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Abstract: Poly(amidoamine) (PAMAM) dendrimer nanobiotechnology shows great promise in targeted drug
delivery and gene therapy. Because of the involvement of cell membrane lipids with the pharmacological
activity of dendrimer nanomedicines, the interactions between dendrimers and lipids are of particular
relevance to the pharmaceutical applications of dendrimers. In this study, solid-state NMR was used to
obtain a molecular image of the complex of generation-5 (G5) PAMAM dendrimer with the lipid bilayer.
Using *H radio frequency driven dipolar recoupling (RFDR) and *H magic angle spinning (MAS) nuclear
Overhauser effect spectroscopy (NOESY) techniques, we show that dendrimers are thermodynamically
stable when inserted into zwitterionic lipid bilayers. N and 3P NMR experiments on static samples and
measurements of the mobility of C—H bonds using a 2D proton detected local field protocol under MAS
corroborate these results. The localization of dendrimers in the hydrophobic core of lipid bilayers restricts
the motion of bilayer lipid tails, with the smaller G5 dendrimer having more of an effect than the larger G7
dendrimer. Fragmentation of the membrane does not occur at low dendrimer concentrations in zwitterionic
membranes. Because these results show that the amphipathic dendrimer molecule can be stably
incorporated in the interior of the bilayer (as opposed to electrostatic binding at the surface), they are

expected to be useful in the design of dendrimer-based nanobiotechnologies.

Introduction

Poly(amidoamine) (PAMAM) dendrimers are hyperbranched
polymers that adopt a spherical architecture in aqueous environ-
ments with the potential to greatly extend the capabilities of
modern therapeutics.*~® The “branches” of dendrimers are
composed of ethylenediamine repeat units and natively termi-
nated with amine groups but may be chemically modified to
alter the molecular properties of dendrimers in a well-defined
manner.*~® The sheer range of compounds that might be used
to terminate dendrimers makes these polymers versatile for
nanotherapeutic applications.* ®

Because of their potential as nanotherapeutics, interactions
between PAMAM dendrimers and biomaterials relevant to these
dendrimers’ in vivo behavior are of great interest. Amine-
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terminated PAMAM dendrimers are known to interact with lipid
membranes and are therefore not biologically inert.”** These
PAMAM dendrimer—biomembrane interactions may aid in
certain medicinal applications, drawing these polycationic
compounds closer to bacterial and cancer cells whose outer
membranes generally carry negative charge, but may interfere
with other applications, such as the specific binding of den-
drimers to their targeted receptors in targeted drug delivery
applications.*®*2** Therefore, understanding PAMAM den-
drimers” interactions with membranes will aid the development
of more effective dendrimer-based therapeutic nanodevices.
Some features of the PAMAM dendrimer—biomembrane
interaction have been characterized despite the difficulty inherent
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in structural studies on membrane and polymer systems.” 91114719

