
International Journal of Pharmaceutics 305 (2005) 154–166

Pharmaceutical Nanotechnology

PAMAM dendrimers and model membranes: Differential
scanning calorimetry studies

B. Klajnert, R.M. Epand∗

Department of Biochemistry and Biomedical Sciences, McMaster University, 1200 Main Street West, Hamilton, Ont., Canada L8N 3Z5

Received 4 July 2005; received in revised form 24 August 2005; accepted 26 August 2005
Available online 7 October 2005

Abstract

Dendrimers attract much attention as potential drug and gene carriers for intracellular delivery. From this point of view, it is
crucial to extend our knowledge about their interactions with membranes.

The influence of polyamidoamine (PAMAM) dendrimers on the thermotropic behavior of DPPC multilamellar vesicles and
DMPC small unilamellar vesicles was examined by differential scanning calorimetry. We used three types of PAMAM dendrimers
to determine how a dendrimer structure determines interactions with liposomes.

We show that the strength of interactions depends on both the dendrimers’ structure and degree of hydrophobicity. A model
for the interaction of each type of dendrimer with liposomes was proposed.
© 2005 Elsevier B.V. All rights reserved.
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. Introduction

Dendrimers are a relatively new class of polymers.
hey were first synthesized in the mid-1980s by Toma-

ia’s group (Tomalia et al., 1985). Since then they have
ttracted much interest due to their specific structure
nd unique properties. All dendrimers are built from
central core molecule, which is surrounded by lay-

rs of branched monomers. As a result, the dendrimers
dopt globular shape with a densely packed surface
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and empty internal cavities (Tomalia et al., 1990). The
more layers that are attached, the higher the so-c
dendrimer’s generation is. Among the possible ap
cations of dendrimers, the medical ones seem pa
ularly important. One potential medical application
their use as efficient transfection agents (Haensler an
Szoka, 1993; Bielinska et al., 1996; Wang et al., 20).
They transport more genetic material than liposo
and do not cause a strong immunological respon
viral vectors do. Second, dendrimers can play an im
tant role as drug-delivery systems. Drug molecules
be attached to end groups or encapsulated in a
drimer’s interior (Zhuo et al., 1999; Kojima et a
2000).

378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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The possibility of using dendrimers in medicine has
raised a motivation for basic scientific investigations.
Interactions between dendrimers and membranes are
important for the development of dendrimer-mediated
drug-delivery systems, so that dendrimers can assist
in the passage of a drug through a cell membrane. As
well in the case of transfection, it is the membrane that
presents a barrier for the entry of nucleic acid into the
cell, and therefore an understanding of the interactions
between dendrimers and bilayers is important.

Liposomes are widely employed as models of
biological membranes and there have been some
studies of their interactions with dendrimers. In

particular, the interaction of polyamidoamine den-
drimers with dimyristoylphosphatidylcholine (DMPC)
has been most extensively studied. It was found that
the strength of interaction depended on a size of the
dendrimer and whether it is charged or not. Protonated
dendrimers showed more effective dendrimer–vesicle
interactions and higher generation dendrimers created
more disturbances (Ottaviani et al., 1998,1999). Gen-
erally dendrimers did not significantly perturb DMPC
membrane properties, but they were able to disrupt
anionic vesicles (Zhang and Smith, 2000). Studies of
mixed vesicles composed of DMPC and the nega-
tively charged dimyristoylphosphatidic acid (DMPA)
Fig. 1. Schematic structure
s of studied dendrimers.
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was suggested to result in the lipid bilayer wrapping
around the dendrimer (Ottaviani et al., 2002). It was
found that perturbation of membranes by dendrimers
is strongly dependent on membrane lipid composition.
Phosphatidyletanolamine (PE) vesicles were disrupted,
but phosphatidylcholine (PC) vesicles and even mixed
vesicles with a high fraction of PC were protected from
disruption (Zhang and Smith, 2000). The outer surface
of large dendrimers is too densely packed to be pene-
trated by phospholipids. It was proposed that PAMAM
preferentially interact with lipids having a greater nega-
tive curvature tendency. Membranes containing a high
PE content can wrap around the dendrimer surface.
Dendrimers mediate both the contact between vesicles,
and may also promote the creation of a local region
of hexagonal phase (Karoonuthaisiri et al., 2003). For
DMPC lipid bilayers an alternative hypothesis was sug-
gested according to which dendrimers can enter into
a cell through membrane pores. The hypothesis was
based on atomic force microscopy studies that showed
that dendrimers create small holes in a bilayer and on
leakage experiments (Hong et al., 2004).

