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Dendrimers are polymers with unique properties that make them promising in a variety of applications
such as potential drug and gene delivery systems. Polyamidoamine (PAMAM) dendrimers, in
particular, have been widely investigated since they enter rapidly into cells. The entry mechanism,
however, is still not yet fully clarified as both passive and active uptake have been proposed. In this
work we focus on understanding passive uptake, for which simple cell model systems are used in order
to ensure that only dendrimer–lipid interactions are probed. We developed protocols for investigating
independently the effect of the dendrimer on lipid bilayer integrity, in terms of permeability of small
dyes and effective dendrimer translocation. This was achieved by the use of membrane labeled giant
unilamellar vesicles (GUVs) either containing Alexa 488 hydrazide in the vesicle lumen or FITC-labeled
PAMAM G6 dendrimers. Vesicle integrity and dendrimer–membrane binding were then assessed by
fluorescence microscopy. The importance of membrane fluidity and charge was investigated using
GUVs composed of various lipid compositions. A quartz crystal microbalance with dissipation was
used to probe the effect of dendrimers on the rigidity of vesicle layers. The results indicate that
PAMAM dendrimers can locally alter the membrane properties. An increased bilayer permeability
towards soluble small dyes but no effective translocation, where PAMAM dendrimers could dissociate
from the lipid membrane into the vesicle lumen, was observed. To our knowledge this is the first time it
is shown that PAMAM G6 dendrimer does not effectively translocate the lipid bilayer although it
readily interacts with the model membrane, regardless of lipid membrane properties. However, bilayer
charge and fluidity modulate the dendrimer interaction in agreement with previous reports. The results
clearly highlight the importance of the choice of the model system when investigating nanoparticles
interaction with lipid membranes.

Introduction
Polyamidoamine (PAMAM) dendrimers are monodisperse
hyperbranched polymers with amido amines as building blocks.
The regular branching leads to a globular structure where each
new set of branches provides an additional shell on the surface
(or generation). Because of this exponential growth, dendrimer
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molecules can become quite large, with sixth generation structures showing sizes in the same range as medium sized proteins
(ca. 7 nm diameter). PAMAM dendrimers were synthesized and
characterized for the first time in 1985 by Tomalia et al.1 and
since then several applications in the medical field have been
proposed including drug/gene delivery and MR imaging.2–8 In
the field of drug delivery, dendrimers are mainly used to improve
solvability of hydrophobic drugs and increase the activity and
bioavailability of the drugs.7 Dendrimer’s ability to penetrate cell
membranes is the main factor responsible for increasing activity
of the drug complex. Although this subject has been studied
extensively in vitro, it is still not fully understood how dendrimers
interact with, and are transported through, cell membranes.
Some studies suggest that PAMAM dendrimers are internalized
in cells through the caveloae or clathrin pathway although they
may also be able to passively translocate across the cell
membrane without the aid of protein pathways.9–12 PAMAM
dendrimers show increased reactivity with increasing generation
both in model membranes and in vitro studies.12–14 Earlier studies
This journal is ª The Royal Society of Chemistry 2012

on supported lipid bilayers (SLBs) and small unilamellar vesicles
(SUVs) found that bilayer fluidity is crucial for hole formation15–17 but currently there is no clear consensus on the dendrimer generation required for this hole formation. For SLB,18,19
for instance, PAMAM G3 only accumulated on membrane
defects while larger generations expanded pre-existing defects or
induced new defects. These discrepancies may arise from the wide
variety of ionic conditions used in previous reports that ranged
from pure water19 to buffer enriched with salt.13,15,17,20
Here we present an alternative approach to study nanoparticle
interaction with model cell membranes. In this approach, we make
use of giant unilamellar vesicles (GUVs) tethered to a solid support
via biotin–avidin linkages.21 In this way, the vesicles have sizes in
the range of typical cells (5–15 mm) and should not be subject to
major mechanical strains since the contact with the surface is
restricted to a low number of linkers per surface area (800 linkers
per mm2). Fluorescence microscopy is used to probe whether dendrimers are able to alter the lipid membrane structure by monitoring the release of a water soluble dye (Alexa 488 hydrazide)
encapsulated in the lumen of the vesicles and membrane interaction of FITC-labeled dendrimers. Additionally, SUVs were used to
probe the effect of dendrimers on the rigidity/elasticity of vesicles
by means of a quartz crystal microbalance with dissipation (QCMD). Our studies indicate that PAMAM dendrimers of generation
six can efficiently change the membrane permeability of zwitterionic fluid phase bilayers while no increase in permeability is seen
for neutral bilayers in the gel phase. Furthermore, addition of a
negative charge to the membrane enhances the interaction with the
highly cationic PAMAM dendrimers. QCM-D experiments prove
that PAMAM dendrimers change the viscoelastic properties of the
vesicles, which may be an explanation for the enhanced permeability observed in the fluorescence microscopy studies.

