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bstract

The interactions between plasmid DNA and cationic polymers are of interest for their potential biological applications. In this paper, the
nteractions of DNA with polyamidoamine (PAMAM) dendrimer were studied by fluorescence spectroscopy and stopped-flow technique. A rapid
nd reproducible fluorescent assay method had been developed for assessing PAMAM and DNA interactions using [Ru(phen)2dppz]2+ as a probe.
e further studied the kinetics of PAMAM binding to DNA and the reverse process of DNA dissociation from the complexes. The results

ndicated that DNA condensation was the rate-determining step during the complexation process, while DNA unfolding and expansion was the
ate-determining step during the DNA dissociation process. At N/P ratios before reaching the thermodynamically most stable state, the complexes

f DNA and PAMAM were incompact and could dissociate to some extent. And at N/P ratios above 2.0, DNA was fully condensed by PAMAM
nd dissociation was increasingly difficult. These results provided some useful instructions for self-assembling and disassembling of DNA as well
s efficient gene delivery applications.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The development of efficient and safe gene delivery carriers
hat can transfer DNA into the nuclei of target cells is a key fac-
or for success of gene therapy [1]. Polyamidoamine (PAMAM)
endrimers are a class of nanoscopic polymers with highly
ranched spherical structure and a unique surface of primary
mines as well as tertiary amines at branch points. PAMAM can
ransport DNA into a large variety of cell types and have emerged
s a promising non-viral gene carrier for genetic medicines due
o their safety and efficiency [2–6].

The cationic polymers spontaneously assemble with DNA to
orm net positively charged compact complexes. This process
onsists of at least two sequential steps: the first is electrostatic

inding between positively charged polymers and negatively
harged phosphate backbone, the second is DNA condensation
riven by local and eventually long-range charge neutralization

∗ Corresponding author. Tel.: +86 27 87794520; fax: +86 27 87794517.
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7]. DNA in these complexes appears to organize into rod-like or
oroidal structures with an underlying square or hexagonal unit
ell depending on the chemistry of polycation and charge ratio
f polycation to DNA [6,8]. The precondensation of transgenic
NA in vitro plays an important role in cellular uptake, endoso-
al escape and cytoplasmic delivery, whereas the prerequisite

or DNA to exert its activity is to release from the carriers to be
ead by the host transcriptional machinery [9,10]. It would be
esirable to have complete DNA uncoating before delivery into
he nucleus. However, the dissociation of DNA from a cationic
olymer is usually restricted by the driving forces that contribute
o efficient DNA condensation [11–13]. Recently, it has been
roved that complexes of DNA and cationic peptides can disso-
iate in vitro and irreversible association can take place under
ertain conditions [14,15]. Because of the potential importance
f such studies in gene transfer, we have become interested in
he processes of DNA condensation and its reverse process in

rder to achieve more effective gene delivery applications.

In the present work, we used fluorescence spectroscopy and
topped-flow kinetic analysis to characterize the interactions
etween DNA and PAMAM probed by [Ru(phen)2dppz]2+.

mailto:yangxl@mail.hust.edu.cn
dx.doi.org/10.1016/j.jpba.2006.06.021
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Fig. 1. Structure of [Ru(phen)2dppz]2+.

he commonly used DNA dyes include minor groove bind-
ng dyes (Hoechst 33258, DAPI) and intercalating dyes (EtBr,
OYO-1). The fluorescence of dyes with DNA is altered
s a result of environmental changes in DNA minor groove
r displacement from their binding sites by polycations
16]. The [Ru(phen)2dppz]2+ (phen = 1,10-phenanlinthroline;
ppz = dipyrido[3,2-a:2′,3′-c]phenazine, structure shown in
ig. 1) is a molecular light switching compound that has no
hotoluminescence in aqueous solution but displays intense
hotoluminescence when intercalating into the double-helical
NA with the extended dppz ligand [17,18]. This study took

dvantage of the unique property of [Ru(phen)2dppz]2+ and
sed it as a substitute for ethidium bromide for its safety and
ensitivity.

. Experimental

.1. Materials

PAMAM (polyamidoamine dendrimer, Generation 5.0) was
btained from Aldrich. [Ru(phen)2dppz]2+ was a gift from Prof.
hike He (Wuhan University, China). pVIVO2-GFP/LacZ was
btained from Invitrogen. The plasmid was amplified in E.
oli (strain DH5�) and purified by column chromatography.
he concentration and purity of plasmid were determined by
V spectroscopy. Agarose gel (0.7%) electrophoretic analysis

howed that the plasmid was mainly in supercoiled form.

