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ARTICLE INFO ABSTRACT

Interactions of charged nanoparticles with model bio-membranes provide important insights about the soft in-
teraction involved and the physico-chemical parameters that influence lipid bilayers stability, thus providing key
features of their cytotoxicity effects onto cellular membranes. With this aim, the self-assembly processes between
polyamidoamine dendrimers (generation G = 2.0 and G = 4.0) and dipalmitoylphosphatidylcholine (DPPC) li-
pids were investigated by means of Zeta potential analysis, x-rays, Raman and quasielastic light scattering ex-
periments. Raman scattering data evidenced that dendrimers penetration produce a perturbation of the DPPC
vesicles alkyl chains. A linear increase of liposome zeta-potential with increasing PAMAM concentration evi-
denced that only a fraction of the dendrimers effective charge contributes to the expression of the charge at the
surface of the DPPC liposome. The linear region of the zeta-potential extends toward higher PAMAM con-
centrations as the dendrimer generation decreases from G = 4.0 to G = 2.0. Further increase in PAMAM con-
centration, outside of the linear region, causes a perturbation of the bilayer characterized by the loss in mul-
tilamellar correlation and the increase of DPPC liposome hydrodynamic radius. The findings of our investigation
help to rationalize the effect of nanoparticles electrostatic interaction within lipid vesicles as well as to provide
important insights about the perturbation of lipid bilayers membrane induced by nanoparticles inclusion.
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1. Introduction primarily influence their stability, and provides indication about the

key features of cytotoxicity effects onto cellular membranes [17-20].

Dendrimers are globular hyperbranched polymeric architectures
with easily controllable properties which have attracted a great interest
as an efficient platform for drug delivery and nanomedicine applica-
tions [1-5]. Despite the significant increase in the number of their
biological applications reported in last decade, some critical issues still
remain which are mainly connected with possible disruptive effect
during the interaction with biological membranes and that may be as-
sociated with unwanted cytotoxicity effects [6-11].Polymer-based
charged nanoparticles, such as dendrimers, and the study of their in-
teractions with model bio-membranes provide important examples for
the investigation of the effect of foreign molecules on liposomes
structures [12-16]. Nanoparticles inclusion also furnishes important
insights about the soft interaction involved in biological systems, thus
highlighting the physico-chemical parameters and properties that
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Finally, charged polymer-based inclusion components can be designed
to strongly interact with the lipid structure at different solution con-
ditions, thus furnishing a pathway to design charge-responsive lipid
structures for applications in drug delivery [20-22].

Herein we investigate the charge effects of positively charged amine
terminated (G = 2.0 and G = 4.0) PAMAM dendrimers on DPPC ve-
sicles, at the temperature of T = 20°C. As the dendrimer charge is
among the main control parameters, the dendrimer’s electrostatic in-
teraction has been primarily investigated in order to elucidate the effect
of dendrimer inclusion on DPPC lipid bilayers.
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2. Materials and methods
2.1. Dendrimers

Generation G=20 M,, = 3256 g/mol) and G=4.0
M,y = 14,215 g/mol) polyamidoamine (PAMAM) dendrimers were
purchased from Sigma Aldrich and consist of a tetrafunctional ethyle-
nediamine core with 16 and 64 amine (-NH,) terminal groups in
average respectively. Both dendrimers were used without further pur-
ification.

Phospholipid. Synthetic 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) (M,, = 734 g/mol) was purchased from Avanti Polar Lipids,
and used without further purification.

2.2. Liposome preparation

Various dendrimer-lipid molar fractions X were prepared by adding
the methanol solution of the dendrimers to the DPPC lipids, while pure
chloroform was added until all of the lipids was dissolved. The mixture
was dried under vacuum conditions to evaporate the solvent. The re-
sulting lipid film was hydrated with an appropriate volume of water
solution containing 10 mM NaCl salt. Lipid mixtures were incubated
above the DPPC lipid phase-transition temperature (T, = 41°C).
Subsequently (at T > T,,) the suspension was forced to pass 20 times
through a polycarbonate membrane of 50 nm pore radius, mounted in a
mini-extruder (Avanti Polar Lipids) fitted with two 1000-ul Hamilton
gastight syringes. The final lipid concentration was 10 mg/ml.

