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ABSTRACT The energetics, stoichiometry, and structure of poly(amidoamine) (PAMAM)

dendrimer—phospholipid interactions were measured with isothermal titration calorimetry (ITC), transmission

electron microscopy (TEM), atomic force microscopy (AFM), dynamic light scattering (DLS), and molecular dynamics

(MD) simulations. Dendrimers of sixth-generation and smaller interacted with the lipids at an average

stoichiometry and enthalpy proportional to the number of primary amines per dendrimers (4.5 = 0.1 lipids/

primary amine and 6.3 = 0.3 kJ/mol of primary amines, respectively). Larger dendrimers, however, demonstrated

a decreased number of bound lipids and heat release per primary amine, presumably due to the steric restriction

of dendrimer deformation on the lipid bilayer. For example, eighth-generation PAMAM dendrimers bound to 44%

fewer lipids per primary amine and released 63% less heat per primary amine as compared to the smaller

dendrimers. These differences in binding stoichiometry support generation-dependent models for

dendrimer—lipid complexation, which are consistent with previously observed generation-dependent differences

in dendrimer-induced membrane disruption. Dendrimers of seventh-generation and larger bound to lipids with

an average stoichiometry consistent with each dendrimer having been wrapped by a bilayer of lipids, whereas

smaller dendrimers did not.
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nanotoxicity - membrane permeability

nderstanding the interaction of

nanoparticles with the plasma

membrane of living cells is of fun-
damental importance for designing medical
therapeutics, as well as for predicting ef-
fects from environmental exposure. Poly-
(amidoamine) (PAMAM) dendrimers are ad-
vantageous in applications and as a test
system due to their uniformity, aqueous
solubility, easily modified surface chemis-
try, and controlled size." For targeted thera-
peutics, a minimal dendrimer—membrane
interaction is preferred to avoid interfering
with the targeting moieties.?” © Systemic
therapeutics, such as transfection vectors,
require a strong dendrimer—membrane in-
teraction for enhanced delivery of the den-
drimer’s cargo through the plasma mem-
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brane and cytoplasmic barriers.”

Additionally, the increasing commercial
use of nanoparticles motivates an aware-
ness of nanoparticle properties that are
likely to yield adverse effects from environ-
mental and human exposure.'®~ ' There-
fore, appropriate control of the
nanoparticle—membrane interaction is an
essential component of nanoparticle-based
devices.

Previous research has identified the
nanoparticle properties that are predictive
of membrane disruption.'> ™' Specifically,
nanoparticle net charge and surface area
are the primary predictors of membrane
disruption, more so than nanoparticle
shape, flexibility, or chemical
composition.’*'* Membrane binding, pore
formation, and leakage induced by cationic
nanoparticles was demonstrated in vivo, in
vitro, and on phospholipid model
membranes.®'* 2! However, previous ex-
periments were unable to resolve the
molecular-scale details of the
nanoparticle—membrane interaction.

Isothermal titration calorimetry (ITC) has
been performed previously with PAMAM
dendrimers and assorted surfactants, dem-
onstrating strong dependence on den-
drimer charge.???* lonic bonding of an-
ionic surfactants to the protonated amines
was suggested as the primary mechanism
of interaction, and saturation was observed
at charge neutrality. ITC has also been used
for examination of the effects of nanoparti-
cles on the stabilization and phase of phos-
pholipid vesicles.?*?* To elucidate the de-
tails of dendrimer—Ilipid interactions,
atomistic molecular dynamics,?®?” coarse-
grained dynamics,?® 3! and mesoscale
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thermodynamic models®*>3* have been used. All of
these models demonstrate a strong dendrimer—lipid
interaction. The atomistic models indicated the particu-
lar atomic moieties dominating the interaction; the
thermodynamic models provided plausible continuum
configurations, and the coarse-grained models pro-
vided the longest duration dynamics. However, no
theoretical technique has yet been able to reproduce
the generation dependence on membrane disruption
observed experimentally, while providing consistency
of the limited deformability of the molecules. Interac-
tions between the hydrophobic dendrimer moieties
and the hydrophobic lipid tails have been identified in
all models as important influences on the interaction of
dendrimers with fluid phase bilayers.

The molecular mechanisms of nanoparticle-induced
membrane disruption have been speculated to be (1)
lipid vesicle enclosing the dendrimer(s),>>* (1l lipid mi-
celle enclosing the dendrimer(s),>* (Ill) a “carpeting” of
the membrane by dendrimers,® or (IV) a barrel-stave
mechanism of dendrimer-supported membrane
pores.?®3%3> The latter two models were developed to
explain membrane disruption induced by helical, am-
phiphilic peptides; however, these models have been
adapted for deformable synthetic polymers.>°3° These
models for the mechanisms of membrane degradation
vary significantly in the number of lipids per dendrimer,
the necessity of dendrimer cooperativity, and the pre-
dicted size of the resulting complex, as described in de-
tail below (Figures 2 and 5).

