
Introduction

The conformational behavior of DNA molecules, in

the presence of oppositely charged objects (compac-

tion agents), has been studied extensively in recent

years, because of both its technological and biomedical

relevance [1, 2]. Thanks to the development of meth-

ods for DNA extraction and purification and, later, of

the potential use of these systems as vehicles for gene

delivery and gene transfection, a number of studies on

the compaction of DNA by cationic species in bulk so-

lution have appeared in the last few years [3, 4].

The interaction of DNA with this oppositely

charged objects gives rise to a very complex phenom-

enology, depending on their physical-chemical prop-

erties and on their chemical nature. The shape, size

and stability of the resulting aggregates depend on a

delicate balance between different driving forces,

mainly of electrostatic origin.

Recently, Zinchenko and Chen [5] have summa-

rized this phenomenology and have classified these

agents into four different kinds, according to their

dimensionality. In particular, they refer to zero-di-

mensional (multivalent cations), one-dimensional

(polycations with charges distributed along the poly-

mer chain), two-dimensional (cationic surfaces) and

three-dimensional (nano- or mesoscopic three-dimen-

sional structures) agents.

In aqueous solution, DNA adapts a coil conforma-

tion with an intrinsic rigidity (mechanical component)

and a repulsion between negatively charged segments

(electrostatic component). With addition of different op-

positely charged objects, DNA is compacted into con-

densates of various densities and intricate topological

rearrangements, including DNA condensation [1], DNA

compaction [6, 7], liposome-induced aggregation [8]

and DNA–induced liposome fusion [9, 10].

The basic features of DNA condensation by

multications (zero-dimensional objects) are well

known. DNA chain in extended coil conformation un-

dergoes compaction into a compact condensate and the

DNA negative charges become neutralized by contro-

ions [11, 12]. This compaction is a process that takes

place at the level of a single DNA chain, as an all-or-

none type transition [6]. Moreover, it is known that the

presence of these mono- and polyvalent cations can

significantly influence the thermodynamic parameters

of the DNA melting process, by shifting the equilib-

rium toward a stabilization of the helix form [13–16].

Hence, the presence of counterions (at low to moderate

concentrations) stabilizes DNA structure and increases

the temperature of melting [17].

The compaction of DNA employing poly-

electrolytes (one-dimensional objects) has been widely

studied [18]. This process becomes almost stoichio-

metric in terms of ratio between DNA charges and

charges of the polycation and, in most cases, the to-
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roidal shape of the DNA condensate is not preserved.

The all-or-none scenario changes into continuous

DNA chain compaction [7, 19]. In this case, on the

base of differential scanning calorimetry measure-

ments, complexation of DNA with the cationic poly-

mers, such as polyethylenimine (PEI) or poly-L-lysine

(PLL), resulted in a decreased stability, when the DNA

was in excess, although polymers stabilized DNA in

the polymer excess condition [20]. Numerous studies

have been undertaken on the behavior of DNA chains

in the presence of cationic surfactants. In this case, the

interaction takes place at level of monomer and a more

compact and stable structure is observed, whose ther-

mal denaturation occurs at temperatures higher

than 100°C [21–24].

The less dense compaction of DNA chain on arti-

ficial nanoscale templates such as synthetic nano-

particles and nanotubes (three-dimensional objects) is

nowadays much less studied and understood. There ex-

ist several important in vivo examples, where a DNA

chain is compacted because of the interaction with

nanoscale objects, forming complexes with a well de-

fined molecular architecture [25, 26]. One of the well

known manifestations of such a self-organization in-

duced by nanoscale objects is the hierarchical DNA

molecule assembly into a chromosome [27, 28].

Recent studies [8–10, 29–31] have analyzed the

structures formed by interactions of DNA chains with

several types of liposomes. In these cases, there are

two differently organized complexes driven by the

experimental conditions investigated: liposome ex-

cess or DNA excess conditions. In cationic liposome

excess, DNA addition favors the formation of

liposome clusters. In other words, liposomes, which

maintain their integrity, aggregate, originating a clus-

ter phase [8, 29, 31]. In DNA excess, the chains coex-

ist in two different conformations: coil and globules.

Moreover, during interactions between DNA and

cationic liposomes, DNA compaction is accompanied

by the liposome rupture, with the formation of

DNA–lipid complexes of more complex structural

organization [9, 10].