2.3. Raman spectroscopy

Raman scattering measurements of the PAMAM/DPPC system were
performed at the temperature of T = 20 °C using a Spectrum GX Perkin
Fourier-transform spectrophotometer. The used excitation source was
the 514.5nm line of an Ar laser (Spectra Physics 2020) operating at
mean power of 300 mW (which was controlled to be stable during the
measurements).

2.4. Zeta ({) potential and light scattering measurements

Particle zeta potential experiments were performed by measuring
the electrophoretic mobility UE (for particles of sizes > 5nm) using a
Zeta PALS Brookhaven instrument equipped with a diode laser at a
power P = 30 mW and wavelength of A=661 [23,24]. The same in-
strument has been used to perform quasi-elastic light scattering (QELS)
experiments. In a QELS experiment, the laser scattered intensity-in-
tensity time correlation function, gz(t), furnishes information of the
hydrodynamic radius Ry of diffusing nanoparticles in solution, by
analyzing the translational diffusion coefficient D = KgT/6:tnRy; (where
kg is the Boltzmann constant, T the absolute temperature, and n the
viscosity of the solvent) [25]. Both zeta potentials and QELS experi-
ments results were averaged from 5 to 7 measurements.

2.5. Small angle X-ray scattering

Small angle x-rays scattering (SAXS) experiments have been per-
formed by a laboratory instrumentation consisting of a Philips PW X-ray
generator with a Kratky type small-angle camera in the finite slit height
geometry. Part of the SAXS experiments was also performed at the
SWING beamline at the SOLEIL Synchrotron radiation facility in Saint-
Aubin (France). The wavelength of the incident X-ray beam were
A = 1.54 A. The scattered intensity I(q), collected at various scattering
angles 0 with respect to the incident radiation direction and expressed
as a function the scattering wavevector q= (45/A\)sin(6/2), was nor-
malized with respect to transmission and corrected by the empty cell
and solvent contribution.
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Fig. 1. (A) Zeta potentials () of the extruded vesicles as a function of the
PAMAM-DPPC molar fractions X, for the generation G = 2.0 (black circles) and
G = 4.0 (red triangles). (B) Corresponding hydrodynamic radius Ry of the
PAMAM/DPPC mixed system. Results for the DPPC vesicles in absence of
dendrimers are also reported for comparison (green circle).(For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.).

3. Results
3.1. Zeta (¢) potential and light scattering measurements

The effect of the interaction between the charged PAMAM den-
drimers (generation G = 4.0 and G = 2.0) on DPPC liposomes, eval-
uated in terms of modulation of particles {-potential, is reported in
Fig. 1A. The addition of the positively charged amine terminated (-NH,)
PAMAM dendrimers causes an increase of the zeta potential of the
vesicles as a function of dendrimer concentration from 3.2 mV (in ab-
sence of dendrimers) to about 80 mV, at the higher dendrimer con-
centration.

It is worth pointing out that the initial variation of the {-potential is
linearly dependent on dendrimer concentrations up to a given con-
centration X (see arrows in Fig. 1A). Beyond this linear range, the zeta
potential was characterized by a slow increase and a higher fluctuation
around its average value (higher error bars).

The hydrodynamic radius Ry of liposomes in low concentration
region of dendrimers, measured by dynamic light scattering (DLS) ex-
periments (Fig. 1B), indicated the presence of vesicles with an average
radius comparable to the extruder (membrane) pore radius
(R = 50 nm). The presence of a single decay-time in the intensity-in-
tensity time correlation function gz(t), indicate the absence of free
dendrimers in solution. A significant increase in the size (and size
fluctuation) has been detected during the repeated measurements of the
liposome mixed system, starting from a given dendrimer concentration
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Fig. 2. Raman scattering peak height intensity
ratios 1(2935,/2880) of the extruded vesicles as
a function of the PAMAM/DPPC molar frac-
tions X, for the PAMAM dendrimers of gen-
eration G = 2.0 (red squares) and G = 4.0
(blue triangles) (A). The corresponding peak
height intensity ratios 1(1090/1130) is reported
in (B). Result obtained for the solely DPPC lipid
system is also reported (green symbols) for
comparison.(For interpretation of the refer-
ences to colour in this figure legend, the reader
is referred to the web version of this article.).
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(corresponding to the non-linear behavior of the (-potential). A sig-
nificant fluctuation in the liposome size and {-potential at the higher
dendrimer concentration may be connected to the degradation of li-
posomes structures. The large amount of dendrimers probably creates a
considerable degree of discontinuity in compact structure of the DPPC
lipid bilayer that causes the disruption of the primary lamellar stacks,
followed by the successive formation of larger complex aggregates.