In this paper, we examine dendrimer—lipid interac-
tions through measuring enthalpy with ITC and the
sizes of the resulting dendrimer—lipid complexes with
AFM, TEM, MD, and DLS. These results are analyzed in
terms of the stoichiometry and structure for the result-
ing dendrimer—lipid complex. Variations in dendrimer
generation (G), dendrimer termination, and phospho-
lipid headgroup were explored to describe dendrimer-
dependent differences in binding to lipids. Within ITC,
key dendrimer/lipid ratios of binding are identified by
changes in the magnitude of the heat released. Upon
mixing dendrimers and lipids, a change in enthalpy was
only observed when both the dendrimers and the lip-
ids had a net charge. For these interactions, both the
stoichiometry and detailed energetics of the interaction
were determined. The ratio of anionic phospholipids
per dendrimer suggests that both dendrimer flatten-
ing and membrane curvature are induced to facilitate
dendrimer—lipid contact. Analysis of calorimetry and
microscopy data suggests that large dendrimers (>G6)
form dendrimer-encased vesicle complexes either as a
key component of larger dendrimer—lipid aggregates
or as isolated complexes in solution (Model |, Figures 2C
and 5B). Whereas small- and medium-sized dendrimers
(=G6) interact with stoichiometries and structure con-
sistent with a flattened dendrimer model (Model lll, Fig-
ures 5A and 6).
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Figure 1. Change in enthalpy vs molar ratio upon titration
of G5 into various phospholipid SUVs at 50 °C in PBS. The in-
teraction of G5 and anionic lipids demonstrated significant
heat release (AH < 0) and a specific saturating stoichiome-
try after which no dendrimer—lipid interaction was ob-
served. AH® = 0 = 10 kJ/mol for the polycationic dendrim-
ers and zwitterionic lipids. The polycationic polymer—
cationic lipid interaction had only an initial endothermic
interaction.

RESULTS AND DISCUSSION

The AH of cationic dendrimer—anionic lipid interac-
tions was primarily negative, indicating a net exother-
mic interaction, while cationic dendrimer—cationic lipid
interactions were endothermic and zwitterionic lipids
gave no heat release (Figure 1). The overall curve shape
of AH versus n for cationic dendrimers and anionic lip-
ids was likely the result of both an aggregation and su-
pramolecular complex formation (Figure 2). Three mo-
lar ratios are identified within each titration, na, n., and
np (with units of dendrimers/lipid), that provide insight
into the dendrimer—lipid interaction. The molar ratio na
represents the ratio at which the heat released per den-
drimer reached the maximum. From the first injection
of dendrimers into the solution of vesicles until a mo-
lar ratio of ny, AH decreased as each added dendrimer
released more heat than the previous. The molar ratio
ny represents the point AH began to increase, and we
hypothesize the system transitioned from a regime of
abundant lipids to a regime of scarce lipids, as each in-
jected dendrimer released less heat than the previous.
The molar ratio np represents the smallest molar ratio at
which AH was zero. We hypothesize the system transi-
tioned from a regime of scarce dendrimers to abundant
dendrimers at the molar ratio np. Following these hy-
potheses, at molar ratios less than ny, there were few
free dendrimers in solution since there were ample lip-
ids to interact with all dendrimers in solution. At molar
ratios greater than ny, injected dendrimers were not
able to release as much heat as those previously in-
jected, hence the decreasing magnitude of AH. At mo-
lar ratios greater than np, the free lipids were consumed
by the dendrimers and there was no heat release due
to dendrimer—lipid interactions upon further addition
of dendrimers.
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Figure 2. Analysis of ITC measured enthalpy vs molar ratio. (A) As dendrimers were injected
into the lipids, initially there were abundant lipids. The heat release per dendrimer increased
as the lipid vesicles aggregated until the stoichiometric ratio of na. The heat release was equal
to AHC between n, and ny. At the molar ratio n, the lipids became scarce and each injected
dendrimer released less heat. At the molar ratio np, all of the lipids were consumed and no fur-
ther dendrimer—lipid interaction was observed. (B,C) Mixture of dendrimers with lipids
vesicles resulted in aggregation as the dendrimers bind to the membranes. Further addition
of dendrimers resulted in the formation of dendrimer—lipid complexes of well-defined stoichi-

.‘.

Interactions between DMPG and
various PAMAM dendrimers were ex-
amined to determine the effects of
polymer size and surface chemistry
(Figure 3). G3, G5, G5-Ac(40%), G5-
Ac(100%), G6, G7, G8, and G9 were
separately titrated into DMPG SUVs at
50 °C. A greater number of primary
amines per dendrimer yielded greater
heat release and a greater number of
lipids bound per dendrimer regardless
of dendrimer generation or termination
(Figures 3 and 4).

Small- and medium-sized polyca-
tionic dendrimers (=G6) released heat
upon interacting with anionic phos-
pholipids in linear proportion to the
number of protonated primary amines
per dendrimer. As shown in Figure 4,
linear fits to n, ™", np ™', and AHC versus
the number of primary amines per den-
drimer reveal that dendrimer—DMPG
interaction can be characterized by 4.5

ometry and continued flocculation and/or aggregation.

Repetitions of these experiments with varying ini-
tial concentrations revealed interesting trends. For a
particular dendrimer generation, termination, and lipid
type, the molar ratios at which AH went to zero (from n,
to np, Figure 2A) were independent of the initial con-
centrations of dendrimers or lipids. In contrast, the mo-
lar ratios for which the initial decrease in AH occurred
(0 to np, Figure 2A) depended on the initial concentra-
tions of dendrimers and lipids. We hypothesize the ini-
tial interaction of dendrimers and phospholipid vesicles
was a flocculation, as previously reported,®*” and sup-
ported by DLS data (Figure S3 in Supporting Informa-
tion).