In the framework of this complex and intriguing

background, in this work, the thermal melting of calf

thymus DNA was investigated in the presence of

varying concentrations of dioleoyl trimethyl ammo-

nium propane (DOTAP) liposomes by means ultravi-

olet spectrophotometry (UV) and differential scan-

ning calorimetry (DSC). The DNA–DOTAP lipo-

some interaction was analyzed below and close the

isoelectric condition (at which the negative charges of

DNA and the positive charges of DOTAP liposomes

are stoichiometrically equal). In this situation, i.e.,

DNA excess condition, structures with an overall

negative charge (resembling the charge of the DNA

chain), were observed [32]. Moreover, lipids favor

the DNA compaction, inducting the collapse of DNA

molecules from an extended coil conformation to a

compacted globular state [32]. The aim of this study

was to obtain information on the stability of DNA in

the ctDNA/DOTAP liposome complexes and to in-

vestigate how this thermal stabilization depended on

the charge ratio, in the vicinity of the isoelectric point.

Experimental

Materials and sample preparation

DOTAP was purchased from Avanti Polar Lipids (Al-

abaster, Al) and was used without further purification.

Unilamellar liposomes were prepared by standard

lipid film hydration method. The lipid was dissolved

in chloroform methanol (1:1 vol/vol) and af-

ter 3 h vacuum evaporation of the organic solvents,

the resulting lipid film was re-hydrated with Milli-Q

quality water, (electrical conductivity less than

�=10
–6

�
–1

cm
–1

, at room temperature), to the final

concentration of 1 mg mL
–1

.

After solvent evaporation, dried lipid films were

hydrated with deionized water, the re-hydration pro-

cess was carried out for 1 h. In order to form

unilamellar vesicles, the lipid solution was sonicated

at a temperature of 25°C for 1 h at a pulsed-power

mode until the solution appeared optically transparent

in white light. The solution was filtered through

Millipore polycarbonate filter 0.45 �m in size.

Liposome size and size distribution obtained from dy-

namic light scattering measurements give an average

diameter of about 50 nm, with a moderate poly-

dispersity of about 0.2 (Fig. 1), as expected for a

rather homogeneous particle suspension.
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Fig. 1 Correlograms of the dynamic light scattering (DLS)

measurements of DOTAP liposomes. The inset shows

the liposome distribution size. The liposomes have an

average diameter of about 50 nm with a moderate

polydispersity of about 0.2



Double-stranded calf thymus DNA sodium salt,

purchased from Sigma Chem. Co. and used without

further manipulations, was dissolved in water. The pu-

rity of the DNA employed was analyzed by means ul-

traviolet spectrophotometry (A260/A280=1.9, with A260

and A280 absorbance at 260 and 280 nm, respectively).

DNA–DOTAP liposome interaction was ob-

tained by adding varying amounts of DOTAP

liposome suspension to a DNA solution at the fixed

concentration. The complexes were prepared in the

concentration range below the isoelectric condition,

i.e. in DNA excess condition. The DNA concentra-

tion used, both for ultraviolet spectrophotometry and

for differential scanning calorimetry measurements,

was relatively low in order to avoid formation of a

heavy precipitate.

Methods

Ultraviolet spectrophotometry (UV)

The absorption spectra have been recorded with a

spectrophotometer Jasco-V-570 in an interval of wave-

length from 200 to 350 nm. The molar concentration of

DNA was determined from UV absorption at 260 nm,

by using �DNA=6600 M
–1

cm
–1

[33]. Each sample was

heated from 25 to 100°C, at intervals of 5°C, af-

ter 10 min of thermalization. In all the experiments, the

DNA concentration was maintained constant to the

value 4.95�10
–2

mg mL
–1

, while the DOTAP concentra-

tion was varied from 0.031 to 0.28 mg mL
–1

.

The DNA–lipid complexes, close to the

isoelectric condition, when the negative charge along

the DNA chains equals the positive charges on the

liposome surfaces, presented a very large absorbance

at larger wavelengths. This is caused by the large size

of complexes (Mie regime) [34, 35] which in these

conditions occurs. Therefore, the effective absorbance

for DOTAP liposome–DNA complexes has been de-

termined by subtracting to the measured absorbance a

contribution with a wavelength dependence according

to A/�
�

[36, 37], whose parameters, A and � were ob-

tained by fitting the experimental values in the range of

higher wavelengths (in the range from 320 to 350 nm).