.2. Displacement and exclusion assays

In the displacement assay, DNA and [Ru(phen)2dppz]2+ solu-
ions were mixed in TE buffer (10 mM Tris, 1 mM EDTA, pH
.8) and allowed to equilibrate for 1 min. Then, appropriate
mounts of PAMAM were added to the solution and mixed to
btain the desired N/P ratios (the N/P ratio was based on the cal-
ulation of the electrostatic charge present on each component,
.e. the number of terminal NH2 groups on PAMAM to the num-
er of phosphate groups on the nucleic acid). The fluorescence
as measured after 1 min equilibration.
In the exclusion assay, DNA and varying masses of PAMAM

dependent on the N/P ratio required) were mixed together in TE

uffer and allowed to incubate at room temperature for 30 min.
mmediately prior to analysis, [Ru(phen)2dppz]2+ solution was
dded. The sample was mixed sufficiently and the fluorescence
as measured.

o
[
l
a
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The final concentrations of DNA and [Ru(phen)2dppz]2+ in
oth assays were 1 �g/ml and 1.5 × 10−6 M, respectively. The
uorescence was measured with a HITACHI F-4500 fluores-
ence spectrometer (λexcitation = 453 nm, λemission = 598 nm). All
amples were prepared in triplicate and the fluorescence was
xpressed with the following equation Eq. (1):

elative fluorescence intensity
FobsF0

FDNAF0
(1)

here Fobs, F0, and FDNA were the fluorescence intensities
f a given sample, [Ru(phen)2dppz]2+ in buffer alone, and
Ru(phen)2dppz]2+ bound to DNA in the absence of PAMAM
ompetition for binding.

.3. Binding and dissociation kinetic analyses

The binding and dissociation of DNA and PAMAM were
arried out with an SX-18MV stopped-flow fluorimeter setup
Applied Photophysics Ltd., UK). In the binding kinetic anal-
sis, DNA and [Ru(phen)2dppz]2+ solutions were mixed in
E buffer and allowed to equilibrate for 1 min. Then, the
NA–[Ru(phen)2dppz]2+ complexes and PAMAM (with differ-

nt concentrations) were enclosed into the syringes, respectively,
ushed quickly to the mixing vessel and stopped flowing sud-
enly. While in the dissociation kinetic analysis, DNA and vary-
ng masses of PAMAM (dependent on the N/P ratio required)
ere mixed together in TE buffer and allowed to incubate

t room temperature for 30 min. Then, the [Ru(phen)2dppz]2+

olution and PAMAM–DNA complexes were enclosed into the
yringes and the stopped-flow experiments were carried out
ccordingly. The fluorescence was collected on excitation at
53 nm using a cutoff filter at 515 nm. The final concentrations of
NA and [Ru(phen)2dppz]2+ were 3 �g/ml and 4.5 × 10−6 M,

espectively. All experiments were carried out in six times and
erformed in TE buffer at 25 ◦C.

Data analysis was performed using the Sigmaplot software.
he association kinetic traces were fit by a double exponential
ecay function Eq. (2) and the dissociation kinetic traces were
t by a double exponential growth function Eq. (3):

y0A1 ek1tA2 ek2t (2)

y0A1(1ek1t)A2(1ek2t) (3)

. Results and discussion

.1. Displacement and exclusion assays

The displacement and exclusion assays employing a flu-
rescent probe are commonly used to characterize the inter-
ctions between DNA and gene delivery carriers [19]. The
bility of PAMAM to displace or exclude [Ru(phen)2dppz]2+

rom DNA was shown in Fig. 2. As the concentrations

f PAMAM were increased, the fluorescence intensity of
Ru(phen)2dppz]2+/DNA complexes decreased until a minimum
evel was reached close to baseline fluorescence. At charge ratios
bove 2, PAMAM displaced or excluded over 90% of the dye.
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Fig. 2. [Ru(phen)2dppz]2+ displacement and exclusion assays of PAMAM. (�)
Displacement assay, 2 �g of DNA in 1.7 ml TE buffer (10 mM Tris, 1 mM EDTA,
pH 7.8) was mixed with 0.3 ml [Ru(phen)2dppz]2+ solution (10−5 M). Appropri-
ate amounts of PAMAM (0.6 mM) were added and the fluorescence determined
after 1 min equilibration (n = 3). (�) Exclusion assay, 2 �g of DNA was mixed
with appropriate amounts of PAMAM in TE buffer and incubated for 30 min.
Prior to analysis, 0.3 ml [Ru(phen)2dppz]2+ solution (10−5 M) was added. Each
solution was then diluted to 2 ml with TE buffer and the fluorescence measured
( 2+
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Fig. 3. Kinetic traces for binding of PAMAM to DNA (the N/P ratio was indi-
cated in the legend). Varying masses of PAMAM were mixed isometrically
with DNA–[Ru(phen)2dppz]2+ complexes. The final concentrations of DNA
and [Ru(phen)2dppz]2+ were 3 �g/ml and 4.5 × 10−6 M, respectively. The fluo-
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n = 3). The final concentrations of DNA and [Ru(phen)2dppz] in both assays
ere 1 �g/ml and 1.5 × 10−6 M, respectively. The fluorescence was measured
n excitation at 453 nm and emission at 598 nm.