Earlier, we have shown that suspending a dendrimer solution
over a lipid bilayer supported on a mica surface results in both
the expansion of bilayer defects as well as the formation of new
defects.* 3P NMR has previously shown that at high concen-
trations, PAMAM dendrimers fragment the lipid bilayer,
producing a soluble lipid-containing component that tumbles
isotropically in solution.** The size of the new defects in
supported lipid bilayers induced by dendrimers is reported to
be within the range of what would be expected if dendrimer-
filled lipid vesicles were abstracted from the supported lipid
bilayer, suggesting that the formation of new defects might be
the result of abstraction of dendrimer-filled lipid vesicles from
the supported lipid bilayer.” Thermodynamic arguments sug-
gested abstraction occurs as the result of the formation of lipid-
dendrimer aggregates composed of a central dendrimer core
surrounded by a phospholipid bilayer.*>**2° Recently, Kelly
et al. investigated the mechanism whereby PAMAM dendrimers
interact with fluid phase lipids.” They concluded that when
PAMAM dendrimers interact with negatively charged lipids,
dendrimer-filled lipid vesicles form at higher concentration of
dendrimers. However, they detected no heat release upon
PAMAM dendrimers’ addition to fluid phase zwitterionic lipids
and were therefore unable to definitively characterize the
mechanism whereby these dendrimers disrupt zwitterionic lipid
membranes. Notably, it has been shown that PAMAM den-
drimers interact with zwitterionic lipids by experimental tech-
niques such as vesicle leakage,>** whole-cell leakage,***
differential scanning calorimetry (DSC),>~2¢ electron para-
magnetic resonance (EPR),?"?® and Raman spectroscopy.®
Experimental atomic resolution structural information on the
dendrimer—zwitterionic lipid complex remains elusive, but
molecular dynamics (MD) simulations have suggested that
dendrimers with charged terminal groups flatten when interacting
with biomembranes in order to maximize the number of
favorable dendrimer—lipid interactions.® Mesoscopic dynamics
simulations further show that dendrimers do not flatten com-
pletely and may therefore force membranes to pucker to adapt
to their natural curvature. This curvature strain may be relieved
by the formation of toroidal pores, or pores that have a
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wormhole-like structure.?®2° It has been shown that toroidal
pores will form in lipid bilayers in response to the curvature
strain induced by antimicrobial peptides such as magainin2 and
pexiganan (MSI-78).2%3% The induction of curvature strain in
lipid bilayers is an important phenomenon in the pathology of
various amyloid peptides.**? Coarse-grained molecular dynam-
ics simulations have also suggested that it may be possible for
dendrimers to insert into lipid bilayers without forming pores.*”#

In this study, we use solid-state NMR spectroscopy to gain
atomic-level insights into the structure of the zwitterionic lipid
bilayer—dendrimer complex. This approach reveals details of
this nonsoluble, noncrystalline supramolecular structure at an
unprecedented atomistic resolution. Furthermore, the impact of
dendrimer size on the dendrimer—lipid bilayer interaction is also
studied. Multilamellar vesicles (MLVs), which mimic the natural
curvature of cell and organelle membranes, are used as a model
membrane to examine the membrane interactions of generation-5
and generation-7 dendrimers (see the molecular structures of
dendrimers given in Figure 1). *!P and *N NMR experiments
are used under static conditions, and proton-detected local field
with R-type recoupling (R-PDLF), NOESY, *H radio frequency
driven dipolar recoupling (RFDR), and *H NMR spectroscopies
are used under MAS to elucidate the structural and dynamical
properties of a model lipid biomembrane in the presence of
dendrimers. Our results indicate that dendrimers localize in the
interior of lipid bilayers in our samples enabling the intercalation
of lipid acyl chains into the dendrimer interior is in agreement
with previous EPR studies that have shown that PAMAM
dendrimers are likely to insert in zwitterionic lipid bilayers.?®
We expect that these results will aid in the development of new
and powerful nanomedicinal treatments for a wide variety of
diseases, specifically advanced dendrimer-based nanocarriers
that encapsulate hydrophobic drugs and deliver them to the
interior of biomembranes.

Methods and Materials

All lipids were purchased from Avanti Polar Lipids (Alabaster,
AL). Chloroform and methanol were procured from Aldrich
Chemical Inc. (Milwaukee, WI). All the chemicals, unless noted
otherwise, were used without further purification.

Preparation of PAMAM Dendrimers. Generation-5 and -7
PAMAM dendrimers were purchased from Dendritech Inc. To
remove lower-molecular-weight impurities and trailing generations,
the dendrimers were dialyzed with a 10,000 MWCO membrane
(generation-5) or 50,000 MWCO membrane (generation-7) against
deionized water for two days with four water exchanges. The
purified dendrimer was lyophilized for three days, resulting in a
white solid. The number average molecular weight and polydis-
persity index were determined by gel permeation chromatography
(28,460 g/mol and 1.011 + 0.010, respectively, for generation-5;
105,600 g/mol and 1.053 £ 0.012, respectively, for generation-7).
The mean number of terminal primary amines per dendrimer (112
for generation-5 and 486 for generation-7) were determined from
the number average molecular weight by potentiometric titration
as described by Majoros et al.>* An illustration of the branched
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Figure 1. (A) One-half of a G1 PAMAM dendrimer. The generation number may be visually assessed by counting the number of forks per branch of the
dendrimer, excluding the fork of the core ethylenediamine molecule. The core, zeroth, and first-generation parts of the dendrimer are labeled. (B) Branch of
the dendrimer with its carbon atoms labeled in red. (C) Dimyristoylphosphatidylcholine (DMPC) molecule. (D) *H MAS NMR spectrum of DMPC mixed
with 0.1 mol % G5 PAMAM dendrimer (sample B2; see Methods and Materials); spinning sideband is indicated with an asterisk. The mixture was 50%
hydrated by weight. Proton resonances originating from the dendrimer and lipid are labeled in red and blue, respectively; resonances were assigned on the