Differential scanning calorimetry (DSC)

DSC experiments were performed on a Micro-DSC II

Setaram calorimeter (Lyon, France). This instrument,

calibrated with indium standard, has a resolution, in

both heating and cooling cycles, better than 2 �W.

The curves were recorded in the range from

20 to 100°C, at a heating rate, (dT/dt), of 0.5°C min
–1

.

DSC technique [38] measures the heat flow, dQ/dt,

from which the excess heat capacity is obtained

(C
p

ex
=dQ/dt(dT/dt)

–1
n

–1
, with n=number of moles). A

mass of 0.830 g of the sample and of the reference

(water) was inserted in the sample and in the refer-

ence cells, respectively. The masses of the sample and

of the reference cells were always matched. Each

sample underwent two heating and cooling cycles.

When the sample of DNA underwent the second ther-

mal cycle until about 100°C, no heat absorption was

revealed because of the denaturation of ctDNA is ef-

fectively irreversible on the time scale of these exper-

iments. Taking into account that process of denatur-

ation of DNA is an irreversible process, the excess

power vs. temperature scan for the DNA and

DOTAP–DNA complexes was obtained by subtracting

the power input of the scan of second thermal cycle

from the power input scan of the first cycle solution vs.

solvent. For each sample, the peak height was mea-

sured. The transition temperature refers to the maxi-

mum of the excess heat capacity peak. The results were

largely independent of DSC scan rate.

The lower limit of DNA concentration needed

for a calorimetric measurement with our experimental

set-up was of the order of 2.5 mg mL
–1

. At such con-

centrations, interactions between DNA and DOTAP

liposomes could occur not homogenously in the

whole sample, because of the semi-dilute condition of

DNA at these relatively high concentrations. Accord-

ingly, we prepared samples at lower concentrations,

by adding a DOTAP liposome suspension, at concen-

trations varying from 0.12 to 0.58 mg mL
–1

, to DNA

solution at a concentration of 0.38 mg mL
–1

. The

DOTAP liposome–DNA suspension has been, at a

later time, concentrated under vacuum to the desired

concentration value.

Results and discussion

Ultraviolet spectrophotometry

As is well known, DNA absorbance is attributed to nu-

cleic bases which display an UV intense band of ab-

sorption at 260 nm. When calf thymus DNA is heated

up to 100°C, an increase in absorption at 260 nm is ob-

served, as is known from literature data [39].

The change in the absorbance at 260 nm of

DOTAP liposome–DNA complexes as a function of

temperature, from 20 to 100°C, at different charge

molar ratios R(+/–)=[DOTAP]/[PO
4

–
] are shown in

Fig. 2. Here, [DOTAP] and [PO
4

–
] are the DOTAP

and DNA phosphate group molar concentrations in

DOTAP liposome–DNA suspension respectively. In

contrast with the significant hyper-chromicity effect

of free DNA, the observed changes in UV absorption

were much smaller when DNA chains interact with

DOTAP liposomes, i.e., the presence of liposomes

greatly reduced the extent of DNA denaturation
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at 100°C. Moreover, the extent of protection de-

pended strongly on the charge ratio R(+/–) of

DOTAP–DNA complexes. Figure 2 shows that the

hyper-chromicity effect due to the thermal denatur-

ation decreases with the increase of R(+/–). When

R(+/–)=0.7, the DNA is still all native up to tempera-

tures as high as 100°C. This process is accompanied

by a progressive shift of the melting temperature to-

wards higher values.

DSC assay of DNA–lipid complexes

In order to study the effect of DOTAP liposomes on

the stability of DNA and to further characterize the

protection of DNA induced by the DOTAP liposomes,

the thermal melting of ctDNA was investigated by

DSC measurements, in the temperature range from 25

to 100°C, at different charge ratios R(+/–). The curves

of DNA and DNA DOTAP liposome complexes are

shown in Fig. 3. All thermal curves have been shifted

vertically for visual clarity.