The N/P ratio corresponding to minimum fluorescence was
bout 2.0, meaning that excess positive charges were required
or complete neutralization of the DNA negative charges. This
as likely due to incomplete protonation of the amine groups
n PAMAM under the conditions employed (pH 7.8) since the
egree of protonation is pH dependent [20–22]. The stoichio-
etric charge ratio at a lower pH would be under 2.0 as expected

rom a higher degree of protonation. For a certain N/P ratio, the
elative fluorescence intensity derived from displacement assay
as slightly lower than that from exclusion assay. This small dif-

erence was mainly due to the competition of binding and disso-
iation between DNA and PAMAM. In the displacement assay,

AMAM was added to DNA and the binding effect was domi-
ant. While in the exclusion assay, DNA and PAMAM formed
omplexes and [Ru(phen)2dppz]2+ was added afterwards. The
omplexes were diluted to follow dissociation by competition

S
w
a
a

ig. 4. Association rate constants and fluorescence amplitudes of [Ru(phen)2dppz]2+

mplitude 1 (�) and rate and amplitude 2 (�) were obtained from the fitting of the
unction of N/P ratios. Six experiments were averaged for each N/P ratio. Error bars
escence was collected on excitation at 453 nm using a cutoff filter at 515 nm. All
xperiments were carried out in six times and performed in TE buffer (10 mM
ris, 1 mM EDTA, pH 7.8) at 25 ◦C.

f the probe, and the dissociated DNA was responsible for the
dditional fluorescence intensity.

.2. Binding kinetic analysis

Binding kinetic experiments of PAMAM and DNA (with
Ru(phen)2dppz]2+) at various N/P ratios were performed to
onitor complex formation and DNA condensation (Fig. 3).
he binding of PAMAM to DNA resulted in charge neu-

ralization, DNA condensation and subsequent exclusion of
Ru(phen)2dppz]2+. The decrease of fluorescence intensity
ncreased with the increase of PAMAM concentration until sat-
ration was achieved at N/P ratio of 2.0.

The binding kinetic traces were fit with a double expo-
ential decay function to get two association rate constants
k1 and k2) and fluorescence amplitudes (A1 and A2) (Fig. 4).

ince the association and dissociation of [Ru(phen)2dppz]
ith DNA occurred within the dead-time of mixing, the two

ssociation rates were [Ru(phen)2dppz]2+ exclusion rates that
ctually corresponded to the two phases during complex for-

exclusion following the binding of PAMAM to DNA. The values of rate and
binding kinetic traces to a double exponential decay function and plotted as a
show the standard deviation.
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Fig. 5. Kinetic traces for dissociation of PAMAM/DNA complexes (the N/P
ratio was indicated in the legend). Varying amounts of PAMAM were mixed
with DNA and allowed to incubate 30 min. The mixture was then mixed isomet-
rically with [Ru(phen)2dppz]2+ on-line. The final concentrations of DNA and
[Ru(phen) dppz]2+ were 3 �g/ml and 4.5 × 10−6 M, respectively. The fluores-
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ence was collected on excitation at 453 nm using a cutoff filter at 515 nm. All
xperiments were carried out in six times and performed in TE buffer (10 mM
ris, 1 mM EDTA, pH 7.8) at 25 ◦C.

ation described earlier (PAMAM binding and DNA conden-
ation, respectively). The association rate constants were found
o decrease with the increase of PAMAM concentration for N/P
atios below 2.0. Moreover, k1 was larger than k2 indicating
hat DNA condensation was the rate-determining step. In addi-
ion, the fluorescence amplitudes were found to increase with
he increase of PAMAM concentration at lower N/P ratios, and
hen stabilized at ratios above 2.0, indicating the maximum DNA
ondensation and [Ru(phen)2dppz]2+ exclusion. PAMAM and
NA formed stable complexes under these conditions.