AHP of the dendrimer—lipid interaction is defined
to be the maximum heat release measured through-
out the titration. At the molar ratios for which AH® was
measured (between n, and ny), there were lipid vesicles
in solution available for interaction with each den-
drimer. Titrations of polycationic G5 into anionic phos-
pholipids, DMPS and DMPG, demonstrated a similar
exothermic interaction (AH® = —800 * 100 kJ/mol of
G5) and complexation stoichiometries (Figure 1). The
heat absorbed upon interaction of G5 with DMPC, a
zwitterionic lipid, is AH® = 0 + 10 kJ/mol (Figure 1). Ti-
trations of polycationic G5 and cationic DMEPC resulted
in an initially endothermic interaction at low dendrim-
er/lipid ratios. Multiple initial injections with constant
AH could not be observed even when increasing the
relative lipid concentration up to 10° DMEPC/G5. A fur-
ther discussion of the differences between types of
phospholipids is given below.
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* 0.1 lipids/primary amine, 2.2 = 0.1

lipids/primary amine, and —6.3 * 0.3
kJ/mol primary amine, respectively. Figure 4 does not
include analysis of ny because n, is dependent on the
initial concentrations of dendrimers and lipids and is
not a robust characteristic of the molecules studied.
These binding stoichiometries, with greater than one
lipid/primary amine, indicate that the binding is more
complex than simple ionic binding, as previously ob-
served with sodium dodecyl sulfate (SDS) and PAMAM
dendrimers.??

The largest dendrimers, G8 and G9, displayed signifi-
cant decreases in the energy and stoichiometry of lipid
binding per dendrimer terminal group. This was pre-
sumably due to the decreased steric accessibility and
reduced surface area per terminal group in these larger
dendrimers. This demonstrates the interplay of the
polymer size and the total number of primary amines
per dendrimer in affecting the dendrimer—lipid interac-
tion. Previous studies of PAMAM dendrimers and phos-
pholipids, which indicated a strong dependence on
the generation and termination of the dendrimers,’®'*
are explained well by these observations of generation-
dependent interactions with lipids.

An explanation for the role of the dendrimer genera-
tion and termination on membrane disruption is given
below to address the following questions of the result-
ing dendrimer—lipid complex.

® What are the dendrimer—lipid complexes that re-
sult from nanoparticle-induced membrane pore
formation?

® |s the membrane planar on the length scale of a
dendrimer, or is there significant curvature around the
dendrimer?

www.acsnano.org
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Figure 3. AH vs molar ratio upon titration of assorted
PAMAM dendrimers into DMPG SUVs at 50 °C in PBS. Increas-
ing the number of primary amines per dendrimer resulted
in more lipids per dendrimer necessary for saturation and an
increase in heat release (Figure 4).
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® Does the dendrimer simultaneously interact with
the surface of one or two vesicles?

® How does a lipid become bound to a dendrimer
and unable to bind to another dendrimer?

Consideration of the lipids per dendrimer stoichiom-
etry, the limited deformability of the dendrimer, and
the density of the lipid bilayer addresses these ques-
tions. To bind to the lipids, as determined by ITC, means
to interact with the lipids in such a way that heat is re-
leased and the lipids are associated with the dendrimer,
limiting the lipids’ interaction with additional dendrim-
ers. Once all of the lipids have been saturated by den-
drimers, the further addition of dendrimers appears en-
thalpically identical to adding dendrimers to a solution
deplete of lipids.

One model of the dendrimer—lipid bilayer interac-
tion includes the dendrimer flattening over the bilayer
while the bilayer stays generally planar, the flattened
dendrimer model (Model Ill from above, Figures 5A and
6). The molar ratio of lipids per dendrimer in this model
depends on the area over which the dendrimers span
the bilayer. G3 PAMAM dendrimers have been observed
by AFM flattening on a hard, anionic surface covering
an area of 32 nm?, at which time it is 1 nm tall.3® With
a DMPG monolayer density of 0.58 nm?¥lipid,*® 110 lip-
ids of a planar bilayer would be within the area of 32
nm?2. Similarly, atomistic molecular dynamics simula-
tions have measured G3 stretching over a fluid-
disordered lipid bilayer where the dendrimer was in
close proximity to 56 lipid molecules on the top bilayer
leaflet (Figure 6); doubling this number to incorporate
both leaflets yields 112 lipids/G3.?” These estimates for
the flattened dendrimer model are in good agreement
with the ITC measured range of 76—140 lipids (np™' to
n.~ ") for G3—DMPG.