3.2. Raman spectroscopy

Analysis of the Raman spectrum bands allows to detect the struc-
tural changes produced by inclusion of PAMAM dendrimers in DPPC
lipid membranes structures. More specifically, the height intensity ratio
1(2935/2880) between the Fermi resonance band of terminal — CHj (at
2935 cm ™~ 1) and the antisymmetrical vibration (at 2880 cm ') of lipid
alkyl chains can be used as an indicator to describe the main (inter- and
intra-chain) changes occurring in the lipids hydrocarbon region and is
then sensitive to changes in conformational order from rotations, twists,
kinks and bends of the lipid chains (order-disorder transitions) [26,27].

Fig. 2A evidences an increase in the Raman scattering peak height
intensity ratios 1(2935/2880) with increasing amount of dendrimers for
the DPPC/PAMAM (generations G = 2.0 and G = 4.0) systems, thus
indicating that inclusion of both typology of dendrimers causes changes
in lateral steric hindrance of the hydrocarbon-chain region of the DPPC
lipid bilayers. This trend is confirmed by a similar increase of the peak
height intensity ratios 1(1090/1130) (Fig. 2B) which indicates an in-
crease of the disorder/order ratio of the lipids (alkyl chains) C—C
stretching modes [26,27], due to the increase of the peak at 1090 cm ™!
(gauche conformation) with respect to that at 1130 cm ™! (trans con-
formation). Insertion of the two types of PAMAM dendrimers promotes
then an order to disorder transition caused by the perturbation and li-
quidation of the compact hydrophobic region of the lipid bilayer, which
is more effective with the higher generation G = 4.0 dendrimers.

3.3. Small angle X-rays scattering (SAXS) experiments

3.3.1. SAXS characterization of PAMAM dendrimers in water solution
SAXS experiments have been performed with the aim to obtain
useful information about structure and inter-dendrimer interaction for
the two investigated typologies of dendrimers in water solution. In
Fig. 3 the SAXS spectra for the two generation of G = 2.0 and G = 4.0
at two different concentrations are reported. The presence of wide
peaks for the most concentrated samples evidences a liquid-like, long
range order that can be explained by electrostatic repulsion caused by
the (partial) ionization of the dendrimer’s surface end-groups (-NHz ™).
Assuming a monodisperse dendrimer system, the SAXS scattering
intensity 1(q) =N(Ap)?P(q)S(q) is expressed in terms of the product of
the form factor P(q) and the structure factor S(q) [28], where N is the
particles number density, while Ap=p-p, is the difference between the
scattering length density of the particle p and that of the solvent po. In
the dilute region, the inter-dendrimer interaction can be neglected (i.e.,
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S(@)=1), so that the analysis of scattering intensity I(q) can furnish
direct information on the form factor P(q), containing information on
the dimension of the scattering particles. In the so called (low q) Gui-
nier region (i.e. for qRy < 1), dendrimer form factor can be expressed in
terms of the gyration radius (Rg) as P(q)=P(0)-exp(-q2Rg2/3) [28].
Dendrimer gyration radius of Ry has been obtained (see Table 1) from
the slope of the representation In I(q) vs. q* as reported in the inset of
Fig. 3A and 3B. In Table 1 we also report the dendrimer radius R ob-
tained by the analysis of the sphere form factor P(q) =[3J; (qR)/(qR)]2
(where J;(x) = [sin(x)-x cos(x)]/x* is the first-order spherical Bessel
function [28].