Previously the main experimental methods
employed to study interactions between dendrimers
and lipid bilayers were31P NMR spectroscopy to
monitor changes in membrane morphology, EPR and
spectrofluorimetric methods to measure membrane
fluidity, and leakage and mixing assays to study
fusion processes. In our studies we determined the
influence of three different types of dendrimers on
t llar
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50% ofN-(2-hydroxydodecyl) groups, PAMAM-CH3
a dendrimer having hexylamide surface groups, and an
amino-terminated PAMAM dendrimer. All these den-
drimers are the third generation ones (G3) and they have
32 end groups on their surfaces. Molecular weights for
PAMAM-C12-50%, PAMAM-CH3 and PAMAM are
12807 Da, 10050 Da and 6909 Da, respectively. Their
schematic structures are shown onFig. 1. PAMAM
dendrimer is the only one which is water-soluble. Two
other dendrimers are hydrophobic and they are charac-
terized by different shapes: flat, ellipsoidal molecules
of PAMAM-CH3 and larger PAMAM-C12-50% den-
drimers with long hydrocarbon chains on the surface.

2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (D-
PPC) and 1,2-dimyristoyl-sn-glycero-3-phospho-
choline (DMPC) were obtained from Avanti Polar
Lipids (Alabaster, AL) and used without further
purification. PAMAM dendrimer, PAMAM-CH3
dendrimer and PAMAM-C12-50% dendrimer (gener-
ation 3) were purchased as solutions in methanol from
Sigma–Aldrich (Oakville, Ont.). PIPES buffer (pH 8.0)
used to hydrate films contained: 20 mM pipes, 0.14 M
NaCl, 1 mM EDTA and 20 mg/L NaN3. All of these
chemicals were of analytical grade. Water used to
p ed.
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he thermotropic behavior of DPPC multilame
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SUVs) using differential scanning calorimetry (DS
onitoring phospholipid phase transitions with D

s a sensitive method for studying changes in m
embranes induced by different substances

nteract with lipid. We chose these lipids because
ave been extensively studied in model membra
hey also exhibit phase transitions at temperat

hat are convenient to monitor with DSC.
We used three types of polyamidoamine d

rimers to determine how a dendrimer structure d
ines interactions with liposomes. Polyamidoam

PAMAM) dendrimers are based on an ethylen
mine core, and branched units are constructed
oth methyl acrylate and ethylenediamine. The d
rimers used in this work are PAMAM-C12-50% de
rimer which possesses 50% of amino groups
repare solutions was double-distilled and deionis

.2. Preparation of dendrimer-containing MLVs

.2.1. Method A
The appropriate amounts of DPPC and dendrim

ere co-dissolved in chloroform–methanol (2:1, v
he solvent was evaporated under a stream of n
en and then samples were placed under vacuu
h to remove any traces of residual solvent. PI
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temperature above the main transition temperature of
pure DPPC.

2.2.2. Method B
The stock solution of dendrimers in methanol was

added to a tube. The methanol was removed with
a stream of nitrogen and a thin dendrimer film was
formed on the wall of the tube. Further evaporation
was carried out by keeping the sample under vacuum
for 2 h. Next, the dendrimer film was hydrated with
PIPES buffer.

DPPC was dissolved in chloroform–methanol (2:1,
v/v) and a DPPC film was prepared as described above
and dispersed by adding the solution of dendrimers
to obtain the appropriate concentration. Multilamellar
vesicles were prepared in the same way as in method A.

2.2.3. Method C
The DPPC dry film, instead of hydrating with den-

drimer solution, was suspended with PIPES buffer. The
procedure to obtain MLVs was analogous to method A.
After obtaining multilamellar liposomes, a solution of
dendrimer in buffer was added and sample was vor-
texed to ensure mixing.

Methods B and C could be employed only with the
PAMAM dendrimer because this type of dendrimer is
the only water-soluble one.

2.3. Preparation of dendrimer-containing SUVs
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allowed to cool down to room temperature before being
loaded into the calorimeter.

The DSC measurements were performed using
MicroCal VP-DSC calorimeter. 0.5 mL liposome solu-
tion was placed in the sample cell. All thermograms
were run using the same volume of PIPES buffer as a
reference. Samples were heated and cooled repeatedly
five times at a rate 30◦/h between 15◦C and 65◦C in
the case of DPPC MLVs, and between 5◦C and 40◦C
in the case of DMPC SUVs. There was a delay of 5 min
between sequential scans to allow for thermal equili-
bration.