The estimated number of lipids per dendrimer in
the flattened dendrimer model is shown in Figure 5C.
Varying experimental conditions yield a range of flat-
tened dendrimer sizes, such as modifying the pH in
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Figure 4. Scatter plot of the AH°, n,", and np~" vs the number of primary amines per dendrimer. Smaller dendrimers (<G7)
had (A) maximum heat release and (B) binding stoichiometries proportional to the number of primary amines per dendrimer.
The binding of larger dendrimers (>G7) required fewer lipids and provided less enthalpy release per primary amine presum-
ably due to the increasing density of primary amines on the dendrimer surface and steric limitations.
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Figure 5. (A) Flattened dendrimer model and (B) dendrimer-encased vesicle model of den-
drimer lipid complexes. These models depict the interaction of a single dendrimer with a lipid
bilayer and suggest a fundamental structure of local dendrimer-lipid interaction. Aggregation
of the flattened dendrimers may induce sufficient curvature to create a separated vesicle, and
separated vesicles may readily aggregate. (C) ITC-determined binding stoichiometries for the
dendrimer—lipid complexes compared with the expected stoichiometry of these models. Small
and medium dendrimers (<G6) flatten over the membrane and induce slight membrane curva-
ture and/or flocculation of vesicles. Larger dendrimers (>G6) become encased by a lipid vesicle.
(A) G5 and (B) G7 are colored red. The hydrophilic headgroups are colored blue, and the hydro-
phobic tails are colored gray. These data are also shown in Table S2 in Supporting Information.
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AFM measurements,®® the phase of the bilayer,?” and
the charge of the planar surface,*® commonly with 20%
variation in diameter of the flattened dendrimer. Thus,
the number of lipids per dendrimer in the flattened
dendrimer model is estimated for a range of dendrimer
sizes within 20% of the AFM measurement, which is
taken to be the upper limit on dendrimer deformability.
The flattened dendrimer model raises two impor-
tant concerns: (1) how could the 1 nm tall dendrimer
occupy both leaflets of the bilayer, and (2) how does the
membrane compensate for the large deformation en-

AIN() VoL 3 « NO.7 = KELLY ET AL,

1500
Number of Primary Amines per Dendrimer

into the tail region of the bilayer, bind-
ing to both leaflets of one bilayer si-
multaneously, as the precursor to a
micelle.>? The former option is ex-
pected if the dendrimer is found in
the hydrophilic headgroup region of
the bilayers, while the latter is ex-
pected if the dendrimer is found
within the hydrophobic lipid tail re-
gion. ITC stoichiometric data cannot
distinguish between these two possi-
bilities, yet results from ITC on larger
dendrimers (Figure 5) and molecular dynamics simula-
tions (Figure 6) indicate the dendrimers are found in a
hydrophilic environment.

The second concern of energy balance is clarified
by considering the energetics of a pore in a bilayer.
The energy to make a large pore within a lipid bilayer
can be estimated by the line tension multiplied by the
pore contour length. Lipid bilayer line tension has been
estimated to be 40 pN, and the perimeter of a circular
pore resulting from the removal of 100 lipids is 27 nm;*'
therefore, the energy required to form this pore would
be approximately 650 kJ/mol. Since this value is greater
than the energy necessary to flatten G3 (400 kJ/mol),*°
the flattened dendrimer model is energetically consis-
tent for G3 and DMPG. The membrane may accommo-
date the dendrimer by forming a pocket to reduce the
dendrimer deformation, as shown previously?” and in
Figures 5A and 6; however, this is not expected to cause
pore formation from a single small dendrimer or signifi-
cantly affect the estimates from the flattened den-
drimer model.

A similar analysis for G7 shows that the flattened
dendrimer model does not suffice to explain the ITC
data. G7 on mica has been shown to stretch over 180
nm?, corresponding to 610 lipids on a DMPG bilayer.*°
This is far fewer than the 1200—2300 lipids needed for
saturation, as observed by ITC. Further, flattening G7 to
180 nm? requires 80 000 kJ/mol,*® and the removal of
2300 lipids from a membrane would require 3100 kJ/
mol in the line tension and pore contour length. Thus,
through both stoichiometric and energetic compari-
sons, G7 is not expected to reach the equilibrium stoi-
chiometry by flattening on a planar bilayer.

2000
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A possible structure for the G7—DMPG complex is
the dendrimer-encased vesicle model (Model | from
above, Figure 5B). This structure may be present as an
isolated supramolecular complex in solution or as a
component of a larger dendrimer—lipid aggregate. This
model is defined as a bilayer wrapped around each den-
drimer as the dendrimer interacts with the hydrophilic
surface of the membrane. The resulting dendrimer-
encased vesicle(s) may stay bound to the larger vesicle
structure or detach and create a membrane pore.®' Re-
gardless of the aggregated state of these structures, to
maintain the average stoichiometry with this model,
each dendrimer is on average individually wrapped by
a bilayer of lipids and the diameter of a dendrimer-
encased vesicle structure is approximately equal to the
diameter of the dendrimer plus twice the bilayer thick-
ness (Figure 5B).

