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Thermodynamic properties of DNA-dendrimer complexes 
and  features of  their applications 
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Abstract. The commercial solution of fourth generation (G4) of poly-amidoamine (PAMAM) den-
drimers contains methanol, which is toxic for human body. Our differential scanning calorimetry 
(DSC) study of dendrimers confirmed the existence of this threat. The recommendation is done on 
how to prepare dendrimer solutions for practical and safely use in gene delivery. DSC have been 
also used to study the thermodynamic properties of DNA/dendrimer complexes (dendriplexes). We 
showed that up to DNA/dendrimer ratio 43 ± 3 (w/w) the solution was homogeneous, but stable 
aggregates were formed at higher PAMAM content. DSC experiments performed with homogeneous 
solution of dendriplexes revealed existence of the pH-dependent melting curves that contain several 
endothermic peaks associated with melting of GC-rich regions. 
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Dendrimers are highly branched polymer nanoparticles 
that are considered for decades as possible carriers for drug 
delivery (Abedi-Gaballu et al. 2018). The intrinsic diversity 
of dendrimers allows incorporation of various molecules 
inside their structure or adsorption on dendrimer surface. 
The evidence exists of incorporation of drugs into the hy-
drophobic part of dendrimers where they are stabilized by 
hydrophobic interactions. Hydrophilic molecules can be 
adsorbed at dendrimer surface containing polar groups. It 
is known that poly-amidoamine (PAMAM) dendrimers can 
also interact with short peptides or proteins by electrostatic 

and hydrophobic forces (Gupta et al. 2006; Melikishvili et 
al. 2016). In recent years several studies were focused on 
the application of dendrimers in a gene delivery (Peng et al. 
2010; Wang et al. 2011; Jin et al. 2014; Abedi-Gaballu et al. 
2018). The gene of interest is transported by nanoparticles 
into the damaged cell where it can treat multiple genetic 
diseases. However, there are certain conditions that need 
to be considered in gene therapy. Among them the safety 
of the so-called gene vector is crucial. PAMAM dendrimers 
can be considered as suitable candidates for this purpose. 
Negatively charged DNA can strongly interact by electro-
static forces with the surface amino groups of PAMAM 
dendrimers. Such complexes can be obtained with a simple 
mixing of certain amount of DNA with dendrimers (Peng 
et al. 2010; Yu and Larson 2014). It should be also pointed 
out that aggregation of dendrimers in solution is protected 
due to their excess positive charge. In addition, positively 
charged dendrimers can interact with the receptors of cell 
membranes, which can facilitate their penetration into the 
cells. It is known, that PAMAM dendrimers are positively 
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charged at neutral pH 7 and below this value. It should also be 
taken into account that diameter of G4 generation PAMAM 
dendrimers is 4.5 nm (Peng et al. 2010; Yu and Larson 2014). 
At the same time, the persistent length of double stranded 
DNA is approximately 50 nm (Manning 2006). Therefore, 
dendrimers are in an interior of a  coiled DNA, forming 
maximum interactions with DNA strands. Following to the 
literature data, after interaction of such complexes with the 
cell membrane, the endocytosis facilitates the transfection 
of DNA inside the cell (Kitchens et al. 2007; Peng et al. 2010; 
Jin et al. 2014). When dendriplexes are transported from 
the medium with pH  7.4 into the cell with pH  5.5, their 
surface charge changes in such way that the DNA releases 
from the nanoparticles and enters the cytoplasm (Peng et 
al. 2010; Wang et al. 2011). It was established that the DNA 
transfection performed by dendrimers is several times more 
efficient than those by other commercial cationic nanopar-
ticles (Peng et al. 2010; Wang et al. 2011). At the same time, 
the cell enzymatic systems are destroying the nanoparticles 
(Navath et al. 2008; Jin et al. 2014).

The aim of this work is determination of the thermo-
dynamic properties of commercial PAMAM dendrimers 
of generation 4 (G4) and the DNA-dendrimer complexes. 
We also determined the amount of DNA which allow to 
form a  homogeneous complex with these dendrimers. 
PAMAM G4 dendrimers from Sigma-Aldrich (Germany) 
diluted in 10% methanol solution were used. The density 
of suspension was 0.813 g/ml, while the molecular weight 
is 14.2  kD. The methanol that is present in commercial 
dendrimer solution can strongly interacts with both the 
hydrophobic and hydrophilic part of the dendrimer. We 
therefore assume that dendrimer interior contains metha-
nol molecules. For calorimetric experiments, the initial 
concentration of dendrimers was diluted approximately 

100 times in deionized water at low ionic strength of 15 mM 
sodium citrate buffer (pH 7 and/or pH 3.6). The pH of the 
samples was determined directly before experiments in 
the Ependorf tube using a  micro pH meter from Hanna 
Instruments (Italy). Calorimetric experiments were per-
formed using the differential adiabatic microcalorimeter 
DASM-4A (Russia) with working volume of 0.54 ml. From 
the calorimeter we get the data in a digital form about the 
temperature and the difference heat capacity for samples, 
which were then processed by graphic programs. The exact 
ΔC = dQ/dt values were then determined using the standard 
sample. We used DNA from calf thymus composed of 41.9 
mole % G-C and 58.1 mole % A-T (Sigma-Aldrich, USA). 
The concentration of DNA used in experiments (c = 1.5 
mg/ml) was determined by spectrophotometer UPS 3800 
(Thermo Fisher Scientific, USA).