3. Results

3.1. Interactions between DPPC MLVs and
amino-terminated PAMAM dendrimers

Dendrimers were added to DPPC at three differ-
ent concentrations: 0.1 mol%, 1 mol%, and 10 mol%.
When liposomes with dendrimers were prepared as
described in method A, amino-terminated dendrimers
caused only small changes in the thermotropic behav-
ior of DPPC (Table 1). For the lowest dendrimer
concentration both the main phase transition and the
pretransition were not significantly altered. Increas-
ing the PAMAM dendrimer concentration resulted in a
slight broadening of the main transition peak (widths
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Table 1
Calorimetric data obtained for PAMAM G3–DPPC MLVs solutions prepared according to different methods

Dendrimer
concentration
(mol%)

Scan
number

Heating Cooling

Main transition Pretransition Main transition

�H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦)
7.5a 41.2a 0.21a 1.0a 34.5a 1.89a −7.2a 40.8a 0.25a

Method A
0.1 1st 7.5 41.2 0.21 1.0 34.7 2.01 −7.2 40.8 0.20

5th 7.6 41.2 0.25 0.9 34.1 2.14 −7.3 40.6 0.24

1 1st 7.8 41.2 0.25 0.9 34.6 1.72 −7.6 40.6 0.45
5th 7.9 40.9 0.46 0.1 33.7 3.64 −7.7 40.5 0.54

10 1st 7.5 41.2 0.29 0.9 34.3 2.18 −7.2 40.7 0.29
5th 7.5 41.0 0.38 0.4 32.4 2.93 −7.3 40.6 0.33

Method B
0.1 1st 7.2 41.2 0.21 0.9 35.1 1.62 −6.1 40.8 0.29

5th 6.0 41.1 0.87 0 – – −6.2 40.3 0.84

1 1st 7.2 41.2 0.21 0.9 35.1 1.56 −6.3 40.7 0.29
5th 6.4 40.9 0.75 0 – – −6.4 40.6 0.50

10 1st 7.6 41.1 0.21 0.8 34.9 1.68 −6.6 40.7 0.29
5th 7.0 41.1 0.87 0 – – −6.5 40.2 0.96

Method C
0.1 1st 7.5 41.2 0.21 1.0 34.6 2.10 −6.8 40.8 0.29

5th 7.3 41.0 0.59 0.1 34.8 4.81 −7.2 40.6 0.71

1 1st 7.7 41.2 0.21 1.0 34.5 2.02 −6.3 40.8 0.33
5th 7.4 40.8 0.79 0 – – −6.7 40.4 0.67

10 1st 7.4 41.2 0.25 0.7 32.5 2.18 −7.0 40.7 0.54
5th 6.6 40.6 1.21 0 – – −7.2 40.2 0.88

a Control-pure DPPC

Fig. 2. Changes of the pretransition enthalpy with a heating scan
number for pure DPPC (�) and DPPC incubated at 65◦C for 24 h
(�); and upon addition of 10 mol% of PAMAM G3 dendrimer, with-
out incubation (�) and after incubation at 65◦C for 24 h (©).

and a marked decrease of the pretransition peak was
observed (Fig. 3A). Nevertheless progressive changes
were still observed with an increasing number of scans
(Fig. 2).

As PAMAM dendrimers are water-soluble poly-
mers, it was possible to check their impact on the
thermal behavior of DPPC when they were added as
aqueous solutions to lipid films at the hydratation stage
(method B) or added after the preparation of MLVs
(method C). For both methods B and C changes in
thermograms were larger than for method A (Fig. 4).
When dendrimers were added after MLVs had been
prepared, the main phase transition peak became asym-
metric with skewing toward lower temperatures. Keep-
ing a dendrimer–liposome solution prepared according
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Table 2
Calorimetric data obtained for samples that were incubated at 65◦C for 24 h

Dendrimer
concentration
(mol%)

Scan
number

Heating Cooling

Main transition Pretransition Main transition

�H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦)
8.2a 41.2a 0.34a 1.0a 33.7a 2.55a −7.7a 40.8a 0.33a

Method A
0.1 1st 7.4 41.1 0.50 0.8 32.8 3.51 −6.3 40.7 0.50

5th 7.2 40.9 0.83 0.1 30.6 3.77 −6.4 40.5 0.42

1 1st 6.5 41.1 0.42 0.6 32.9 3.18 −5.8 40.6 0.46
5th 5.9 40.8 0.91 0 – – −6.4 40.4 1.09