The number of lipids per vesicle encasing a G7 is es-
timated to be in the range of 1900—2200, in agree-
ment with the 1200—2300 lipids/G7 observed via ITC
(np~ " to n. 7). This estimate assumes the lateral lipid
headgroup density and the lipid tail volume are equal
to that of dendrimer-free lipid vesicles and the inner ra-
dius of the surrounding vesicle equal to the outer diam-
eter of the dendrimer, similar to previous analytical
models of this complex.** The lower bound for the
outer radius of the dendrimers is given by molecular dy-
namics simulations of dendrimers in solution without
the incentive for the dendrimers to stretch to large sizes
for greater interaction with the lipids. According to
variations observed in small-angle X-ray scattering,
small angle neutron scattering, and molecular dynam-
ics studies,*® it is possible that the dendrimer could
stretch as much as 20% to interact with more mem-
brane surface, as represented in Figure 5C. In this
model, the dendrimer occupies both leaflets of a bi-
layer by inducing a highly convex membrane curva-
ture on the vesicle exterior and limiting additional den-
drimer binding to the outer leaflet. The induced
membrane curvature is energetically costly due to the
small radius of curvature but encouraged by the numer-
ous dendrimer—membrane interactions. This energy
compensation has been previously estimated,** and
dendrimers larger than or equal to G7 are energetically
able to support such a dendrimer-encased vesicle
complex.

Dendrimers of sixth-generation or smaller were not
capable of individually supporting a surrounding
vesicle. This conclusion is reached independently by
either energetic or stoichiometric analysis. Stoichiomet-
rically, the dendrimer-encased vesicle model for small
dendrimers (=G6) is inconsistent with the ITC data (Fig-
ure 5C). The number of lipids required to surround the
dendrimer in a bilayer vesicle with an inner vesicle ra-
dius equal to the outer dendrimer radius, while preserv-
ing lateral headgroup area and lipid tail volume from
dendrimer-free vesicles, is significantly more lipids per

www.acsnano.org
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Figure 7. (A) TEM image of G8—DMPG complexes with a to-
tal molar ratio of n, = 0.0003 G8/DMPG and (B) AFM mea-
sured topography of this sample. The uranyl acetate stain-
ing shows G8 may be isolated or in large aggregates. G8
appear dark, and the lipids are not visible with this staining
procedure. While TEM shows that each isolated complex
contains primarily one G8, presumably the same complexes
imaged by AFM (e.g., as indicated by arrows) have an aver-
age volume consistent with the dendrimer-encased vesicle
model (Figure 9).

dendrimer than experimentally measured for these
small dendrimers. For example, the estimated
1600—1900 lipids/dendrimer for a vesicle-encased G6
is significantly higher than the ITC measured 410—860
DMPG/G6. Thus, the dendrimer-encased vesicle model
was not the average structure for individual dendrimers
of sixth-generation or smaller.

The ITC results for G8 and G9 suggest the
dendrimer-encased vesicle model for these genera-
tions of dendrimers, as well. Due to the large size of
G8 and G9, the encasing vesicles experienced less cur-
vature and greater stabilization by the numerous pri-
mary amines per dendrimer. Furthermore, significant
flattening of these 260 and 410 kDa macromolecules
was predicted to be energetically prohibited. The
agreement between the stoichiometry observed via
ITC and the predicted number of lipids per vesicle en-
casing the dendrimer provides the strongest evidence
to date of the dendrimer-encased vesicle complex (Fig-
ure 5).

TEM and AFM results show complexes in a mixture
of G8 and DMPG consistent with the dendrimer-
encased vesicle model. TEM images created with ura-
nyl acetate stain reveal isolated G8, as well as regions of
aggregated dendrimers. Aggregates were not visible
in control samples of dendrimers or lipids alone, and
thus the aggregates are concluded to be a mixture of
DMPG and G8. Due to staining and contrast constraints
of TEM, lipid molecules in close proximity to the den-
drimers were not visible (Figures 7A and 8A). The
complementary technique of AFM was employed to
measure the volume of the isolated dendrimer com-
plexes with an average molar ratio of n, (Figure 7B).
AFM experiments showed dendrimer—lipid aggregates
as well as isolated complexes, in agreement with TEM
results. Figure 9 displays the distribution results from
AFM, TEM, ITC, and predictions from the dendrimer-
encased vesicle and flattened dendrimer models.

In addition to TEM examination of the
dendrimer—lipid complexes at the stoichiometric ratio
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Figure 8. (A) TEM image of an aggregate of >200 G8 —DMPG
complexes with a total molar ratio of np = 0.0006 G8/DMPG.
An outline is drawn to separate the regions of individually
resolvable dendrimers from multilayers of nonresolvable
dendrimers. (B) Distribution of area per G8 is obtained via a
Voronoi diagram of the individual G8 and reveals an area per
dendrimer consistent with the dendrimer-encased vesicle
model (Figure 9). Dendrimers within (A) that were not both
individually resolvable and surrounded by individually re-
solvable dendrimers were not included in (B).

of n_ (Figure 7A), the dendrimer—lipid complexes were
also examined at the stoichiometric ratio of np (Figure
8A). Again, regions of large dendrimer—lipid aggre-
gates and regions of isolated dendrimers are observed.
These regions of isolated dendrimers may be the result
of individual dendrimer—lipid complexes in solution
absorbing onto the TEM grid in a two-dimensional layer
and/or they may represent the structure of three-
dimensional dendrimer—lipid aggregates where indi-
vidual dendrimers are separated by lipid bilayers wrap-
ping the dendrimers (Figure 2C). To compare further
the TEM images with isolated dendrimers and the
dendrimer-encased vesicle model, the measured and
predicted areas were compared (Figure 8). A cross sec-
tion through the equatorial plane of the dendrimer-
encased vesicle complex has a total area of 270 nm?,
where 70 nm? would be through the G8 and 200 nm?
would be through the bilayer wrapping the G8. Analy-
sis of the isolated dendrimer regions in Figure 8A (i.e.,
surrounding the outlined aggregates) gives a total area
of 88 000 nm? and contains 298 dendrimers. Therefore,
the area per dendrimer from the TEM is 295 nm?/G8,

