external sites) of [6SBD-T] ≈ 2 × 10-3 M; (c)
the so-called DNA-linker corresponding, in analogy with
the DNA-histone adducts, to 20% of DNA sites is not
involved in the interaction;27 therefore, the resulting
DNA concentration (in base pairs) is about 4 × 10-5 M;
(d) as is commonly accepted, DNA forms two loops
around the histone molecules.27 On the basis of the
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analogy with the DNA/histone complex, as reported in
the literature,27 the DNA-6SBD interaction involves
120 base pairs of DNA and about 80 surface groups of
6SBD-T. Therefore, the resulting concentration of the
DNA-6SBD adduct is about 3 × 10-5 M.

On the basis of these observations, the equilibrium
constant for the reaction: 6SBD (surface groups) + DNA
(base pairs) ) 6SBD-DNA is roughly calculated as K
) 1.5 × 103 M-1. The accuracy in this binding constant
is very low (about 40%) but still provides confirmation
of the stability of the SBD-DNA adducts. A similar
calculation for 2SBD was not made because we do not
have a basis for estimating the formation of loops of
DNA and consequent formation of DNA-linker.

Interestingly, without buffer, no precipitation is ob-
served; accordingly, the peaks located around r ) 100
and r ) 200 are not present (Figure 6). The resulting
profile is far more regular, exhibiting a progressive
decrease in mobility upon increasing r until a plateau
or a broad maximum is reached. This behavior most
likely reflects progressive formation of highly structured
adducts. The absence of saturation peaks at low r values
was mainly due to the pH conditions (pH at about 8.5-
9) which prevent the neutralization and precipitation
of the DNA/SBD adducts with the consequent opales-
cence of the solution. The saturation in the absence of
the buffer corresponds to the broad peak of EPR mobility
found at very high r values (r ) 500-600 for 2SBD-T
and r ) 700-800 for 6SBD-T). The formation of unusual
supramolecular structures in this range of r values, both
in the absence and in the presence of the buffer, is also
demonstrated by some CD, UV, and melting profile
features, such as the inversion of the CD adsorption for
2SBD, the significant hyperchromic effect for 6SBD, the
shift of the UV adsorptions, and the strong perturbation
of the melting profiles.

Finally, the apparent stronger DNA interactions of
2SBD compared to 6SBD deserves consideration. We
propose that the fluid open structure of the small
dendrimers adapts well to the DNA surface, whereas
the DNA forms loops around the large dendrimers (in
analogy with the wrapping of DNA around the histones).

Conclusions

The results of CD, UV, melting point profiles, and
EPR analysis allowed the construction of a model for
the structures and interactions of starburst dendrimers
with calf thymus DNA as a function of the SBD/DNA
ratio (Scheme 2). These results are of interest because
of the potential that SBDs have shown to be specific
transfection agents for genetic material. The main
findings of this study are reported below.

(i) At low ratios of [SBD]/[DNA] both 2SBD and 6SBD
give rise to rather strong electrostatic interactions with
DNA. Small structural modifications of B-type DNA
conformation result. Few SBD molecules are interacting
with DNA (Scheme 2).

(ii) At intermediate ratios of [SBD]/[DNA], the neu-
tralization of DNA negative charge by SBDs leads to
precipitation and subsequent opalescence of the solution
up to r ) 100 for 2SBD and r ) 200 for 6SBD. Variation
in CD and UV spectra and the occurrence of a maximum
in interaction detected by EPR are consistent with the
formation of supramolecular structures constituted by
aggregates of DNA and SBD molecules (Scheme 2).

(iii) At high ratios of [SBD]/[DNA], the SBDs are able
to resolubilize DNA completely due to a salting-in effect.

For both dendrimers EPR shows the occurrence of a
further broad maximum in the DNA-SBD interactions,
whereas CD, UV, and melting profiles indicate varia-
tions (but reversible) of the DNA structure. The results
are explained in terms of the formation of supra-
molecular structures in which several dendrimers bind
to DNA (Scheme 2).

(iv) Finally, some significant differences in DNA
interactions were detected between 2SBD and 6SBD
that most likely arise from the fact that 2SBD is far
smaller and has a more fluid structure with respect to
6SBD and therefore better fits DNA conformation
(Scheme 2).

Overall, these results clearly demonstrate that poly-
(amidoamine) dendrimers of different generation are
able to bind calf thymus DNA. This behavior is easily
explained on the basis of the occurrence of strong
electrostatic interactions between the positively charged
groups located on the surface of the dendrimers and the
negative phosphate groups of DNA. This study suggests
that adducts of different stoichiometries may be pre-
pared to be used in gene delivery strategies. It is
remarkable that the SBD/DNA interactions, here in-
vestigated, although relatively tight, are electrostatic
in nature and reversible; this implies that such adducts
should not modify permanently DNA structure and
function. If these adducts turn out to be sufficiently
stable under physiological conditions, far different
results in terms of selectivity, biodistribution, and DNA
delivery efficiency may result.
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