Experimental
Materials
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1-palmitoyl2-oleoyl-sn-glycero-3-phospho-(10 -rac-glycerol) (POPG) and 1,2dioleoyl-sn-glycero-3-phosphoethanolamine-N-cap
biotinyl
(DOPE-Biot) were used as received from Avanti Polar Lipids Inc.
(Birmingham, AL, USA). 1,2-Dipalmitoyl-sn-glycero-3-phospho(10 -rac-glycerol) (DPPG) purchased from Larodan Fine Chemicals (Malm€
o, Sweden) was also used as received. All lipids stored
in chloroform and kept at 20  C. 1,10 -didodecyl-3,3,30 ,30 -tetramethylindocarbocyanineperchlorate (DiIC12), 1,10 -dioctadecyl3,3,30 ,30 -tetramethylindodicarbocyanineperchlorate
(DiDC18)
and Alexa Fluor 488 hydrazide (Alexa) from Invitrogen (Paisley,
UK) were likewise used without further purification. Unless indicated otherwise, all other chemicals and reagents were obtained
from Sigma-Aldrich A/S (Copenhagen, Denmark). The PAMAM
dendrimer, ethylenediamine core, generation 6.0 was purchased in
methanol. Before use, methanol was evaporated under reduced
pressure and the dendrimer was resolubilized in phosphate salt
buffer (PBS) containing 100 mM NaCl, 8.1 mM Na2HPO4, and 1.9
mM NaH2PO4, pH 7.4. Milli-Q purified water was used in all
experiments. Physical properties of the main components are
shortly described in Table 1.
This journal is ª The Royal Society of Chemistry 2012

Table 1 Physical properties of the main components under the experimental conditions used in this worka
Molecule

Surface charge

Tm ( C)

Reference

POPC
DPPC
POPG
DPPG
PAMAM G6

Zwitterionic
Zwitterionic
Anionic
Anionic
Cationic

2.0
41.6
5.3
40.0
—

22
23
24
23

a

Tm, phase transition temperature.