.3. Dissociation kinetic analysis

Dissociation experiments of PAMAM/DNA complexes were
erformed by mixing the complexes with [Ru(phen)2dppz]2+

o follow the increase in fluorescence intensity (Fig. 5). Fol-

owing addition of the fluorescent probe, PAMAM/DNA com-
lexes were diluted to obtain the dissociation kinetics by the
ompetition of [Ru(phen)2dppz]2+ for binding to DNA. The
issociated DNA tended to rearrange, [Ru(phen)2dppz]2+ inter-

c

P
u

ig. 6. Dissociation rate constants and fluorescence amplitudes of [Ru(phen)2dppz]2+

f rate and amplitude 1 (�) and rate and amplitude 2 (�) were obtained from the fit
nd plotted as a function of N/P ratios. Six experiments were averaged for each N/P r
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alated to DNA base pair and fluoresced. In addition, the
ecovered fluorescence decreased with the increase of N/P
atios.

The dissociation kinetic traces were fit with a double expo-
ential growth function to get two dissociation rate constants
k1 and k2) and fluorescence amplitudes (A1 and A2) (Fig. 6).
he two dissociation rates were [Ru(phen)2dppz]2+ inclusion

ates that related to the two phases during complex dissocia-
ion, namely the dissociation of DNA from the complexes and
ccompanied structural rearrangement (unfolding and expan-
ion), respectively. The dissociation rate constants decreased
ith the increase of PAMAM concentration for N/P ratios
elow 2.0. And k1 was much larger than k2 indicating that
NA expansion was the rate-determining step. The fluores-

ence amplitudes were found to decrease with the increasing
/P ratios and stabilized at ratios above 2.0, indicating that the

omplex dissociation and DNA expansion was increasingly dif-
cult. As the PAMAM concentration was increased to a certain
egree, PAMAM and DNA formed thermodynamically stable
omplexes and the external forces were less efficient to destroy
he compact structures.

Studies have shown that DNA condensation is a readily
eversible process under certain conditions [14,15]. At charge
atios before reaching the fully condensed point, the complexes
ere incompact and could dissociate to a certain extent. And
ith increasing amounts of cationic carriers, the complexes
ecame increasingly stable and dissociation was restricted by
he driving forces that contributed to efficient DNA conden-
ation [11–13]. These results were completely consistent with
ur dissociation kinetic data. In the absence of changes in envi-
onmental conditions (e.g. pH, ionic strength or temperature),
issociation of DNA from cationic carriers presented a signif-
cant challenge [23,24]. Since DNA must be released from the
omplexes just prior to nuclear entry, the inefficiency of dis-
ociation has emerged as a factor limiting the effectiveness of
ationic gene delivery carriers. The fully condensed DNA was
ikely to inhibit transcription due to the impossibility of intra-

ellular dissociation.

Despite the limitations on complex dissociation, since
AMAM was a kind of biodegradable polymers, it was spec-
lated that the hydrolysis of the ester functionality in PAMAM

inclusion following the dissociation of PAMAM/DNA complexes. The values
ting of the dissociation kinetic traces to a double exponential growth function
atio. Error bars show the standard deviation.
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nder physiological conditions would result in a gradual reduc-
ion in positive charge density and a consequential change in the
lectrostatic interactions between DNA and PAMAM. There-
ore, it was possible to facilitate the dissociation of DNA from
he complexes as time went on. In addition, some negatively
harged components in vivo might have chance to compete with
NA for binding to the cationic carriers so that DNA could

elease from the complexes [25]. These arguments provided
ome helpful insights into the efficient gene delivery. Attempts
o examine the dissociation of DNA from PAMAM over a broad
ange of times and to synthesize new carriers that can promote
he dissociation more effectively are currently in progress in our
aboratory.

. Conclusions

This work presented some useful insights into DNA con-
ensation by PAMAM and dissociation of PAMAM/DNA com-
lexes. The use of [Ru(phen)2dppz]2+ had provided us with
safe and feasible method to characterize the interactions

etween DNA and PAMAM. Complexes formed under inter-
ediate ratios were relatively incompact. While at higher ratios

bove 2.0, DNA was fully condensed by PAMAM and disso-
iation was progressively less efficient, which was consistent
ith the formation of thermodynamically more stable forms.
ith the better understanding of DNA condensation and the

everse dissociation process, we were capable of promoting the
elivery and/or release of DNA more efficiently in gene therapy
pplications.
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