basis of previous NMR studies. 862

structure of the dendrimer along with the labeling convention used
in this study is provided in Figure 1.

Preparation of Samples for R-PDLF and N Solid-State
NMR Experiments. For the R-PDLF and N experiments, partially
hydrated lipid and PAMAM dendrimer samples were prepared
(approximately 10 water molecules per lipid). Relatively drier
samples were used as the dipolar couplings are larger in such
samples, and therefore, the differences between the dipolar cou-
plings are larger which improves the resolution of our two-
dimensional (2D) SLF experiments in the indirect dimension.
Therefore, DMPC and dendrimer samples prepared at low hydration
levels by first dissolving 70 mg of DMPC powder in methanol with
3 wt % PAMAM dendrimer (either G7-amine, also referred to as
sample A3, or G5-amine, also referred to as sample A2) in a culture
tube. The sample was then dried under a stream of N, and placed
under vacuum overnight. The sample was then placed under 95%
humidity at 37 °C and hydrated until approximately 10 water
molecules per lipid molecule were present as established by
comparing the lipid y carbon’s protons’ peak area with that of the
water protons’ in a *H MAS NMR experiment (see Figure S1 in
the Supporting Information). A litmus test indicated that our sample
was at approximately neutral pH, indicating that the terminal amines
are protonated but the interior tertiary amine groups are not.*® A
control sample of DMPC without dendrimer was also prepared (also
referred to as sample Al). The contents were then transferred to a
4-mm diameter NMR rotor.

R-PDLF and N NMR Experiments. The dynamics of the lipid
molecules and G5 and G7 dendrimers were probed using a
combination of a 2D MAS technique, R-PDLF, which correlates
13C chemical shifts to their associated *3C—H dipolar couplings,
and static *N NMR spectroscopy. In the R-PDLF experiment, the
intrinsic lipid **C—*H dipolar couplings are motionally averaged
by the flexibility of the acyl chains within the bilayer. The observed
dipolar couplings therefore reflect the local order Scy associated
with different regions of the phospholipid molecules. The local order
parameter is defined as the observed dipolar coupling divided by
the scaling factor for the rotor-synchronized C—H recoupling
sequence, 0.315, and the rigid lattice directly binded C—H dipolar
coupling, 21.5 kHz (for a bond length of ~1.1 A).

R-PDLF spectroscopy incorporates R-type recoupling®* into the
proton-detected local field (PDLF) protocol.® Since the refocused-
INEPT pulse sequence renders high spin-pair selectivity,® it was
used for the 'H-to-13C polarization transfer. The *H field strengths
during dipolar recoupling and heteronuclear decoupling were
typically 45 and 28 kHz, respectively. The 2D spectra were acquired
using typically 128 scans and 200 increments in the t;-dimension.
A 5-s recycling delay was employed with MAS at 5.15 kHz
stabilized to 42 Hz accuracy. Further details of the R-PDLF method
can be found elsewhere."-38

The R-PDLF and N NMR experiments were performed on a
Varian Infinity 400 MHz solid-state NMR spectrometer. Each
sample was equilibrated at 37 °C for at least 30 min before starting
the experiment. The N spectra were obtained with a recycle delay
of 3 s and 50 kHz of spectral width. The recoupled C—H dipolar
coupling is sensitive to the molecular conformation of the lipid
phosphatidyl choline (PC) headgroup as follows:

Sen = |33 cos’n = 1) (1)

where 7 is the angle between the C—H bond and the motional axis
(the long axis of the lipid molecule) and & is an order parameter
representing wobbling motions about the membrane long axis.3°

To study the PC headgroup tilt, the angle (6p—y) that the P—N
vector originating at the phosphorus nucleus and pointing to the
nitrogen nucleus of DMPC makes with the membrane normal is
assessed. According to previous studies, 8—y can be approximated
from # according to the equation:
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cosn = 0.784 cos 0,_ (2)

On the basis of the hydration level of our pure lipid (DMPC) sample
(nw ~ 10, see Figure S1 [Supporting Information]) and the results
of Ulrich et al.,*° we estimate 8p_y to be ~62° for our pure DMPC
sample.*°~%2 We calculated S to be ~0.44 after solving for # using
eq 2 and substituting our experimental results for Sy into eq 1.
Using this information, we were able to calculate 6p_y and estimate
how the addition of dendrimers to lipid bilayers changes the tilt of
DMPC headgroup, which is associated with changes in the lipid
bilayer electrostatics. The tilt angles were calculated using the
average of the experimentally determined C,—H and Cs—H dipolar
couplings.

Preparation of Fully Hydrated DMPC Multilamellar Vesi-
cles Samples for 2D NOESY and RFDR Experiments. For the
!H MAS NOESY and *H RFDR experiments, 35 mg of DMPC
powder was dissolved in methanol with 1.7 mg of G5 PAMAM
diagnostic grade dendrimer in methanol solution purchased from
Sigma-Aldrich in a culture tube (also referred to as sample B2).
The sample was dried under a stream of N, and then placed under
vacuum overnight. Thirty microliters of 10 mM of sodium
phosphate buffer at pH 7.3 was added to the mixture, and 5 uL of
D,0 was added for sample referencing. The pH of the sample
prepared for NOESY and RFDR experiments was 8—9.5 (tested
using litmus paper). By inspection of the titration curves provided
in Figure 2 of reference 43, upper (89%) and lower (25%) bound
estimates of the fraction of protonated terminal groups could be
obtained. At physiological pH (7.4) all of the terminal amine groups
are expected to be protonated. None of the tertiary amine groups
were protonated at either pH level (7.4 or 8—9.5).* The mixture
was freeze—thawed three times before being transferred to a 3.2
mm (~50 uL volume) NMR rotor for NMR experiments using a
Nanoprobe. A control sample of fully hydrated pure DMPC lipid
MLVs without dendrimer was also prepared (also referred to as
sample B1).

NOESY and RFDR Experiments on the Fully Hydrated
DMPC Multilamellar Vesicles Sample. The *H RFDR and H
MAS NOESY experiments were performed on a Varian UNITY
INOVA 600 MHz spectrometer. A 3.2 mm Nanoprobe was used
for these experiments. Each sample was equilibrated at 37 °C for
at least 30 min before starting the experiment. MAS at 2.5 kHz
stabilized to £1 Hz was employed for the *H MAS NOESY and
'H RFDR experiments; other experimental details of these tech-
niques can be found elsewhere.** An 8 kHz pulse on the water *H
resonance was applied for 1.5 s before the preparation pulse to
suppress the strong water-proton signal, 128 t; increments were
acquired, with a spectral width of 6 kHz in the indirect dimension.
Typical RF power used was 25 kHz. *H MAS NOESY and 'H
RFDR spectra of similarly prepared (same hydration level, buffer,
pH) pure dendrimer and pure lipid samples were also obtained using
similar experimental conditions.