Fluorescein isothiocyanate-labeling of dendrimers
Fluorescein isothiocyanate (FITC) was covalently conjugated to
the amine groups of the dendrimers through the formation of
thiourea bonds. Briefly, FITC dissolved in methanol was slowly
added to the dendrimer solution in a molar ratio of 1 : 1.2 dendrimer : FITC. Unreacted FITC was removed by dialysis against
PBS buffer for 2 d or until no free dye was observed in the dialysis
buffer. Attachment of FITC to dendrimers was verified by spectrofluorimetry (excitation at 475 nm; emission at 583 nm) using a
Fluoromax-4 (Horiba, Edison New Jersey, USA), see Fig. SI2.†
An average molar ratio of 1 : 0.7 dendrimer : FITC was obtained.
GUV preparation
GUVs were prepared by gentle hydration of lipid films according
to previous protocols.25,26 Briefly, lipids were mixed in small glass
vials with DiD-C18 and DOPE-biotin in chloroform to give 1
and 0.5 mol%, respectively. A thin lipid film was prepared by
drop-by-drop addition of the mixture to small Teflon cups. The
remaining chloroform was removed by storing the Teflon cups in
a vacuum-chamber for 30 min. Lipids were rehydrated in Dsorbitol solution (46.1 g l1 in PBS) to a lipid concentration of
0.5 mg ml1. Lipid mixtures containing DPPC were then incubated overnight at 52  C while all other lipid solutions were kept
at 37  C. After one night of incubation all vesicles were stored at
4  C for a maximum of one week before use.
SUV preparation
Small unilamellar vesicles (SUVs) were prepared by pressurized
extrusion. Briefly, lipids were mixed in small glass-vials to
achieve
the
desired
molar
ratio
75 : 25 : 0.5
POPC : POPG : DPPE-biotin. A thin lipid film was created by
evaporation of chloroform under a stream of N2 followed by
incubation in a vacuum chamber for 30 min. The lipid film was
hydrated with PBS buffer, filtered through 0.2 mm filters
(Sartorius, Goettingen, Germany), for 1 h at ambient temperature prior to five freeze–thaw cycles using liquid nitrogen and a
water bath at 30  C. The lipid vesicle solution was then extruded
10 times through 0.05 mm filters (Merck Millipore, Billerica,
USA) using a Lipex pressurized extruder (Northern Lipids
Inc., Vancouver, Canada).
Fluorescence microscopy imaging
Microscopy imaging was performed on an inverted confocal
microscope TCS SP5 (Leica, Wetzlar, Germany) and a wide field
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microscope AF6000LX (Leica). For confocal microscopy a 100
(numerical aperture 1.34) oil-immersion objective HCX PL APO
was used. In fluorescence microscopy Alexa and FITC labeled
dendrimers were excited with a 488 nm argon laser and emission
was captured between 491 and 563 nm. Lipid dyes DiDC18 and
DiIC12 were excited with 633 nm and 543 nm lasers and recorded
between 640–700 and 550–582 nm, respectively. For wide field
microscopy a 63 (numerical aperture 1.0) water immersion
objective was used. A mercury lamp with filter cubes EGF cube
49002 ET, EC3 cube 49004 ET, and EC5 cube 49006 ET
(Chroma Technology Corp, Bellows Falls, USA) was used to
excite Alexa/FITC, DiI-C12 and DiD-C18, respectively. Glass
coverslips were cleaned by copious sonication cycles in 2% (v/v)
Hellmanex (Hellma Analytics, Germany) and water, plasmaetched and mounted in microscopy chambers prior to biotin–
BSA–streptavidin functionalization. For surface functionalization, 1.0 g l1 BSA–biotin : BSA (1 : 10) was added to the surface
and incubated at ambient temperature for 10 min. After five
times gentle washing with PBS, streptavidin (0.025 g l1 in PBS)
was added and likewise incubated for 10 min followed by five
times washing with PBS. Prior to imaging GUVs were added to
the microscopy chamber to a final lipid concentration of 0.01 g
l1 and allowed to stabilize for at least 30 min before the
measurement. Several GUVs were imaged in each experiment
and all experiments were reproduced at least three times. Note
that the total concentration is just an estimate since it is hard to
control the exact volume and the mass transfer conditions of the
surface in this open cell setup. The illumination intensity and
exposure time were changed between the experimental setups to
maximize the signal.
Quartz crystal microbalance with dissipation (QCM-D)
QCM-D measurements were performed with a Q-SENSE E4
system (Q-Sense, V€astra Fr€
olunda, Sweden). The sensor crystals
used were silicon oxide, 50 nm (Q-Sense). For cleaning, the
sensor surfaces were placed in 2% Hellmanex for 10 min followed
by thorough rinsing in absolute ethanol and ultrapure water. The
surfaces were dried in a stream of nitrogen and oxidized in a UVozone chamber (BioForce Nanosciences, Inc., Ames, IA) for 10
min in order to remove molecular levels of contamination. Orings were placed in 2% Hellmanex for 10 min followed by
careful rinsing in ultrapure water and drying in a stream of
nitrogen. The sample cells were quickly assembled to avoid
contamination. Before measurements the instrument temperature was set at 25  C and allowed to equilibrate. The fundamental
frequency and six overtone frequencies (3rd, 5th, 7th, 9th, 11th, 13th)
were found in air and a stable baseline was recorded. PBS buffer
was introduced into the flow cells using a peristaltic pump
(Ismatec IPC-N 4) at a flow rate of 100 ml min1. Surfaces were
then functionalized similar to the microscopy chambers, using
neutravidin instead of streptavidin. Briefly, 1.0 g l1 BSA–biotin : BSA (1 : 10) was flowed through the cells and allowed to
incubate for 10 min. After extensive rinsing with PBS, neutravidin solution (0.025 g l1 in PBS) was added and likewise
incubated for 10 min. This was followed by washing with PBS (10
min) before extruded vesicles were flowed through the cell at a
lipid concentration of 0.2 mg ml1. Before addition of PAMAM
G6 dendrimers excess vesicles were rinsed off using PBS buffer.
8974 | Soft Matter, 2012, 8, 8972–8980