Molar Ratio (lipids/dendrimer)

0 2000 4000 6000

Bulk ITC measured np and n_ ‘ : ' "]
Individual G8 from TEM at np - 11 :
Individual G8 fromAFMatn 1 — | - p—————
Dendrimer-Encased Vesicle Model D 1
Flattened-Dendrimer Model- O 1

AFM of G8 at pH 1 with no lipids- | 1
AFM of G8 at pH 6 with no lipids | 1
MD of G8 with no lipids{ | :

0 2000 4000 6000 8000
3,
Volume (nm’)

Figure 9. Examination of dendrimer—lipid complexes, as measured
by AFM, TEM, and ITC, and estimated from models. Results are com-
pared by both volume and stoichiometry by assuming a constant
density of lipids (1.5 nm?/lipid) and one dendrimer per complex. ITC,
TEM, and AFM results suggest the average G8—DMPG complex is
consistent with the dendrimer-encased vesicle model (Figure 5B).
The volume of dendrimers in the absence of lipids was previously
measured.?%*3
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whereas the model predicts 270 nm?/G8. This excel-
lent agreement further supports the dendrimer-
encased vesicle model as a common stoichiometry for
the dendrimers and lipids.

A distribution of the dendrimer complexes in Fig-
ure 8A was obtained through creation of a Voronoi dia-
gram to assess the area of each complex (Figure 8B).
Briefly, the Voronoi diagram was created by identifying
a set of points on a plane (the center of each isolated G8
in this application) and then mapping regions of the en-
tire plane to each point based on the closest neighbor-
ing points. This provided an assessment of the area sur-
rounding each point and, in our case, the cross-
sectional area (A) of each isolated G8—DMPG complex.
Here, A is assumed to be a plane through a larger three-
dimensional structure. For comparison with other mod-
els, the volume (V) of the structure was estimated by V
= (4/(3\/m))A%?, as would be expected for a sphere.
Again, good agreement is found between the
dendrimer-encased vesicle model and TEM of the
G8—DMPG mixture with mean volumes of 3900 = 600
and 3300 + 1600 nm?3, respectively.

These data suggest the following mechanism to de-
scribe the binding of dendrimers to lipid bilayers (Fig-
ure 2C). (1) Dendrimer(s) binds to the membrane due to
a combination of forces, such as electrostatics, hydro-
phobicity, desolvation, etc. (2) Dendrimer(s) and mem-
brane deform to increase interaction area, including
dendrimer flattening and membrane curving around
the dendrimer(s). (3a) If the dendrimer is large enough
and has enough primary amines, then the curvature of
the membrane around the dendrimer results in a com-
plete encapsulation of the dendrimer by the bilayer,
yielding a dendrimer-encased vesicle complex, perhaps
aided by cooperativity from other dendrimers and/or
as part of a larger dendrimer—lipid aggregate. (3b) If an
individual dendrimer smaller than G7 contacts the bi-
layer, then it is unable to individually become wrapped
in a lipid bilayer or, thus, to produce a pore in the mem-
brane. (3¢) If the lipid concentration is relatively large
compared to the dendrimer concentration, then the
dendrimers can flocculate the vesicles, presumably by
binding to multiple bilayers simultaneously. (3d) If the
dendrimer concentration is relatively large relative to
the lipid concentration, than multiple dendrimers may
aggregate on the surface of a single bilayer and create
a pore, analogous to the carpeting mechanism. Since
each small dendrimer may be able to maintain a small
amount of membrane curvature, if multiple small den-
drimers act collectively, it is feasible that they could
each stabilize a portion of a vesicle surrounding mul-
tiple small dendrimers. This model of collective action
by small dendrimers would explain the presence of
membrane pores from small dendrimers at higher den-
drimer concentrations while being consistent with the
ITC stoichiometric data. If such a cooperative mecha-
nism of pore formation occurred, the relationship be-
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tween saturating stoichiometries and number of pri-
mary amines per dendrimer indicates that multiple
smaller dendrimers (e.g., two G6 or four G5) would col-
lectively have as many primary amines as one G7 and,
thus, be capable of supporting a bilayer wrapping
around the aggregated dendrimers.

Further consideration of Figure 1 reveals interesting
similarities and differences between the interactions of
PAMAM dendrimers and various phospholipids. For ex-
ample, the observation that AH® = 0 for G5 and DMPC
can be understood as either (1) bilayer disruption was
dependent on entropic effects, such as membrane cur-
vature, dendrimer deformation, desolvation, or counter-
ion release without a measurable enthalpy contribu-
tion or (2) bilayer disruption occurred on a time scale
orders of magnitude longer than that of initial binding
and, thus, is unobservable with ITC. This result is par-
ticularly interesting because experimental and theoreti-
cal techniques such as atomic force microscopy
(AFM),13 7163334364244 yadicle leakage,®>” whole-cell

leakage,'* 92" computer simulations,?® 332 differen-
tial scanning calorimetry,”*>~*” electron paramagnetic
resonance,*®**° and Raman spectroscopy®*®> demon-