10 1st 7.5 40.4 0.67 0.5 29.8 2.69 −7.3 40.1 0.55
5th 6.9 40.3 0.80 0 – – −7.5 39.9 0.42

Method C
0.1 1st 7.7 41.2 0.29 0.9 34.0 2.25 −6.7 40.8 0.29

5th 6.6 41.0 0.63 0.1 32.3 3.46 −6.7 40.6 0.75

1 1st 7.4 41.1 0.38 0.8 32.2 2.88 −6.9 40.7 0.37
5th 7.1 40.9 0.83 0 – – −7.1 40.5 0.84

10 1st 7.2 40.1 0.83 0.3 28.6 2.43 −7.0 39.6 0.71
5th 7.3 39.6 2.05 0 – – −7.0 39.3 0.83

PAMAM G3–DPPC MLVs solutions were prepared according to different methods.
a Control-pure DPPC

to method C in bath at 65◦C for 24 h did not increase
the changes (Fig. 3B).

3.2. Interactions between DPPC MLVs and
methyl-terminated PAMAM-CH3 dendrimers

Dendrimers at three different concentrations:
0.1 mol%, 1 mol%, and 10 mol%, were dissolved with
DPPC in chloroform:methanol (2:1) and made into a
lipid film. These concentrations were the same as those
for the amino-terminated PAMAM dendrimers.

The character of the changes in lipid phase tran-
sition behavior was similar as for water-soluble den-
drimers, but the extent of change with PAMAM-CH3
dendrimers with a lipid bilayer was greater than for
PAMAM (Table 3). Again the temperature of the
main transition remained nearly the same but peaks
were broadened and the pretransition was almost lost
(Fig. 5). Moreover, changes were progressive with scan
number. Surprisingly, for the highest tested dendrimer
concentration (10 mol%) the disturbances were much
smaller than for concentrations 0.1 mol% and 1 mol%.

3.3. Interactions between DPPC MLVs and
PAMAM-C12-50% dendrimers

All thermotropic parameters were significantly
altered by the presence of PAMAM-C12-50% den-
drimers. Contrary to the previously described more
polar dendrimers, sequential scans showed good repro-
ducibility. Dendrimers affected both the main phase
transition and the pretransition. A concentration of
PAMAM-C12-50% dendrimers necessary to dimin-
ish the pretransition was much lower than for two
other tested dendrimers and equaled 2 mol% (Table 3).
The main transition was broader, smaller and slightly
shifted toward lower temperatures upon addition of
dendrimers. The higher the concentration of den-
drimers was, the bigger disturbances were observed
(Fig. 6). The enthalpy of the main transition decreased
with increasing concentration and for a concen-
tration of 2 mol% dendrimer the enthalpy equaled
2.8 kcal/mol. A width at a half-height changed from
0.2◦ for pure DPPC to around 0.8◦ in the presence of
dendrimers.
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Fig. 3. Heating scans for DPPC MLVs in the presence of 1 mol%
of PAMAM G3 dendrimer added according to the method A (graph
A) and method C (graph B) without incubation and after 24 h of
incubation at 65◦C. All scans are after four cycles of heating and
cooling and they correspond to the equilibrium state.

3.4. Interactions between DMPC SUVs and
dendrimers

To study interactions between small unilamellar
vesicles (SUVs) and dendrimer, we used DMPC
instead of DPPC. Dipalmitoyl phosphatidylcholine
(DPPC) possesses 16 carbons in each acyl chain and
dimyristoyl phosphatidylcholine (DMPC) has two car-
bons less. The shorter acyl chains, the lower the tem-
perature of the main transition.

Fig. 4. Comparison of different methods of preparation of
liposome–dendrimer solutions. DPPC MLVs heating scans upon
addition of 10 mol% of PAMAM G3 dendrimer. All scans are after
four cycles of heating and cooling and they correspond to the equi-
librium state.

The DSC thermograms for SUVs are considerably
different when they are compared to ones obtained for
MLVs. It is known that the cooperativity of the phase
transition decreases as the vesicle curvature increases
(Suurkuusk et al., 1976).