3P NMR spectra of the G5 dendrimer and DMPC lipid and the
pure DMPC lipid samples were obtained under 10 kHz MAS using
a spin—echo sequence (90°—7—180°—7—acq with = = 100 us),
with a 40 kHz proton decoupling RF field, 50 kHz spectral width,
3.1 us 90° pulse length, and a recycle delay of ~4 s. A typical
spectrum required the coaddition of 100—1000 transients. Chemical
shifts were referenced by setting the isotropic chemical shift peak
of phosphoric acid to 0 ppm. In the resulting pure lipid sample
and G5 dendrimer sample spectra, the buffer 3P NMR peak
overlapped with the 3P NMR peaks originating from DMPC lipids.
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Static 3'P NMR spectra were obtained in a water mixture (as
opposed to using buffer). We expect the conditions for this sample
to be comparable to the conditions under which atomic force
microscopy (AFM) experimental results were obtained earlier.**
Static spectra were acquired for G7 dendrimer and lipid, G5
dendrimer and lipid, and pure DMPC lipid samples. Experimental
data were processed using the Spinsight (Chemagnetics/\VVarian)
software on a Sun Sparc workstation using NMR Pipe.

Results

Two-Dimensional (2D) *H—H NOESY and RFDR under
MAS Show That Generation-5PAMAM DendrimersAreTher-
modynamically Stable When Inserted into Lipid Bilayers. To
determine the location of the dendrimer on the bilayer, we
probed the contacts between the dendrimer and the bilayer at
A-level resolution by *H—H chemical shift correlation NMR
experiments on G5 dendrimers. In these experiments, the
crosspeak intensity, which is a function of the amounts of
magnetization transferred between pairs of H nuclei, is
monitored. Under certain conditions, this information can then
be translated into estimates of the distances between pairs of
'H nuclei. However, this interpretation can be complicated by
the dependence of the magnetization transfer on the motions of
the H nuclear pairs. To overcome this complication, two
complementary experiments (2D H—!H NOESY and RFDR
under MAS) with different magnetization transfer steps and
different time dependencies were used. In an RFDR experiment,
magnetization is transferred via *H—'H dipolar coupling, which
is reduced by motions occurring on a time scale faster than a
few milliseconds. On the other hand, the magnetization transfer
in a NOESY experiment is mediated by NOE cross-relaxation
which in this system is predominantly caused by lipid lateral
diffusive motions occurring on a time scale of ~170 ns in an
unperturbed lipid bilayer.***® A concurrence between NOESY
and RFDR results is therefore a strong indication that distance,
and not the molecular motion of either the dendrimer or the
bilayer, is responsible for the observed effect.

Generally, the crosspeaks between the lipid tails and the
dendrimer interior are more intense than those between the lipid
headgroup and the dendrimer interior in both the NOESY and
RFDR spectra as shown in Figure 2. For example, in both the
NOESY and RFDR spectra, the c/14 crosspeaks are more intense
than the c/ow crosspeaks. This is an indication that the dendrimer
interior is closer to the interior of the bilayer than the surface
of the bilayer. This conclusion is strengthened by the agreement
of RFDR and NOESY results, because it appears that regard-
less of the dependence of magnetization transfer on the motions
of the *H—1H spin pair, the intensity of crosspeaks between *H
nuclei in the dendrimer interior and the lipid tail is higher than
that between *H nuclei in the dendrimer’s interior and the lipid’s
headgroups. Since the same result was obtained with both
methods, it is likely that the G5 dendrimer is located in the
hydrophobic interior of the zwitterionic DMPC lipid bilayer as
opposed to lying on the surface under these experimental
conditions. Note that insertion here refers to the proximity of
the dendrimer to the hydrophobic core of the bilayer, actual
intercalation of the lipid tails into the interior of the dendrimer
cannot be determined from these results.

Dendrimers Are Immobilized in a Membrane Enviro-
nment. Although the lipid—dendrimer crosspeak intensities give
information on the location of the dendrimer within the bilayer,

(45) Huster, D.; Arnold, K.; Gawrisch, K. J. Phys. Chem. B 1998, 103,
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Figure 2. 2D H—'H MAS NOESY and RFDR spectra of the dendrimer and lipid mixture (acquired on samples B1 and B2; see Methods and Materials).
(Top) Different regions of the NOESY spectrum acquired with a 150 ms mixing time showing (A) dendrimer intramolecular crosspeaks, (B) dendrimer—lipid
headgroup crosspeaks, and (C) dendrimer—lipid tail crosspeaks. (Bottom) Different regions of the *H RFDR spectrum acquired with a 30 ms mixing time
showing (D) dendrimer intramolecular crosspeaks, (E) dendrimer—lipid headgroup crosspeaks, and (F) dendrimer—lipid tail crosspeaks. The crosspeaks are

numbered according to the scheme described in Figure 1.