strated that a spontaneous interaction exists between
protonated PAMAM dendrimers and fluid phase zwitte-
rionic phospholipids, commonly results in membrane
degradation within minutes of mixing. Since the inter-
action is experimentally observed within a few minutes
of dendrimer—lipid mixing, option (2) is eliminated
and entropy is determined to be the driving factor for
membrane disruption on zwitterionic lipids. A hydro-
phobic interaction between the inner dendrimer and
lipid tails may encourage a dendrimer—membrane in-
teraction, as suggested by computational studies.?” Ad-
ditionally, entropic contributions from counterion re-
lease or desolvation from the charged macromolecules
may yield an entropic driving force for dendrimer—lipid
binding.>° Interestingly, toxicological and AFM studies
indicated that the surface area and net charge of nano-
particles may be the best predictor of zwitterionic
membrane disruption.'>'3

The AH from ITC is not directly comparable to the
AH from implicit solvent computations. The ITC result
of AH = 0 for G5—DMPC interactions incorporated de-
solvation effects, whereas previous simulation results of
a nonzero AH of dendrimer—DMPC interactions®” con-
sidered only the direct dendrimer—lipid interaction
without incorporating contributions from desolvation.

The positive enthalpy of interaction for G5 and
DMEPC data indicates the dendrimers entropically fa-
vored an interaction with the lipids and paid an enthal-

METHODS

Purified, biomedical-grade PAMAM dendrimers were ob-
tained from Dendritech, Inc. of generation (G) 3,5, 6, 7, 8, and 9
with native primary amine termination (Figure S1 and Table S1in
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pic cost to do so. This endothermic interaction may be
similar to the aggregation of G5 and anionic lipids; how-
ever, possibility a simultaneous exothermic interaction
of G5 anionic lipids did not occur for G5 cationic lipids.
These data are supportive of the hypothesis that the in-
teraction between dendrimers and lipids is enhanced

by hydrophobic interactions while their relative charge
affects the enthalpic contribution to their interaction.

CONCLUSIONS

ITC, DLS, AFM, TEM, and MD were performed with
assorted PAMAM dendrimers and phospholipids. Each
step in the proposed interpretation of the complex
dendrimer—lipid isotherm has experimental support.
The initial flocculation (Figure 2C, 1-1ll) is supported by
the initial enthalpy values in agreement with published
literature. The formation of dendrimer—lipid com-
plexes (Figure 2C, lI—-1V) is supported by the lipid/
dendrimer stoichiometry measured by ITC and is consis-
tent with AFM and TEM measurements. The
stoichiometries at which no further heat was released
(Figure 2GC, llI=1V) are consistent with the formation of
the proposed structures, as previously hypothesized.
Further, these saturating stoichiometries of G7—G9
change as expected (Figure 5) according to both ana-
lytical models and experiments supporting the
dendrimer-encased vesicle complex. The formation of
aggregates (Figure 2C, IV—V) is supported by light scat-
tering, AFM, and TEM (Figures 7 and 8).

The interaction enthalpy depended largely on the
relative electrostatic charge of the dendrimer and the
phospholipids. The AH? and saturating stoichiometry of
the dendrimer—DMPG interactions were linearly de-
pendent on the number of primary amines per den-
drimer, regardless of dendrimer generation or termina-
tion, for dendrimers of sixth-generation and smaller.
The lack of heat released upon dendrimer—DMPC inter-
action suggests that the binding and eventual pore for-
mation’® are driven by changes in entropy rather than
enthalpy for these zwitterionic lipids. Models of the
dendrimers bound to the lipids were analyzed by con-
sidering (1) the number of lipids per dendrimer, (2) the
density of lipids molecules within the bilayer, and (3)
the deformability of the dendrimer. For increasing den-
drimer generation, the requirement of membrane cur-
vature around the bilayer became a necessary compo-
nent in the resulting dendrimer—lipid complex to
achieve sufficient lipids in close proximity to each den-
drimer. As isolated or aggregated complexes, dendrim-
ers larger than G6 become encased in a bilayer of lip-
ids, on average, while smaller dendrimers do not.

Supporting Information). All primary amine PAMAM dendrimers
dialyzed with a molecular weight cutoff membrane against dis-
tilled water for at least 3 days with at least four washes. Potenti-
ometric titration was conducted to determine the average num-
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ber of primary amines. Molecular weight and dispersity were
characterized with gel permeation chromatography. Acetyla-
tion was performed as published previously and shown in Fig-
ure S1 in Supporting Information.>' Samples were lyophilized for
3 days, resulting in a white solid. The primary amines are ex-
pected to be protonated at pH 7.4, and the tertiary amines are
not; therefore, the charge of each dendrimer is equal to its num-
ber of primary amines. The mass and charge of each dendrimer
are listed in Table S1 in Supporting Information.