Calf thymus DNA, exhibits a typical absorption

curve with an asymmetrical melting band with several

sub-transitions [40]. The individual peaks that oc-

curred at different temperatures are due to the differ-

ence in the base composition and cover different areas

because of the relative frequency of the particular re-

petitive sequences in terms of different GC content

(in general in calf thymus DNA there is about 40% of

GC bases pairs [41]). The calorimetric enthalpy, 	H,

(the area under the transition thermal profile) [42] is

equal to 17.2 kJ mol
–1

.

Figure 3 shows how the melting curve of ctDNA

changes with the increase of the ratio R(+/–) and

therefore of the DOTAP liposome concentration in

the liposome–DNA complexes. As can be seen, there

is a progressive reduction of the decrease of the calo-

rimetric enthalpy accompanied by an increase of the

melting temperature, Tm, from 51.9 to 60.1°C.

These behaviors are in good qualitative agree-

ment with the analysis of UV measurements where,

with the decrease of the absorbance, it is concomitant

the simultaneous decrease of the enthalpy. Figure 4

shows how both the normalized change of enthalpy,

	H/	H0, and the normalized change of absorbance,
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Fig. 2 The change in the absorbance, 	A=A(T)–A(T=20), normal-

ized to the absorbance of pure DNA,

	A0=A0(T)–A0(T=20), at a wavelength of 260 nm of DNA

and DOTAP liposome–DNA complexes as a function of

temperature. Each sample was heated from 25 to 100°C at

intervals of 5°C, after 10 min of thermalization. The sam-

ples were prepared at several R(+/–) molar ratios:

� – R(+/–)= 0, pure DNA; � – R(+/–)= 0.3;

� – R(+/–)= 0.47; � – R(+/–)= 0.7 and � – R(+/–)= 2.64.

The uncertainties are within 5–10%

Fig. 3 Calorimetric heating scans of DNA and DOTAP

liposome–DNA aggregates in aqueous solution, at a

DNA concentration of 2.5 mg mL
–1

. The curves are ac-

quired at different DOTAP molar concentrations, vary-

ing the molar charge ratio R(+/–) from 0 to 0.7. Curves

have been shifted along the y-axis to avoid overlap and

to facilitate visibility. Reproducibility was checked by

repeated measurements

Fig. 4 a – Enthalpy 	H normalized to the enthalpy 	H0 of pure

DNA in the DNA-induced DOTAP liposome complexes

as a function of the ratio R(+/–). b – absorbance 	A at

260 nm of DNA-induced DOTAP liposome complexes

at the temperature of 100°C normalized to the

absorbance 	A0 of pure DNA



	A/	A0, at the temperature of 100°C, vary as a func-

tion of the ratio R(+/–).

From our point of view, in agreement with a

large experimental evidence on DNA interaction with

lipids, the overall observed phenomenology suggests

the formation of a complex that is thermally more sta-

ble, with a thermal denaturation above 100°C, out of

the temperature range allowed by our experimental

setup. Whereas the first transition is probably associ-

ated with melting around the un-complexed base pairs

of DNA helices, the thermal stability, at higher tem-

peratures, that we are not able to reach because of in-

strumental limitations, might be justified by a more

effective packing of DNA between DNA–induced

liposome complexes.

The same qualitative phenomenology has been ob-

served by Tarahovsky et al. [43] for the DNA–EDOPC

complexes, who observed the formation of new com-

plexes with melting temperature at about 115°C and,

more recently, by Akamatsu et al. [44], who report

unusual enhanced thermal stability of a DNA duplex

formed on a gold nanoparticle surface. A biphasic be-

havior of DNA complexed with cationic lipid

DODAB was also observed by Mel’nikova et al. [45],

who observed a main transition very close to the melt-

ing temperature of free DNA and a second transition

at a higher temperature (in this case, this transition

starts at about 76°C).

Recently, we have reported [32] a unified sce-

nario of the DOTAP liposome–DNA complexation

over an extended range of R(+/–) ratios, obtained un-

der different experimental conditions (DNA excess or

DOTAP liposome excess conditions). The main re-

sults are summarized in Fig. 5, where we show the av-

erage size (and the 
-potential) of the aggregates in

the different regions relevant to this process. This re-

gion can be roughly divided into two regions, the for-

mer, at low R(+/–), up to R(+/–) ~0.15, where there is

the coexistence of free DNA and compacted DNA

(DNA globules), and the latter, for R(+/–) larger

than 0.15, where the fraction of free DNA is lacking

and all the DNA present is involved in the formation

of DNA–induced liposome aggregates. In this region,

the system undergoes the two typical phenomena of

reentrant condensation (behavior of the hydrody-

namic radius of the aggregates) and charge inversion

(behavior of the �-potential of the aggregates) of

charged colloidal systems. A sketch of the hypothe-

sized structural arrangements occurring in DOTAP

liposome–DNA aggregation is shown in Fig. 6.