Results
Effect of membrane fluidity
First, we studied the interaction of PAMAM dendrimers with
Alexa-loaded GUVs composed of either pure 1-palmitoyl-2oleoyl-sn-glycero-3-phosphocholine (POPC) or 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC), which at room temperature are in the fluid or gel phase, respectively. The results are
displayed in Fig. 1. For gel phase GUVs, vesicle integrity was not
affected by dendrimer addition; no leaking of the soluble dye was
observed even up to 1 h after addition of 10 mM dendrimer
solution (Fig. 1A and B). For fluid phase GUVs, on the other
hand, leakage was observed within 15 min after addition of
10 mM dendrimer solution (Fig. 1C and D). Thus, PAMAM
dendrimers are more prone to cause leakage with lipid
membranes in the fluid phase than in the gel phase in agreement
with previous results based on SLB15,16 and Langmuir films.17
Lipid molecules in fluid phase bilayers are more tilted, resulting
in a larger head group area compared to lipids in gel phase
bilayers. Moreover, the lipids are highly mobile in a fluid phase
bilayer and can thus respond to match the dendrimer surface
charges. This could to some extent explain why dendrimers
preferably interact with fluid phase bilayers. Control experiments, where only the buffer was added to the vesicles
(Fig. SI1†), showed no change in vesicle permeability.
In order to test whether PAMAM dendrimers accumulate on
and cross GUV membranes to be released into the vesicle’s
lumen, FITC-labeled dendrimers were used instead. To ensure a
minimal modification of the FITC functionalization on the
activity of the PAMAM G6 dendrimers, a very low FITC/dendrimer ratio was used in such a way that only 3 out of 4 dendrimers carried 1 FITC molecule on their surface (see discussion
regarding Fig. SI2†). Moreover, the signals for FITC labeled and
unlabeled dendrimers gave comparable responses in QCM-D
experiments (see Fig. SI9† and discussion therein). Upon addition of FITC-labeled dendrimers to GUVs, no significant
increase in the FITC signal was detected at the vesicle membrane
or inside the vesicle lumen (Fig. 1E and F). Taken together, these
experiments show that PAMAM G6 dendrimers are able to alter
the structure of the lipid membrane allowing rapid passage of
small molecules without dendrimer translocation into the vesicle
lumen, given that the lipids in the membrane are mobile enough.
Effect of phase coexistence
Next, we tested whether steep edges between coexisting phase
domains could promote dendrimer interaction since dendrimers
were shown to interact with SLB mainly by expanding already
existing defects in the bilayer.16,18,20,27 GUVs were prepared from
DPPC–POPC (80 : 20, molar ratio), a lipid mixture that results
in coexisting fluid and gel phase domains at room temperature
(Fig. SI3,† ref. 22 and 28). Similar to fluid POPC vesicles, dendrimers were able to promote leakage of the small dye (Fig. 1G
and H) but no significant difference in the number of leaked
vesicles or the rate of leaking could be detected between GUVs
composed of DPPC–POPC and pure POPC (Fig. SI4†). These
results suggest that the dendrimer does not seem to display a
preference towards irregularities on the lipid bilayer (the edge of
the coexisting domains). Similar to pure POPC vesicles no signal
This journal is ª The Royal Society of Chemistry 2012

Fig. 1 PAMAM G6 interaction with DPPC (gel phase) and POPC (fluid phase) membranes. GUVs were prepared from the indicated lipids. DiD-C18
(red) was used to visualize the membranes. In (A–D) and (G and H), Alexa 488 (green) was used to visualize the vesicle aqueous lumen. Vesicles were
analyzed by fluorescence microscopy before (control) and after addition of 10 mM PAMAM G6. In (F) and (J), FITC-labeled PAMAM G6 was added.
For clarity, only one vesicle representing the overall result is shown in each image.

from FITC-labeled dendrimers could be observed inside the
vesicle lumen (Fig. 1I and J).
Effect of membrane charge
Most biological membranes carry a net negative charge29 and
are, due to attractive electrostatic forces, expected to interact
more strongly with the highly cationic PAMAM dendrimers than
the neutral PC bilayer. In Fig. 2, we study the effect of PAMAM
dendrimers in addition to GUVs composed of a binary mixture

of POPC and phosphatidyl glycerol (POPG) at a molar ratio of
3 : 1, matching the charge of the cell membrane of typical Gram
positive bacteria.30 POPG only differs from POPC in its head
group structure, thus any change in the mechanism of interaction
can be directly correlated with an increased surface charge
density of the vesicles. As expected, the dendrimers showed a
higher affinity towards negatively charged POPG-containing
GUVs as compared to GUVs composed of pure POPC since they
not only induced content leakage (Fig. 2A and B) but also
substantially accumulated at the vesicle surface (Fig. 2C and D).