the dendrimer—dendrimer cross-peaks by contrast give informa-
tion on the dynamics and conformation of the dendrimer. In
the pure G5 dendrimer sample, the *H—'H dipolar couplings
were motionally averaged to the point of making a 2D *H—!H
RFDR experiment impossible, suggesting that dendrimers are
less mobile in a membrane environment than in an aqueous
environment. A comparison of the 2D *H—'H MAS NOESY
spectrum shows that the intramolecular crosspeaks are more
numerous and intense, whereas the diagonal peaks are less
intense in a G5 dendrimer sample without lipid when compared
to a similar sample with DMPC (see Figure 3). This corroborates
the RFDR results, suggesting that the internal motion of the
dendrimer is restricted when bound to the lipid, and/or the
dendrimer is more compact when bound to the lipid.
Dendrimers Rigidify the Lipid Tails, Increasing Order in
the Interior of Zwitterionic Lipid Bilayers (These Experi-
ments Were Performed on Samples A1—A3). The dynamics of
the C—H bonds in DMPC were probed with a 2D MAS
technique, R-PDLF, which correlates *3C chemical shifts to their
associated *C—'H dipolar couplings (see Figures 4 and 5).
Segmental order parameters (Scnj) were extracted from the
motionally averaged dipolar couplings as described in the Me-
thods and Materials section (see Figure 6). While the resolution
within the central part of the hydrophobic core of the membrane
(carbons 4—11) was poor and the corresponding dipolar
couplings could not be accurately measured, the splittings at
carbons 3, 12, and 14 were well-resolved, and therefore,
unambiguous assignment was possible for these carbons. At all
of these sites the Sciy values were increased when either G7 or
G5 dendrimers are added to the DMPC mixture, indicating
dendrimer binding decreases the flexibility of the acyl chains
of the membrane. Furthermore, the effect was dependent on
the size of the dendrimer with the Scy values of the G7
dendrimer sample being lower than those of the G5 dendrimer
sample. While both the G7 and G5 dendrimer decrease the
flexibility, the Scw values associated with the G5 dendrimer

'H Chemical Shift (ppm)

A L O L L A L R A |

32 30 28 26 24 22
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Figure 3. 2D H—'H MAS NOESY spectrum of 10 mg of dendrimer
dissolved in 45 uL of 10 mM sodium phosphate buffer prepared at a pH of
7.3 (dendrimer in an aqueous environment). The spectrum was obtained in
the manner described for the dendrimer—lipid samples but with a mixing
time of 100 ms. A comparison of the relative intensities of the diagonal
peaks and crosspeaks in this spectrum with the spectra shown in Figure
2A, 2B, and 2C suggests that there are more motions contributing to NOE
relaxation when the dendrimer is in an aqueous environment than when
the dendrimer is in a lipid environment. Note that NOESY crosspeaks are
more intense in this spectrum in spite of the shorter mixing time (100 ms
as opposed to 150 ms).

sample were higher than those of the G7 sample, indicating the
G5 dendrimer has a greater impact on the dynamics of the
interior of the bilayer.