For a dispersed system of interacting nanoparticles the structure
factor S(q), that contains information about the effective inter-particles
interaction, can be expressed in terms of the radial pair correlation
function g(r) [29,30].

sin(qr) dr

S =1 472 -1
@=1+ f meclg(n) = 1=

€8]

where pc=c/M is the number of particles per unit volume (number
density). This equation can be solved numerically by employing dif-
ferent calculation protocols (so called “closure relations”) in the frame-
work of the Ornstein-Zernike (O.Z.) integral equation and liquid state
theory [29-31]. The Ornstein-Zernike approach for the interpretation
of the structure factor S(q) has been employed to investigate the
strength and range of interparticle interactions in different colloidal
systems including amphiphiles micelles, dendrimers, lipid vesicles and
proteins [32-35]. In our investigation the repulsive interaction between
two dendrimers with a surface charge Ze (where e is the electron
charge) and a diameter o = 2R placed at a distance r has been ap-

proximated as (D.L.V.O. potential) [24,36]:
7202 e*K(r*U)
47 (1 + x0)?

Ur) = p

@

where e is the unit of electron charge, ¢ the dielectric constant and « is
the Debye-Huckel constant, determined, at a given temperature T, by
the ionic strength I of the solvent [24].

As shown in Fig. 4A the adopted model for the inter-dendrimers
interaction potential (and assuming the hypernetted chain closure re-
lation [30]) reproduces quite satisfactorily SAXS results with an
average effective charge of Z.¢ = 5.0|e| (for G = 2.0) and Zg = 12|e|
(for G = 4.0) for PAMAM dendrimers. It is worth noticing the striking
difference in the ionizing ability of the two generations of PAMAM
dendrimers in water solution. In fact, only an average number of
Zesr = 12|e| amine end-groups over the total Z.,q = 64 end-groups are
ionised for G = 4.0 PAMAM dendrimers in water solution. This means
that the higher generation G = 4.0 realizes a lower degree of ionization
(i.e. Zett/Zena = 0.19%) in comparison with the lower generation
G =2.0 (i.e. Zef/Zena = 0.31%) PAMAM dendrimers. This circum-
stance has its effect also in the expression of the charge at the surface of
the DPPC liposome, as evidenced by zeta-potential experiments
(Fig. 4B). If we express the {-potentials results reported in Fig. 1A in
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Fig. 3. SAXS profile of water solution of sodium PAMAM dendrimers of generation G = 2.0 (A) and G = 4.0 (B) at different concentrations. In the inset a re-
presentation of the Guinier form factor analysis is reported for the systems corresponding to the lower dendrimer concentration.

Table 1
Structural parameters obtained from the small angle x-ray scattering (SAXS)
analysis for Poly(amidoamine) dendrimers in water solution (at T = 25 °C).

Generation M, (mol/g)  Zeng (-NH,) End-groups Rg(f\) RA)  Zeg (le
G =20 3256 16 10.6 12.8 5.0
G=4.0 14,215 64 18.2 23.1 12.0

terms of dendrimer total -NH, end-groups/DPPC molar fractions [Xyp2/
DPPC], we can observe that G = 2.0 PAMAM dendrimers express an
higher charge (i.e. {-potential) during their inclusion within DPPC
vesicles in comparison to G = 4.0 generation (Fig. 4B). This circum-
stance has been already observed in a recent investigation of model
bilayers interacting with generation G = 2.0, 4.0 and 6.0 PAMAM
dendrimers [37].

3.3.2. SAXS characterization of the PAMAM/DPPC mixed lipid system
SAXS experiments at different PAMAM/DPPC molar fractions have
been performed with the aim to investigate the extent of dendrimer’s
perturbation in the DPPC bilayer structure. It is worth pointing out that
while negligible amounts of multilamellar vesicles (MLVs) are present
in extruded lipids of up to 50 nm in liposome diameters, starting from
100 nm liposomes the increase of unilamellar vesicles (ULV) radius
results in the presence of more MLVs. This simultaneous presence of
multiple (ULVs and MLVs) morphologies, whose presence has been

S(@)

q@&"

Zeta Potential  (mV)

evidenced in different investigations [38-40], often complicates the
small angle scattering (SAS) data analysis and interpretation.