Fig. 2 PAMAM G6 interaction with negatively charged POPC/POPG membranes. GUVs were prepared from the POPC/POPG mixture (75 : 25,
molar ratio). DiD-C18 (red) was used to visualize the membranes. In (A) and (B), Alexa 488 (green) was used to visualize the vesicle aqueous lumen.
Vesicles were analyzed by fluorescence microscopy before (A and C) and after addition of 10 mM unlabeled PAMAM G6 (B) or 10 mM FITC-labeled
PAMAM G6 (yellow, D). During incubation with 10 mM PAMAM G6 dendrimers some vesicles collapsed on the glass surfaces (E). An intensity line
profile obtained from the marked line is shown in (F).

This journal is ª The Royal Society of Chemistry 2012
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Similar to POPC vesicles, no significant translocation of the
fluorescently labeled dendrimer inside the vesicle lumen was
detected upon incubation with 10 mM PAMAM G6 (Fig. 2D). In
the latter case, an increase of vesicle aggregation over time was
observed (Fig. 2C and D) followed by collapse of several vesicles
onto the glass surface (Fig. 2E). Fig. 2F gives a line profile over
the collapsed vesicles shown in Fig. 2E; discrete intensity increments are observed suggesting that stacks of lipid bilayers are
formed. Co-localization of dendrimer and lipid signals
(Fig. SI5†) suggests that dendrimers are situated in close contact
with the lipid membranes in line with results from SAXS studies
of the condensed lamellar gel phase.31
Interestingly, a significant increase in FITC-labeled dendrimers was observed around the POPG containing membrane
but not around the pure POPC vesicle (Fig. 3 and SI7†).
Regardless of the lipid composition, no significant signal from
FITC labeled dendrimers could be detected inside the vesicle
lumen. Thus, even though dendrimers are able to interact with
the lipid bilayer, they are not able to dissociate from the
membrane and enter into the vesicle lumen.
Dendrimer accumulation on the negatively charged membrane
agrees with stronger attractive electrostatic forces between the
cationic dendrimers and the anionic membrane. Although no
increased dendrimer concentration was found around pure
POPC membranes, our leakage studies prove dendrimer interaction with these membranes. Thus, even though dendrimers also
associate with the POPC bilayer the attraction is not strong
enough to create significant dendrimer accumulation on the
bilayer surface within the experimental time (1 h). In line with
our results Tiriveedhi et al.17 reported a decrease in dissociation
constant between the PAMAM dendrimer and bilayer for
negative bilayers compared to the neutral ones, leading to
accumulation of dendrimers on the negatively charged bilayer
surface. Dendrimer adsorption and accumulation on the lipid
bilayer may locally change the curvature of the lipid bilayer,
thereby altering the membrane density. This would explain an
increased permeability towards smaller dyes while no

translocation of the dendrimer occurred. Molecular dynamics
simulations and Raman spectroscopy studies have shown that
dendrimers can be fully or partly incorporated into the lipid
bilayer thus altering the bilayer structure and fluidity.15,27,32
Interestingly, dendrimer exposure to GUVs composed of
DPPC–DPPG (75 : 25 molar ratio) leads to both release of
lumen dye and dendrimers accumulation at the GUVs surface
(Fig. SI6†). No significant dendrimer translocation into the
vesicle lumen was detected for this composition either. The fact
that dendrimer accumulation leads to induced leakage in gel
phase vesicles containing 25 mol% DPPG indicates that the
negative surface charge density in these vesicles is high enough
not to require local charge rearrangements and thus lipid
mobility. Moreover, the uneven fluorescence signal from both
lipids and dendrimers on the vesicle surface (Fig. SI6†) seems to
suggest that DPPC–DPPG form domains and thus the local
DPPG concentration in close vicinity to the dendrimers might be
higher than 25%. These results are in agreement with Langmuir
film balance studies where non-ideal mixing has been reported
for these lipids.33,34
Effect on membrane elasticity
Dendrimer adsorption to the lipid bilayer induces local changes
in the bilayer curvature35 and flattening of the lipid membrane in
SUVs,31 which improves the contact between neighboring vesicles upon dendrimer bridging. These changes in the lipid
membrane structure may induce a change in the mechanical
properties of the lipid membrane, resulting in changed permeability. The change in membrane elasticity upon dendrimer
binding could for instance be measured by following the contact
angle or line tension between vesicles and the surface using
reflection interference contrast microscopy, RICM (for a review
see Limozin and Sengupta36). In this study we have instead
chosen to use a QCM-D since this is an excellent technique to
probe viscoelastic properties of adsorbed films.37,38 The QCM-D
signal is characterized by a change in frequency and dissipation,