Before determination of the thermodynamic properties 
of DNA-dendrimer complexes we performed calorimetric 
study of pure dendrimers. For this purpose, the dendrimers 
were diluted with deionized water for final concentration 
of 1 mg/ml. Figure 1 (curve a) shows the changes in heat 
capacity (C) as a function of temperature. It can be seen 
clear exothermic effect at 80oC. After cooling the sample 
in the calorimeter to the room temperature and measuring 
the calorimetric curve again (i.e. the reheating experiment) 
the exothermal heat effect was no longer observed (Fig. 1, 
curve b). This can be explained by irreversible leaking of 
the methanol out of the dendrimer interior with subsequent 
evaporation from the sample. This assumption is confirmed 
by literature data on which G4 PAMAM dendrimers are 
much better soluble in methanol than in water (Peterson et 
al. 2001). However, after heating the sample the methanol 
moves from the dendrimer structure into the water. This 
happens due to the boiling methanol inside the dendrimer 
(the temperature of methanol boiling is 64oC). This boil-
ing causes disturbance of dendrimer structure and mixing 
with the water. This process must be accompanied by heat 
emissions (Peeters and Huyskens 1993), which we have 
observed in calorimetric experiments. This assumption 
is confirmed by the beginning of the exothermic process 
at the 60oC region shown on Fig. 1, curve a. At the same 
time, this exothermic effect is not present at the second 
scan measured after sample heating, because the methanol 
evaporation is irreversible. Thus, heating the sample above 
80oC resulted in removal of the methanol from dendrimer 
interior. Based on comparison of the area of the calibrated 
and the thermal peak (Fig. 1, curve a) we estimated exother-
mal energy corresponding to the methanol removal from 
the dendrimers: 29 mJ. The known value of the specific heat 
of dissolution of methanol in water (270 kJ/kg, see Peeters 
and Huyskens 1993) allows calculation of the amount of 
methanol, which is mixed with water. We can calculate the 
mass (M) of methanol, which can cause an exothermic ef-

Figure 1A. DSC thermograms of the heat capacity (C) induced by 
mixing of methanol in water by heating. a) First scan: methanol is 
in the structure of dendrimer suspension; b) second scan: reheated 
dendrimers suspension after expected evaporation of methanol 
and/or by vacuum processing during 1  min. Concentration of 
dendrimers was 1 mg/ml. 
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fect equal to ΔQ = 29 mJ: M = 29 × 10–3/270 × 103 = 0.11 mg 
of methanol. This mass of methanol molecules is presented 
in 0.54 mg of dendrimer solution (working volume of the 
calorimeter is 0.54 ml and dendrimer concentration was 
1  mg/ml). Thus, we assume that most of the methanol 
molecules in the untreated dendrimer solution are in the 
dendrimer interior. This conclusion is based also on the 
peculiarities of the partitioning of amphiphilic molecules 
(methanol) in water-dendrimer phase that accelerate the 
incorporation of methanol into the dendrimers (Manning 
2006). However, after the heating of dendrimer solution the 
methanol is replaced by water molecules. This is confirmed 
by existence of a  change of heat capacity (ΔC), shown 
in Figure  1. The above-mentioned assumption has been 
confirmed also by samples vacuum processing (sample 
was placed in a vacuum for one minute) prior staring the 
calorimetric measurements. This procedure resulted in 
methanol release from dendrimer structure and calori-
metric curve did not show any exothermal effects (Fig. 1, 
curve  b). Scan presented by curve b  was identical for 
dendrimers processed by heating and those after vacuum 
processing during 1 min.

The obtained result suggests that the toxicity of dendrim-
ers may be particularly due to the presence of methanol 
in non-preheated dendrimers in addition to the positive 
dendrimer surface charge. Thus, without preheating the 
methanol from dendrimers can be released from dendrimers 
after uptake into the cell and cause the toxicity. We believe 
that the obtained results are important if the commercial G4 
PAMAM dendrimers are used as drug carriers. Thus, prior 
medical application the dendrimers should be processed in 
advance by vacuum or by temperature heating.

We also studied the thermodynamic properties of 
the complexes of DNA with methanol-free G4 PAMAM 
dendrimers (dendriplexes). Dendrimers have been treated 
under the vacuum before mixing with DNA for metha-

nol removal. For obtaining dendriplexes it is necessary 
to fulfill certain conditions. First, at neutral and acidic 
conditions the phosphate groups of DNA are negatively 
charged and dendrimers are positively charged. Second, 
certain DNA/dendrimer ratio should be selected for 
formation of proper complexes to provide homogeneous 
dendriplex solution. 