R-PDLF shows the dipolar couplings associated with a, £,
and g, carbons in the headgroup region of the DMPC molecule
increased for both the G7 and G5 dendrimers samples. The
dipolar coupling is decreased for the g; carbon in the G7
dendrimer sample but increased in the G5 sample. The cor-
respondence between the measured dipolar coupling and the
dynamics in this region is not as direct as it is for the acyl chain
carbons, as the headgroup may tilt in response to ligand binding

J. AM. CHEM. SOC. m VOL. 132, NO. 23, 2010 8091
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Figure 4. R-PDLF spectra of DMPC MLVs containing dendrimers
(acquired on samples A1—A3; see Methods and Materials). The R18{
recoupling sequence during the t; period was used for recoupling the C—H
dipolar coupling under MAS.34%" The scaling factor of this recoupling
sequence is 0.315. (A) 1D **C NMR spectrum of pure DMPC lipid bilayers.
(B) 2D R-PDLF spectra of pure DMPC bilayers, (C) DMPC bilayers with
0.073 mol % (3 wt %) G5 dendrimers, and (D) DMPC bilayers with 0.018
mol % (3 wt %) G7 dendrimers.

and alter the axis of motional averaging. The change in dipolar
coupling could therefore be either due to a restriction of motions
of the lipid tails and a slight increase in headgroup motions
relative to the lipid tail for which the g; carbon acts as a hinge.

N and P NMR Show That the Surface of the Lipid
Bilayer |s Relatively Unaffected by PAMAM Dendrimer. The
14N spectra are nearly unaffected by the presence of either G5
or G7 dendrimers, with a slight increase in the N quadrupolar
splitting evident in the G5 dendrimer sample and a negligible
effect evident in the G7 sample (see Figure 7). This is an
indication that the electric field in the proximity of the choline
group is unaltered by the presence of either dendrimer. While
such a finding is not unexpected on purely electrostatic
considerations for the positively charged dendrimer, it is also
an indication that the tilt of the lipid headgroup relative to the
surface of the membrane is not affected strongly by either
dendrimer since the electric field is a function of the distance
from the membrane surface. This observation argues against a
strong interaction of either dendrimer with the phosphate group,
as an electrostatic interaction of the dendrimer with the
phosphate group would induce a torque on the P~—N™ dipole
causing the headgroup to tilt away from the membrane surface

8092 J. AM. CHEM. SOC. m VOL. 132, NO. 23, 2010
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Figure 5. Selected C—H dipolar coupling slices of R-PDLF spectra show
that dendrimers rigidify lipid tails but do not significantly change lipid
bilayer electrostatics (acquired on samples A1—A3; see Methods and
Materials). (A) A rotor under MAS and the relationship between the rotor-
frame and the laboratory-frame. Since the extent to which the transverse
magnetization of protons evolves under the recoupled C—H dipolar coupling
depends on the angle between the C—H bond vector and the long axis of
the rotor (indicated as fr here), a line-shape pattern with two “horns,” or
singularities, results in the dipolar coupling dimension. (B) Theoretical C—H
dipolar coupling powder pattern produced in the indirect dimension of an
R-PDLF spectrum, illustrating how the C—H dipolar coupling is measured.
It is the distance between the two “horns” (mathematical singularities)
multiplied by 1/0.315.3” Also shown are the dipolar coupling slices for the
control sample (in green), the G5 dendrimer-associated sample (in blue),
and the G7-associated sample (in red) for the (C) a carbon, (D) g, carbon,
(E) g, carbon, and (F) 12 carbon. (G) The molecular structure of a DMPC
molecule with its carbon atoms labeled for reference.

relative to the control (“the molecular voltmeter effect”). The
R-PDLF results corroborate the results from *N NMR. The
changes in the 3C—*H dipolar couplings of the lipid headgroups
correspond to an estimated change in the tilt of the lipid
headgroup tilt by ~1.7° for the G5 sample and ~2.9° for the
G7 sample (see the Methods and Materials section for further
details). These changes in lipid headgroup conformation do not
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Figure 6. Order parameters show that dendrimers rigidify lipid tails but
do not significantly change lipid bilayer electrostatics (derived from R-PDLF
spectra acquired on samples A1—A3; see Methods and Materials). (A) Order
parameters determined from the experimentally measured *H—*3C dipolar
couplings. The control, pure lipid sample order parameters are indicated in
green, the G5 dendrimer-associated order parameters are indicated in blue,
and the G7 dendrimer-associated order parameters are indicated in red. (B)
Changes recorded in the order parameters of the dendrimer-associated
samples relative to the pure lipid control sample.
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Figure 7. N spectra acquired on samples A1—A3 (see Methods and
Materials). (A) DMPC N NMR spectrum (the quadrupolar splitting, or vq, is
11.2 kHz) with dashed lines for comparison with, (B) *N NMR spectrum of
the G5 dendrimer and DMPC mixture (vq is 11.6 kHz), and, (C) N NMR
spectrum of the G7 dendrimer and DMPC mixture (vq is 11.1 kHz).