Fig. 3 Analysis of PAMAM dendrimer interaction with charged and uncharged GUVs. Fluorescence intensities of DiD-C18-labeled GUVs composed
of either POPC alone (A) or POPC–POPG, 75 : 25 molar ratio (B) after addition of 10 mM FITC-labeled PAMAM G6 dendrimers were taken from
averaged confocal images through the equatorial plane. The signal from membrane dye DiD-C18 is shown as a dashed red line and that from FITClabeled dendrimers is shown as a solid green line. The original microscopy images are given in Fig. SI7.†
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which are related to the properties of the adsorbed film. When a
film adsorbs to the crystal surface, the total mass of the crystal
will increase with a consequent decrease in resonance frequency.
If the adsorbed layer is soft/viscous (as for SUVs), the film will
not follow the crystal oscillations perfectly giving rise to internal
friction due to deformation and therefore an increase in
dissipation.
Given that more dramatic effects on the structure of vesicles
occur for POPG containing vesicles as compared to pure POPC
GUVs, we decided to investigate the effect of dendrimer addition
to SUVs composed of 75 : 25 mol% POPC–POPG using a QCMD (Fig. 4). Vesicles containing a biotin labeled lipid were exposed
to a pre-coated neutravidin surface (at time 8000 s), where
vesicle tethering leads to a large change in frequency and dissipation in agreement with the formation of viscous layers.39–42
PAMAM dendrimers were then added to the vesicles at time 0 s
and the change in frequency and dissipation was recorded over
time. Interaction of PAMAM G6 dendrimers with SUVs showed
a complex dendrimer concentration-dependent mechanism. The
different steps in the mechanism are most easily identified by
plotting dissipation versus frequency as shown in Fig. 4C. The
interaction mechanism can be divided into 3 distinct processes:
(1) Initially there was a dendrimer concentration independent
regime that induces a large decrease in dissipation without
significant changes in frequency. This corresponds to stiffening
of the adsorbed layer (or lipid membranes) upon dendrimer
binding. Since the change in frequency is almost insignificant,
stiffening occurs at quite low dendrimer concentrations on the
vesicle surface.
(2) Secondly, there was a significant change in both frequency
(increase) and dissipation (decrease). This behavior is typically
attributed to layer desorption. Desorption could be a result of
either vesicle collapse where a large amount of entrapped water is

released,43,44 similar to vesicle fusion during formation of SLB, or
it could also be due to partial detachment of vesicles from the
surface.
(3) Finally, a large increase in dissipation and decrease in
frequency were observed. The onset of this stage is dendrimer
concentration dependent. This is typically correlated with the
formation of an adsorbed film of viscous structures.39–42 This
final step is in agreement with the formation of large multilamellar structures as those observed in Fig. 2E, F and SI4.†
Control experiments were run by adding PAMAM G6 dendrimers to a precoated neutravidin layer in the absence of SUVs
and gave a very small decrease in dissipation and increase in
frequency (0.5 and +3 Hz, respectively). Thus, the observed
change in frequency and dissipation in the presence of SUVs
cannot be attributed to dendrimer binding to the protein-coated
surface.

Discussion
We have found that both membrane charge and membrane
fluidity are important for the interaction of generation six
PAMAM dendrimers with lipid membranes. Dendrimers caused
vesicle leakage and accumulated strongly on negatively charged
membranes containing 25 mol% PG lipids in agreement with
previous studies, where a decrease in dissociation constant
between the PAMAM dendrimer and bilayer was found for
negative bilayers compared to the neutral ones.17 Although the
electrostatic interaction between negatively charged lipids and
the PAMAM dendrimer might be the main driving force, also
other factors seem to promote dendrimer interaction with lipid
membranes since leakage was observed also for zwitterionic
POPC vesicles. Indeed, Kelly et al.35 measured the enthalpy of
interaction between PAMAM dendrimers and SUVs of different