Dried powders of 1,2-dimyristoyl-sn-glycero-3-(phospho-L-
serine), 1,2-dimyristoyl-sn-glycero-3-(phospho-rac-(1-glycerol)),
1,2-dimyristoyl-sn-glycero-3-phosphocholine, and 1,2-
dimyristoyl-sn-glycero-3-ethylphosphocholine (DMPS, DMPG,
DMPC, and DMEPC, respectively) were obtained from Avanti Po-
lar Lipids, Inc. and prepared as small unilaminar vesicles (SUVs).
Briefly, weighed lipid powders were mixed with chloroform, son-
icated for >5 min, and dried under vacuum for >8 h. The result-
ing film of lipids was mixed with buffer and alternately shaken
vigorously for >15 s and incubated at 37 °C for >1 h for at least
two repetitions to produce multilaminar vesicles (MLVs). Small
unilaminar vesicles (SUVs) were produced through sonication of
MLVs, as previously reported.'® No lipids were kept at room tem-
perature for greater than 4 days. The charge and transition tem-
peratures of these phospholipids are listed in Table S1 in Sup-
porting Information.

Dendrimer and phospholipid solutions were prepared in 1X
Dulbecco’s phosphate buffered saline without calcium, magne-
sium, or phenol red (PBS, Thermo Scientific, Inc., pH 7.4, 138 mM
Nacl).

ITC was performed with a VP-ITC (MicroCal, Inc.) with den-
drimers in the injection syringe and lipids in the experimental
cell (usually 80 M), while the reference cell contained PBS. Stir-
ring of the experimental cell occurred at 372 rpm throughout the
titration. Sample degassing, instrument maintenance, and clean-
ing was performed according to manufacturers recommenda-
tions. Baseline fitting to raw ITC data was performed following
automated routines within Origin 7.0 data acquisition and analy-
sis software (OriginLab Corp.), with minor corrections at user’s
discretion (Figure S2 in Supporting Information). Resulting peak
integrations of power versus time from the raw ITC data are plot-
ted as energy per mole of injectant (AH) at the molar ratio of
dendrimers per lipid (n) in the sample cell after each injection.
ITC experiments were performed at 50 °C, well above the phase
transition for all lipids used, resulting in fluid-disordered phase
bilayers.>? The last injections of each titration yielded AH equal
to control experiments without lipids present, and these values
were set equal to zero for analysis of the dendrimer—lipid
interaction.

Analysis of the ITC data did not include mathematical fitting
to traditional binding models due to the variety of possible mod-
els that fit the data for cationic dendrimers interacting with an-
ionic lipids. If the processes that resulted in the observed ITC line
shape were occurring simultaneously and independently, then
these two processes may have both contributed to the observed
net AH of interaction via an endothermic interaction at very
low stoichiometries (n < 0.0001 dendrimer/lipid, e.g., floccula-
tion), followed by an exothermic interaction at higher stoichiom-
etries (0.0005 < n < 0.01 dendrimer/lipid, e.g., supramolecular
complex formation, Figure 2). However, if these two processes
are competitive or cooperative, then the entirety of the mea-
sured AH may be attributed to just one of the processes while
the other processes were not enthalpically dependent.

Transmission electron microscopy (TEM) was performed on
a Philips CM-100. Sample preparation included the following:
mixtures of DMPG and G8 in PBS were placed on a 200-grain
carbon-coated copper TEM grid for 5 min, and excess lipid was
removed by blotting. The initial lipid concentration was 80 wM,
and dendrimer concentration varied to achieve the desired mo-
lar ratio. The grid was rinsed with distilled H,0 and blotted dry to
remove excess salt. One percent solution of urinal acetate in dis-
tilled H,0O was placed on the grid for 10 min and blotted dry.
The remaining urinal acetate was a counter stain on the samples,
making the dendrimers dark in the resulting TEM images. Stain-
ing and imaging constraints prohibited the viewing of lipids in
the presence of dendrimers.

Am\\ N W - :‘\\ » .
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Molecular dynamics (MD) simulations were performed as de-
scribed elsewhere.?” Briefly, MD simulations utilized the
CHARMM parameters for generic proteins (para22) for the den-
drimer and CHARMM_27 parameters for the lipids.>*>* Simula-
tions were run at 300 K. Nonbonded interactions were cutoff at
13 A and switched from 8 A. Time steps of 2 fs were taken with
implementation of the SHAKE routine. Initial dendrimer configu-
rations were made with a recursive script in CHARMM.>® Both
the dendrimer and the lipids were separately equilibrated for 2
ns before being combined. The simulation was run until the den-
drimer stopped moving along the direction perpendicular to
the lipid bilayer for more than 5 ns. A distance-dependent dielec-
tric function was employed as an implicit solvent model. This
yielded significant (>10-fold) enhancement in required compu-
tational time but incorporated greater approximations through
eliminating the entropic contribution from the solvent or coun-
terions.?® Images from MD results within this paper were created
with the software VMD.>®

The TEM samples were also measured with AFM. Samples
were imaged using a PicoPlus 550 equipped with a multipur-
pose small scanner, capable of imaging up to 10 um X 10 um
(Agilent (formerly Molecular Imaging), Santa Clara, CA). Scans
were performed in tapping mode using silicon cantilevers (Vi-
staProbes T300R, force constant 40 N/m, resonance frequency
300 kHz, length 125 pm; nanoScience Instruments, Phoenix, AZ).
Scan rates were =2 Hz at 1024 lines per frame. All imaging was
done in air at room temperature, nominally 25 °C. Image flatten-
ing, line scans, and volume analysis were performed with Gwyd-
dion (Czech Metrology Institute).
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