In Fig. 5A the influence on DPPC vesicles by inclusion of PAMAM
dendrimers of generation G = 2.0 at two different PAMAM/DPPC
molar fractions (of X = 0.02 and X = 0.12) are reported. The periodic
distances of the DPPC vesicles bilayers (black circles) appear as Bragg
reflections in the SAXS pattern, and indicate the presence of multi-
lamellar structures in the system. While a negligible shift in the Bragg-
peaks position is detected upon inclusion of G = 2.0 PAMAM den-
drimers, a peak broadening (which is more intense at highest dendrimer
concentrations X = 0.12) evidences a loss in correlation of the DPPC
bilayers (inset of Fig. 5A). Moreover, the inclusion of generation
G = 4.0 PAMAM dendrimers exhibits a more perturbing action on
DPPC bilayers structure as evidenced in Fig. 5B.

Together with the height decrease (and marked broadening), the
Bragg peak q,.x undergoes a shift toward high q region (inset of Fig. 5A
and B) that indicates a change in the characteristic lamellar repeat
distance d = 2wh/qupax (with h = 1, for the 1st order of the Bragg
peak). The fitting with a Lorentz function of the peaks evidenced a la-
mellar d-spacing which pass from 64 A (for pure DPPC) to 63 A (at
X = 0.02) gnd 63 A (at X = 0.12) in,presence of G = 2.0 dendrimers,
and to 61 A (at X = 0.02) and to 61 A (at X = 0.12) in the presence of
G = 4.0 PAMAM dendrimers. Assuming a bilayer thickness for DPPC of
43 A, thqse results are compatibl(; with the insertion of G = 4.0
Ry, =18 A) and G = 2.0 Ry =10 A) dendrimers between the DPPC
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Fig. 4. (A) Analysis of the SAXS structure factor S(q) of the water solution of PAMAM dendrimers, generation G = 2.0 (at ¢ = 0.028 M) and generation G = 4.0 at (at
¢ = 0.014 M). The theoretical calculation (continuous line) is obtained by modelling the D.L.V.O. type inter-dendrimers interaction potential. (B) Zeta potentials ()
of the PAMAM/DPPC mixed system in presence of generation G = 2.0 (black circles) and G = 4.0 (red triangles) PAMAM dendrimers. Concentration is expressed in
terms of dendrimers total end-groups/DPPC molar fractions (Xnu2,pppc).(For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.).
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Fig. 5. (A) SAXS spectra of DPPC vesicles alone (black circles) and of the mixed system composed of (G = 2.0) PAMAM/DPPC lipids at the molar fraction of X = 0.02
(red triangles) and X = 0.12 (green circles). In (B) the SAXS spectra of the mixed system composed of (G = 4.0) PAMAM/DPPC lipids at X = 0.02 (pink triangles) and
X = 0.12 (blue circles) are also reported.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

bilayers (see Table 1). In this case we can assume that dendrimers fully
occupy the space between the bilayers in a bridging mechanism. Such
bridging mechanism has been observed in previously investigation by
Akesson et al. [10]

Mixing lipids and dendrimers together in the dry state forces the
dendrimers to be incorporated in the lipid bilayer. This favours pene-
tration of dendrimer within the lipid (alkyl chains) hydrophobic region,
as evidenced by Raman experiments. The presence of compact struc-
tures in the region of lipid-dendrimers interaction has been evidenced
also in the case in which dendrimers are successively added in the pre-
formed DPPC vesicles. For example generation G = 7.0 Pamam den-
drimers, that are adsorbed on the DPPC bilayer surface, has been shown
to act as a bridge between neighbouring lipid vesicles, that leads to
flattened lamellar structures and stiffening of the bilayers in the brid-
ging regions [10]. In our specific case, incorporation and penetration of
Pamam dendrimers (especially for the higher G = 4.0 generation) could
facilitate the bridging 2 neighboring vesicles and the formation of more
compact lamellar structures.

On the other hand, the inter-dendrimers electrostatic repulsion may
persist over an optimal distance between dendrimers, which is com-
parable with the Debye-length. In our case we have a Debye-length of
Ap=(x"1)=30 A, which is comparable with the diameter (2R,) of the
dendrimers. Below this distance, the inter-dendrimers repulsion may
limit the adsorption of further dendrimers to the vesicle surface, thus
causing a saturation of the vesicle surface with the dendrimers.