Fig. 4 Analysis of PAMAM dendrimer interaction with charged SUVs by a QCM-D. Changes in dissipation (A) and frequency (B) are given as a
function of time for the 7th overtone. Vesicle binding to the surface via biotin–neutravidin linkage (t ¼ 8000 s) results in a large increase in dissipation
and decrease in frequency. At time t ¼ 0 s, the tethered vesicles are exposed to 0.01 mM (>, blue), 0.1 mM (O, green), 1 mM (B, yellow) or 10 mM (,,
red) PAMAM G6 dendrimer. Exposure of the linkage functionalized surface without tethered vesicles to 1 mM PAMAM G6 is shown in grey. The effect
of dendrimer addition on frequency (DF) and dissipation (DD) is complex and concentration dependent, and can be most easily understood by plotting
DD/DF as given in (C). For simplicity, in the latter case DD and DF are calculated with respect to time t ¼ 0, and no data prior to dendrimer addition are
shown. Schematics drawn to scale for the different mechanism steps are given in (D). Data for a complete experiment are shown in Fig. SI8.†
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charges, and found that there was an exothermic reaction for
negatively charged lipids while the reaction was endothermic for
neutral and positively charged bilayers at low dendrimer/lipid
molar ratios. Polyelectrolytes in the presence of oppositely
charged molecules and surfaces are known to interact via
entropically driven forces, given the release of a large amount of
bound counterions and the consequent increase in the translational entropy of the system.45 The dipolar moment of PC lipid
membranes might be enough to partially neutralize some of the
dendrimer charges and thus the counterion release might be the
driving force for dendrimer–zwitterionic membrane interaction.
In order to minimize the free energy of the system, both the
dendrimers and the bilayers are likely to deform to maximize the
contact between the charged terminal groups of the PAMAM
molecule and the lipid head groups. Several interaction mechanisms have previous been proposed. Among those dendrisome
formation was proposed for high generation dendrimers,19,20,46 in
which the dendrimers are encapsulated by the lipid membrane.
This structure should not be energetically favored for the
PAMAM G6 molecule due to the high curvature needed for
the bilayer to encapsulate the dendrimers.19 Furthermore, the
formation of a dendrisome should produce a high degree of
dendrimer translocation in our experiments, similar to the
invagination of vesicles upon endocytosis. Another possible
scenario for increased lipid–dendrimer interaction would be
dendrimer deformation at the membrane surface as observed for
small generation (<G6) dendrimers.35,46,47 Due to steric
hindrance of dendrimer branches with increasing dendritic
generation,48,49 large dendrimer deformation is not likely to occur
for PAMAM G6 molecules. A third proposed mechanism
involves dendrimer aggregation on the membrane surface
without significantly altering the shape of the dendrimers.19,35
For instance, several smaller dendrimers could aggregate to have
the same size and charge as larger generations and lead to a
change in membrane curvature. The electrostatic repulsion
between the dendrimers would have to be compensated if such
aggregates do exist, and thus this structure is less energetically
favorable.
We propose an alternative mechanism of interaction for dendrimers binding to the lipid vesicle. The matching of the charges
between the lipid bilayer and the PAMAM dendrimers for
partial neutralization of the dendrimer charges and the consequent counterion release require a fluid membrane for lipids to
diffuse and rearrange, hence locally reducing the bilayer density
and inducing local defects. This leads to an increased permeability towards small dye molecules and leakage from the vesicle
lumen (Fig. 1 and 2). A similar leakage of soluble dyes has been
observed upon vesicle fusion due to mechanical bridging between
two complementary DNA strands between vesicles.50 However,
fluidity of the membrane is not a determining factor when the
membrane charge density is high enough to match the surface
charge of the dendrimers in the contact region (Fig. SI6†). Since
half of the dendrimer charges are free to interact with more lipids
and due to the inability of the lipid bilayer to follow the dendrimer curvature, bridging between vesicles is favored in particular for the POPG containing membranes where large range
electrostatic forces are important (Fig. 2D). Cryo-TEM performed in our group on SUVs of similar composition shows that
linkage of the vesicles alters the membrane curvature.31
8978 | Soft Matter, 2012, 8, 8972–8980