It is worth noting that the thermal behavior of

DNA is different both if DOTAP liposome interaction

occurs at a single DNA chain level (DNA compac-

tion) and if it occurs involving all the DNA present

(DNA–induced liposome aggregates). From a calori-

metric point of view, the present results show that,

with the beginning of the DNA–induced liposome ag-

gregation (R(+/–) ~0.15), the thermal stability in-

creases and denaturation less and less occurs (at the

temperature of free DNA) until when, at the iso-

electric point, no denaturation at all occurs, at least up

to 100°C. In other words, the formation of the aggre-

gates is concomitant with the thermal stability of the

DNA chains, whose denaturation does not occur up to

the temperature of 100°C. This is probably a result of

the topological constraint imposed when the DNA is

included within the liposome cluster aggregates,

which reduces the cooperativity of base pair melting

(and the gain in entropy).
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Fig. 5 The overall behavior of the complexation of DOTAP

liposomes with DNA as a function of the molar charge

ratio R(+/–) (data from [32]). The dashed regions marks

the range of R(+/–) where UV and DSC measurements

have been carried out. The data show the DNA com-

paction and the reentrant condensation in the DNA–in-

duced liposome aggregates. The inset shows the charge

inversion effect, revealed by the reversal sign of the

�-potential

Fig. 6 A sketch of the possible structural arrangements during the

DOTAP–DNA interactions as a function of the molar

charge ratio R(+/–). The typical size distribution observed

in both the two regimes (DNA excess and DOTAP excess

conditions) is also shown (continuous line)



Conclusions

Combined differential scanning calorimetric and ul-

traviolet spectroscopy measurements have evidenced

that DNA, participating to complexes resulting from

interactions with DOTAP liposomes, presents a very

high thermal stability. The extent of thermal protec-

tion strongly depends on the molar charge ratio

R(+/–). For values of R(+/–) larger than about 0.7,

DNA is still native up to 100°C.

Previous measurements based on dynamic light

scattering and radiowave dielectric spectroscopy [32]

have evidenced, when cationic vesicles such as

DOTAP liposomes are added to a DNA solution, the

coexistence of some compacted DNA (‘DNA glob-

ules’) with DNA coils, yielding a population of

DNA–liposome complexes in equilibrium with free

DNA molecules. As can be seen in Fig. 5, for values

of R(+/–) above about 0.15, the free DNA component

disappears and we observe the beginning of an aggre-

gate formation. By means of differential calorimetry

and ultraviolet spectroscopy, we have explored the re-

gion of R(+/–) between 0.15 and 2.7. Our results show

that, in the first part of this interval, for R(+/–) lower

than about 0.7, there is still a fraction that behaves, as

far as the thermal denaturation is concerned, as a free

DNA. The progressive decrease of the change in both

the enthalpy and the absorbance indicates a progres-

sive reduction of the fraction of free DNA. Above

R(+/–)=0.7, when larger and more compact aggre-

gates are formed, our measurements suggest that

DOTAP liposomes–DNA complexes are protected

against denaturation, up to, at least, 100°C. These re-

sults provide evidence that a complete thermal

stabilization of DNA occurs only when rather large

aggregates are formed.

A similar phenomenology has been observed in

the interaction of DNA in the presence of surfactants,

(two dimension compaction agents, according to the

scheme given by Zinchenko [5]) where the thermal

stabilization is already achieved at the formation of a

compacted DNA structure. Whereas in this latter

case, the resulting structural arrangements have been

well described [46], interactions between DNA and

cationic liposomes (three-dimensions compaction

agents), in the condition of DNA excess, are not well

understood yet. The establishment of more definitive

relationships between the lipidic structure of

liposomes and the thermal stability will require a fur-

ther analysis of liposomes built up by a variety of

head-groups and hydrophobic parts.
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