Recently, generation G = 5.0 PAMAM dendrimers interacting in the
headgroups region of DPPC MLVs evidenced a cooperativity loss of lipid
chain packing [41], while the dendrimer binding disrupted the DPPC
multilamellar structure with the formation of swollen and fragmented
bilayers [41]. Inter-vesicles bridging followed by the formation of
larger aggregates or supramolecular complex has been observed in
other investigations of mixed dendrimers/lipids systems [7,10]. A re-
cent DSC investigation evidenced also how the incorporation of
PAMAM molecules may generate more fluid bilayers structures induced
by the weakening of the van der Waals forces between the vesicles alkyl
chains [42]. Finally a molecular dynamic (MD) investigation of G = 3.0
PAMAM dendrimers interacting with DMPC bilayers [43] evidenced a
nearly spherical dendrimer shape (mainly localized on the bilayer
surface) when they interact with gel phase lipids, but a flattened den-
drimer configuration (and a significant penetration on the internal alkyl
chain region) when interacting with fluid phase lipids.

4. Discussion

Generally, the presence of nanoparticles induces disorder effects in
the structure of the lipid bilayers, while the final morphology is strongly
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determined by the size, charge and composition of the interacting
components [44-48]. As an example, it has been shown that inclusion
of bile salts induces a structural perturbation against the long-range
cohesive tendency of the lipid bilayers vesicles [49-51]. Its inclusion
favors, in fact, fragmentation of initial lipid bilayer structure in variety
of complementary morphologies. Those processes play a crucial role in
nutrients absorption during digestion process [51-53].

The findings of our study evidence that PAMAM dendrimer interacts
with DPPC lipid molecules both at the liposomes surface and in the
hydrophobic region of the lipids bilayers. Moreover, the inclusion of
charged dendrimers causes a linear increase of the zeta potential (i.e. an
increase of the liposome surface charge) with increasing PAMAM con-
centration up to a fixed concentration (namely, Xg4 = 0.04 for the
G = 4.0 and Xg, = 0.08 for the G = 2.0 dendrimer’s generation). It is
worth pointing that, for higher dendrimer concentrations outside the
linear region, we also observed an increase in the liposome hydro-
dynamic radius (see Fig. 1B). This circumstance may be explained as-
suming that the perturbation of the alkyl chain (order/disorder tran-
sition with liquidation of the compact hydrophobic region of the
bilayer), is followed by a structural reorganization of the liposomes.

Interestingly, the linear region extends toward higher concentra-
tions as the dendrimer generation decreases from G = 4.0 to G = 2.0
(see Fig. 1B). In this case, the higher PAMAM concentration (limit
molar fraction X) within the liner interval allows us to calculate the
number of DPPC lipids Npppc (per single PAMAM dendrimer) that are
necessary to ensure a stable liposome structure (characterized by a li-
posome hydrodynamic radius close to the extrusion dimension,
R = 50 nm). This parameter, Npppc, grows linearly with the dendrimer
molecular weight (M,,) as evidenced in Fig. 6.

Moreover, if we compare the surface covered by each dendrimer
(estimated as SD=nRg2) with the surface of the corresponding sur-
rounding lipids Npppc (Fig. 6), we obtain that about 58% of vesicle
surface is covered in presence of G = 4.0 dendrimers (and about 38% in
presence of the G = 2.0 dendrimers). This circumstance implies that
G = 4.0 Pamam dendrimers perturb the DPPC vesicles structure much
more than G = 2.0, thus confirming previous results.

A relevant aspect of the employment of dendrimers in bio-nano-
technology is connected with their electrostatic interaction, as the
charge plays a crucial role as control parameter in many smart appli-
cation in nano-technology as well as in various approaches for the
synthesis of nanostructures (directed by dendrimer’s charge) [54-57].

In our study, the observation of a linear increase of the liposome C-
potential indicates the direct involvement of the positive dendrimer
charges in the expression of the DPPC vesicles electrostatic potential. If
we limit our analysis to the linear region of the {-potential
(¢ < 100 mV), we can estimate the charge density o at the surface of the
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mixed PAMAM/DPPC vesicles system through the equation [24,58]
o = /8neye, kg T- € _ Lot 3)

2kg T - x!