The calorimetric experiments were carried out at dif-
ferent pH and at two different weight ratios of DNA/
dendrimer. The DNA/dendrimer complexes were formed 
as follows. A DNA solution with a concentration 1.5 mg/
ml was titrated with small portions (0.033 ml) of the den-
drimer solution in a  concentration of 0.258 mg/ml. We 
have found that the solution remained homogeneous up 
to DNA/dendrimer ratio 43 ±  3 (w/w). Addition of the 
next portion of the dendrimers resulted in formation of 
visible inhomogeneities. These aggregates were practically 
irreversible, since it was impossible to disassemble them 
by sonication. For calorimetric experiments we used only 
homogeneous solutions of DNA/denrimer complexes 43 
and 65.8 (w/w). Figure 2 shows the temperature scan of 
specific heat capacity (Cp) for pure DNA (concentration 
1.5 mg/ml) and for dendriplexes at above mentioned two 
DNA/dendrimer weight ratios at pH 7 (A) and pH 3.6 (B). 
At neutral and acid pH the typical melting process was 
observed for pure DNA (Fig. 2A, curve a). The effect of pH 
on the conformation of polynucleotide chains in solution is 
due to the fact that hydrogen bonds stabilizing the helical 
structure of DNA are formed in these molecules between 
the nitrogen bases of the single strands. These nitrogen 
bases are capable of ionization in an acid medium, so 
the ionization of at least one of the base participating in 
the hydrogen bond between the DNA strands means the 
rupture of the latter (breaking the hydrogen bond). This 
resulted in a change of stability of the DNA molecule. A dis-
sociation constant of nitrogen groups is in the range of pH 

Figure 2. Temperature scans of the specific heat capacity (Cp) for pure DNA (a) and for DNA/dendrimer ratios 43 (w/w) (b) and 65.8 
(w/w) (c) at different pH: pH 7 (A) and pH 3.6 (B). The concentration of DNA was 1.5 mg/ml. 
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3–5 (2.9 (guanine); 3.7–3.8 (adenine); 4.5–4.8 (cytosine)). 
According to these data at an acidic environment (pH 3.6) 
the hydrogen bonds are weakened, and therefore the DNA 
denaturation temperature decreases (from 82oC to 52oC). 
The shape of the denaturation peak also changed. This 
agree well with our previous publication (Mdzinarashvili 
et al. 2009). 

The fact, that complexes of DNA-dendrimer were formed, 
follows from the calorimetric curves. The DNA-dendrimer 
complexes are characterized by different shape and enthalpy 
(area under the peak) in comparison with those of pure 
DNA. In addition, the calorimetric curves depend on the 
DNA/dendrimer ratio (Figures 2A and  B). The melting 
curve contains several endothermic peaks that are associated 
with melting of GC-rich regions (with increasing of DNA/
dendrimer ratio, the high temperature peaks disappear). 
This is typical thermodynamic behavior for so-called “fine 
structure” stabilized by hydrogen bonds of various strength 
(AT base pairs are weaker than GC pairs). At presence of 
dendrimers the main melting peak as well as GC peaks are 
substantially reduced. This may suggest preferable interac-
tion of dendrimers with GC-rich regions of DNA. At the 
acidic pH (pH 3.6) the melting curve of pure DNA is similar 
to those at neutral pH. However, the high temperature peaks 
are smaller which is evidence of certain destabilizing effect 
of acidic conditions on the double helix. The acidic pH more 
strongly reduced main melting peaks as well as GC melting 
peaks. We should also note that the DNA-dendrimer com-
plexes are formed between the positively charged surface of 
the dendrimers and negatively charged phosphate groups of 
DNA (Wong et al. 2014). Therefore, the change of pH from 
neutral to acidic (pH 3–7) can not significantly change the 
size of the dendrimer (maximal changes (swells) can be 
around 5%, see Maiti et al. 2005) as well as the charge of the 
DNA and dendrimers. Consequently, protonation does not 
affect substantially the formation of the complexes. Recalcu-
lating of weight ratio to molar ratio one can obtain 923 ± 65 
base pairs of DNA per one dendrimer molecule. The scheme 

of formation DNA-dendrimer complexes is presented on 
Figure 3. Please note, that this picture is not in a scale.

Our results demonstrate that for safe application of 
PAMAM dendrimers as a gene delivery system it is neces-
sary to pretreat commercially available dendrimers that are 
typically dissolved in methanol using either heating up to 
minimum 80oC or processing in vacuum to remove toxic 
methanol from the dendrimer interior. Calorimetric study 
of DNA-dendrimer complexes indicates that at presence 
of dendrimers the main as well as high temperature DNA 
melting peaks decrease, which is evident of strong binding 
of DNA with dendrimers.
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