The impact of hydrophilic dendrimers on SUVs
depended on the method of preparation. No change
was observed when dendrimers were added after
SUVs were formed (Table 4). The biggest distur-
bances were noticed when the lipid film was hydrated
with a dendrimer solution (Fig. 7). It is interesting
that similar scans were obtained upon addition of
PAMAM-C12-50% dendrimers and PAMAM den-
drimers when solutions were prepared according
to method A. The most asymmetric shape of a
thermogram was observed for PAMAM-CH3 dendri-
mers.
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Table 3
Calorimetric data obtained for PAMAM-CH3 G3–DPPC MLVs solutions and PAMAM-C12-50% G3–DPPC MLVs solutions

Dendrimer
concentration
(mol%)

Scan
number

Heating Cooling

Main transition Pretransition Main transition

�H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦)

PAMAM-CH3 G3
0.1 1st 7.6 41.1 0.42 1.0 33.5 2.64 −6.9 40.7 0.33

5th 7.7 40.1 0.79 0.1 30.1 3.99 −7.6 40.3 0.71

1 1st 7.3 41.1 0.42 0.9 33.3 2.80 −7.0 40.6 0.41
5th 7.2 40.9 0.83 0.1 32.1 3.73 −6.8 40.5 0.75

10 1st 7.8 41.1 0.25 0.8 32.9 2.01 −7.5 40.7 0.25
5th 7.5 41.1 0.38 0.4 33.4 2.30 −7.3 40.6 0.37

PAMAM-C12-50% G3
0.1 6.3 41.1 0.33 0.5 33.7 2.51 −6.2 40.7 0.29
0.5 4.7 40.9 0.54 0.1 33.5 2.13 −4.8 40.4 0.59
2 2.6 40.7 0.75 0 – – −2.6 40.2 0.75

Table 4
Calorimetric data obtained for DMPC SUVs upon addition of dendrimers (concentration 1 mol%)

Dendrimer Heating Cooling

�H (kcal/mol) Tm (◦C) T1/2 (◦) �H (kcal/mol) Tm (◦C) T1/2 (◦)

Control–pure DMPC 3.0 22.8 1.60 −2.2 22.3 1.83
PAMAM G3 method A 3.7 22.5 1.72 −4.2 22.0 2.27
PAMAM G3 method B 1.5 20.3 2.06 −2.6 19.4 3.69
PAMAM G3 method C 3.6 22.7 1.77 −2.8 22.2 2.10
PAMAM-CH3 G3 5.2 23.1 3.48 −4.8 22.7 3.06
PAMAM-C12-50% G3 3.5 22.6 1.64 −4.5 22.2 2.17

4. Discussion

The purpose of our studies was to investigate the
interactions of dendrimers with phospholipids in a
model bilayer system. We studied the influence of
three different types of dendrimers on the thermotropic
behavior of DPPC MLVs and DMPC SUVs using dif-
ferential scanning calorimetry to determine the rela-
tionships between the structure and hydrophobicity of
dendrimers on their effect on membranes.

During heating DPPC liposomes exhibit two
endothermic transitions: a broad pretransition with a
low enthalpy and sharp main transition. The pretran-
sition corresponds to the conversion of a lamellar gel
phase to a rippled gel phase. The main transition is a
consequence of the conversion of a rippled gel phase
to a liquid-crystal phase.

We determined thermotropic properties of DPPC
multibilayers such as: enthalpies for the main phase
transition and the pretransition, maximal tempera-
tures of transition endotherms and widths of peaks
at a half-height that correspond to the cooperativ-
ity of the transition. In pure DPPC liposomes, the
values we obtained for the main transition and for
the pretransition are in a good agreement with those
reported in the literature (Huang and Li, 1999). The
exothermic calorimetric plots measured during cool-
ing cycles usually confirmed the results obtained
during heating scans but were of opposite sign, as
expected.

Generally, the pretransition was the most sensitive
to the presence of all types of dendrimers. The pretran-
sition enthalpy was significantly lower compared to the
dendrimer-free samples. A similar effect was observed
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Fig. 5. The impact of PAMAM-CH3 dendrimer on DPPC MLVs
heating scans. All scans are after four cycles of heating and cooling
and they correspond to the equilibrium state.

for interactions between poloxamer surfactants and
DPPC MLVs (Castile et al., 1999). It is well known
that the pretransition is very sensitive to the presence
of “foreign” substances and can disappear when a very
small amount of them is added (Bonora et al., 2002).
The disappearance of a pretransition means that upon
addition of dendrimers the conversion between rip-
pled and lamellar gel phase was abolished. This is
likely a consequence of the dendrimer inserting into
the bilayer to increase the spacing between phospho-
lipid molecules and eliminating steric crowding of the
PC headgroup, thus eliminating the driving force for
the formation of a ripple phase.