Where n is the bulk solution concentration and k™! =\, is the Debye
screening length, corresponding to the inverse of the Debye-Huckel
constant®®, From the liposome charge density o we can calculate the
total charge Zygs= o(4nRy?) at the surface of the DPPC vesicles of
radius Ry, as reported in the inset of Fig. 7A. Finally, by dividing the
effective vesicles charge Zygs by the number of dendrimers N, in each
vesicle we can estimate of the effective charge expressed by each
dendrimer at the surface of the liposome, as reported in Fig. 7A (see
[Appendix A]).

As reported in Fig. 7 the average (individual) dendrimer charge of
Z* e = 0.52 (for G = 2.0) and Z*. = 1.50 (for G = 4.0) results con-
siderably attenuated if compared with the dendrimer effective charges
of Zeg = 5.0 (for G =2.0) and Zg = 12.0 (for G = 4.0) previously
obtained by means of the SAXS analysis structure factor S(q) in the
framework of the D.L.V.O. approach (see Section 3.1). The difference in
the detected dendrimer charge can be explained assuming that den-
drimers are embedded (more or less deeply) within the bilayer hydro-
phobic region (Fig. 7B).

Our result evidences also that outside the linear region of the ¢-
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potential, further increase in the amount of dendrimers does not cause a
proportional expression of charges in the surface of the liposomes, as
dendrimer inclusion probably promotes the formation of more complex
morphology with region of high dendrimer concentration in the in-
ternal portions of the bilayers. In this respect the possible structural
reorganization may promote disruptive effect of the dendrimers during
their interaction with bio-membranes that may be associated with un-
wanted effects [8,20].

Employment of suitable modelling approaches in conjunction with
different techniques is crucial to understand the key properties me-
chanisms underlying the complex phenomena present during self-as-
sociation processes in lipid bio-membranes under various conditions
[59-63], and provides important indication about the key features of
cytotoxicity effects in cellular membranes, suitable for advanced ap-
plications in biotechnology and nanomedicine.

5. Conclusion

The interaction of PAMAM dendrimers (generation G = 2.0 and
G = 4.0) with DPPC lipids was investigated by using combined ¢-po-
tential, Raman spectroscopy and small angle x-ray scattering (SAXS)
measurements on extruded vesicles at different dendrimer concentra-
tion. Obtained results highlighted a significant interaction between
PAMAM dendrimers and DPPC molecules both in the internal region of
the bilayers as well as in the surface of the liposome. Analysis of the
SAXS structure factor with a suitable model for the inter-dendrimers
electrostatic potential allows an estimation of the dendrimer effective
charge, while only a fraction of this charge contributes to the linear
increase of liposome zeta-potential. Outside the linear region of the ¢-
potential, further increase in dendrimer concentration favors a reduc-
tion in the cooperativity of the alkyl chains followed by a loss in mul-
tilamellar correlation and an alteration/reorganization of the structure
characterized by the increase in the liposome hydrodynamic radius.
This study highlights some critical issues connected with possible dis-
ruptive effect of polymer-based (soft) nanoparticles during the inter-
action with biological membranes and that may be associated with
unwanted cytotoxicity effects of the nanoparticles inclusion process.
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Appendix A

The vesicles effective charge Zygg is an important parameter in order to assess the dendrimer concentration effect on the structural properties of
DPPC vesicle in solution. We can express the total surface area of a spherical DPPC bilayer vesicle Ayes as the sum of the outer (A, plus inner (A;,)
surface area:

Aves = Aou + Ain = 47R + 47 (Ry — dpppc)? (A1)

where dpppc = 4.9 nm is the average value of bilayer thickness obtained for a gel-phase of a DPPC lipid) [64-66] and R, = 50 nm is the average
vesicle radius (corresponding to the extrusion process). From the knowledge of the average area per DPPC lipid molecule (within a lipid bilayer)
[64-66] Apppc = 0.50 nm? we can calculate the average number of lipid molecules in each vesicle as Nij, = Avyes/Apppc. Finally, the number of
dendrimers Np, in each vesicle (for each molar fraction X) can be obtained by the following relation.

X

Np = ——=Nijp

1-X (A2)

By dividing the vesicles effective charge Zygs (inset of Fig. 7A) by the corresponding number of dendrimers in each vesicle Np, we can obtain the
effective charge expressed by each dendrimer at the surface of the liposome (Fig. 7A).
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