Dendrimer binding produces increased vesicle stiffness as
assessed via a QCM-D (Fig. 4 and SI8†) even at very dilute
dendrimer concentrations as compared to the conditions used in
fluorescence microscopy experiments (Fig. 2). Stiffening of the
vesicles makes them unstable and induces their collapse on the
surface. Indeed, stacking of lipid bilayers observed in Fig. 2E, F
and SI5† resembles the lamellar gel phase obtained upon phase
separation in the bulk.31 Although, high line tension between the
membrane and the surface could facilitate vesicle collapse upon
dendrimer adsorption, due to the low percentage of biotin linkers
we believe that the line tension should only have a minor effect as
reported by Bendix et al.51
Bridging of negatively charged vesicles with PAMAM dendrimers was also proposed by Zhang and Smith52 who observed
enhanced lipid mixing upon dendrimer addition. For supported
lipid bilayers local changes in membrane curvature and stiffness
may lead to some lipids being dragged out of the bilayers,
consistent with hole formation observed using AFM.16,18,20
Our results indicate that PAMAM G6 dendrimers are unlikely
to translocate across the membrane and be released into the
vesicle lumen as a result of nonspecific interactions. However,
due to the resolution of the microscope we were unable to
determine whether the dendrimers translocate but stay attached
to the membrane. In order to verify this very important issue,
other high resolution techniques must be used. We are currently
performing neutron reflectivity studies on SLB under similar
experimental conditions as the ones used in this work. Neutron
reflectivity is a surface sensitive label free technique with a
 when using the contrast matching
resolution down to 5 A
method. This technique should finally allow us to tell whether the
dendrimers translocate or get intercalated across the membrane.
Since the molar ratios at which vesicle collapse is observed are
far above those used in cell studies,10,12,53 the observed translocation in living cells must be due to biologically active
processes or other unknown interactions as for instance the
formation of complexes with soluble proteins present in the cell
medium as observed for several other nanoparticles.54–56
Notably, exposure of low to moderate PAMAM dendrimer
concentrations57 to red blood cells leads to aggregation and
cellular morphology changes. Indeed, incubation with 156 mM
PAMAM G5 caused lysis of red blood cells.58 From our studies it
is clear that the observed changes in the shape of red blood cells
and their eventual collapse at high dendrimer concentrations
might be related to dendrimer induced changes in the mechanical
properties of the membrane, where the cell membrane reflects the
properties of dendrimer layers rather than those of the lipid
bilayer.
Finally, this study demonstrates the importance of choosing a
model system correctly: although leakages from lipid vesicles and
cells are often used to assess dendrimer translocation,13,17 this
seems to be a poor indicator of actual dendrimer translocation.
Studies on SLB in which large holes were induced by exposure to
dendrimers13,59,60 are misleading since formation of static holes as
an effect of lipid removal is more likely to occur on SLB than real
cells and vesicles where the membrane can close eventual holes.
Moreover, our study clearly demonstrates that leakage of small
soluble dye inside the lumen of SUV does not necessarily
correlate with dendrimer translocation into the vesicle lumen.
The appropriate choice of the model system is of importance
This journal is ª The Royal Society of Chemistry 2012

when studying possible interaction mechanisms with the aim of
creating and improving drug and gene delivery vehicles. Our
study also shows that membrane fluidity is of great importance
for membrane rearrangement caused by PAMAM dendrimers.
This would be of great importance in cell studies where active
versus passive translocation of PAMAM dendrimers and cell
leakage is investigated at 37  C and 4  C, respectively.53,60 Such
drastic changes in temperature would also affect the membrane
fluidity,61,62 shown here to have a great impact on dendrimer
interaction and thus should be carefully considered when
studying nanoparticle interaction with membranes.

Conclusions
Using GUVs we have shown that both membrane fluidity and
charge density are of great importance for PAMAM G6 dendrimer interaction. Only when the neutral bilayer contains lipids
in the fluid phase does the permeability change sufficiently for
small molecules to be able to translocate across the membrane.
Using fluorescently labeled dendrimers we have shown that
dendrimers bind and accumulate on the surface of PG-containing vesicles while no such accumulation occurs for PC lipids. It is
shown here for the first time to the authors’ knowledge that no
significant translocation and release of PAMAM G6 into the
vesicle lumen occur, under the same conditions where dendrimers
are able to increase bilayer permeability towards small molecules. Thus, any transient hole in the membrane is by no means
larger than the diameter of G6 PAMAM dendrimers (7 nm).
Increasing the negative charge density in the bilayer favors
dendrimer interaction since dendrimers more readily accumulate
at the vesicle surface. Analysis by a QCM-D revealed that dendrimer binding causes stiffening of the vesicles leading to vesicle
destabilization and vesicle collapse in agreement with fluorescence microscopy results. In agreement with previous studies,17,35
our results indicate that the main driving force for dendrimer
interaction with the lipid bilayer is the electrostatic force,
although other forces may be involved in the interaction as for
instance the entropic contribution from multi-ion counter ion
release. Our study provides evidence of the importance of the
choice of a model system when studying possible interaction
mechanisms with the aim of creating and improving drug and
gene delivery vehicles.
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