Usually, if there are “foreign” molecules in a bilayer,
they affect the cooperativity of the phase transition. The
analysis of the peak width at half-height reveals the dif-
ference in the extent of cooperativity. In our case, the
largest decrease in the cooperativity was observed in
the presence of PAMAM-C12-50% dendrimers. This
is probably due to the presence of the long hydroxy-
dodecyl chains on the surface of dendrimers that could

Fig. 6. The impact of PAMAM-C12-50% dendrimer on DPPC MLVs
heating scans.

Fig. 7. DMPC SUVs heating scans upon addition of 1 mol% of den-
drimer.
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insert deeply into hydrophobic core of bilayer reducing
the transition cooperativity and causing the disappear-
ance of the pretransition.

Many parameters changed gradually during succes-
sive DSC scans. To determine if this was a result of
greater penetration of the dendrimer into the bilayer
at higher temperature, we incubated samples at 65◦C
for 24 h before running the DSC. We observed that
the incubation caused a broadening of the main tran-
sition peak and it was slightly shifted to lower tem-
peratures. We also observed the disappearance of the
pretransition. Nevertheless, incubation in high tem-
perature had no significant effect when dendrimers
were added after MLVs were formed. It is interesting
that even after long incubation at 65◦C many param-
eters still changed after each heating/cooling cycle.
Usually the changes were less pronounced with each
scan and for fourth and fifth scans they were almost
negligible. It thus appears likely that phase bound-
ary defects that occur in the temperature region of
the phase transition facilitate the attainment of equi-
librium, rather than incubation at higher temperatures.
Defects form during the several crossings of the phase
transition temperature in the DSC, allowing greater
penetration of the dendrimer into the bilayer. A sim-
ilar phenomenon was observed earlier for interactions
between DMPC liposomes and poloxamers (Castile
et al., 1999). Hydroxy-terminated PAMAM-OH den-
drimers also facilitated transport of SYTOX Green
dye across the bacterial cell membrane (Chang et
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Fig. 8. Models of interactions between dendrimers and MLVs.

rated dendrimers but new molecules did not enter into
liposomes.

Energy is required to convert MLVs to SUVs since
the inner and outer monolayers of an SUV have to attain
curvatures of opposite sign. In some cases when a “for-
eign” molecule is present, SUVs do not form with the
input of ultrasound energy. We suggest that SUVs do
not form as readily when the dendrimer is first incor-
porated into the lipid film. The resulting DSC curve
shows a sharper peak at 24◦C (Fig. 7), as observed for
MLVs. In the case of PAMAM-CH3, the peak is asym-
metric, suggesting a non-uniform distribution of den-
drimer as indicated above. The greatest disturbance was
observed in the presence of the PAMAM dendrimer
when liposome–dendrimer solution was prepared as
described in method B. The shifts in phase transition
temperature in this case was greater than that observed
with MLVs.

5. Conclusions

Polyamines belong to a group of substances that
cannot easily penetrate the bilayer (Bertoluzza et al.,
1995). Hydrophilic amino-terminated PAMAM den-

drimers would be located near lipid head groups and
interact with the phosphate headgroup of the lipid.
When solutions were prepared according to method A,
dendrimers were uniformly located between bilayers
and on the surface of MLVs (Fig. 8A). When den-
drimers were added at the hydration stage (method
B) experimental conditions were favorable for cre-
ation of dendrimer-rich and dendrimer-poor domains
(Fig. 8B). This resulted in a larger thermotropic distur-
bance. Adding dendrimers after MLVs were prepared
allowed them to locate only near the outer surface
(Fig. 8C).

Both PAMAM-CH3 and PAMAM-C12-50% den-
drimers are not soluble in water and therefore inter-
acted in a different way with a bilayer. The presence
of long chains on the surface of PAMAM-C12-50%
seems to be responsible for the disruption of the bilayer
(Fig. 8D). PAMAM-CH3 dendrimers induced smaller
changes in the bilayer structure. They are flat, ellip-
soid molecules and probably they could accommodate
in the hydrophobic part of bilayer without causing
loss of integrity (Fig. 8E). When the dendrimer con-
centration was high, stable dendrimer aggregates were
created which could not easily be incorporated into the
bilayer.
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To summarize, the two important factors that deter-
mine the extent of interactions of dendrimers with
membranes are their relative hydrophobic/hydrophilic
affinity with portions of the bilayer and their intrinsic
shape. It would be useful to study further details of the
structural and dynamic properties of the complexes of
dendrimers with bilayers using NMR and diffraction
methodologies.
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