correspond to a significant change in bilayer electrostatic
properties. A significant increase in the bilayer surface charge

is expected to change the lipid headgroup tilt by >10°, as
observed when mixing cationic didodecyldimethylammonium
bromide (DDAB) with DMPC lipid bilayers.*°

Further confirmation of an absence of strong electrostatic
effects of the dendrimer on the phosphate group can be seen in
the 3P NMR spectra (see Figure 8). Only minimal changes (<0.1
ppm) in the isotropic chemical shift obtained under MAS are
apparent for the G5 sample when compared to the pure lipid
DMPC sample, indicating G5 dendrimers have minimal influ-
ence on the electrostatic environment of the 3P nucleus. The
influence of dendrimers on the phosphodiester moiety was
studied in further detail through the use of static 3P experiments.
Figure 8A shows the control DMPC lipid 3P NMR spectrum,
which features a CSA powder pattern line shape typical for
unoriented lipid samples. The binding of both the G5 and G7
dendrimers has only a minor impact on the 3P line shape: G5
dendrimer binding having virtually no effect and only a slight
decrease in the CSA span being evident in the G7 sample. The
observed CSA is a function of both the 3P CSA tensor and an
order parameter reflecting the motional averaging undergone
by the phosphodiester moiety in the lipid headgroup. Since the
isotropic chemical shift is unaltered by the presence of either
dendrimer, it is reasonable to assign changes in the CSA line
shape to either alterations in the dynamics or conformational
rearrangements of the phosphate headgroup that modify the
motional averaging of the CSA. We can therefore conclude that
neither G5 dendrimer nor G7 dendrimer significantly impacts
the conformation of the lipid headgroup.

Discussion

Several lines of evidence suggest that in zwitterionic lipid
bilayers prepared for our samples both G5 and G7 dendrimers
are localized deep within the interior of the bilayer and are not
merely associated with the surface of the membrane. Note that
in both the 'H RFDR and the *H MAS NOESY spectra of G5
dendrimer—DMPC samples (shown in Figure 2) the crosspeaks
between the lipid acyl chains and the dendrimer are stronger
than the corresponding crosspeaks between the dendrimer and
the lipid headgroup. In particular, the crosspeak between the
last carbon of the acyl chain of DMPC and “c” carbon of the
dendrimer (marked as c/14 in C and F of Figure 2) is more
intense than corresponding crosspeaks between the dendrimer
and the atoms in the lipid headgroups (marked as c/a and c/g;)
in both the RFDR and NOESY spectra, indicating a close
proximity of the hydrophobic core of the dendrimer with the
center of the bilayer. While this result could be explained by
differences in the dynamics of the headgroup and tail regions
of the lipids if it was only observed in the *H RFDR or only in
the 'H MAS NOESY spectra, the dependence of the crosspeak
intensity in NEOSY and RFDR experiments on motion are
different. Therefore, the similarity of the results with both
techniques strongly suggests that G5 dendrimers interact strongly
with the acyl chains of the membrane.

Further evidence for localization of G5 and G7 dendrimers
inside the hydrophobic core of the lipid bilayer comes from
14N spectroscopy (Figure 7), which suggests that neither
dendrimer has a significant effect on the electric field surround-
ing the choline group in the lipid headgroup, since the N vq
reported for all the samples studied (a pure DMPC lipid mixture,
a lipid and G5 PAMAM dendrimer mixture, and a lipid and
G7 PAMAM dendrimer mixture) were similar. Since the N
nucleus is typically affected by ligand interactions with the
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Figure 8. 3P NMR spectra acquired on samples of DMPC lipid and deionized water mixtures (A—C) and DMPC lipid and samples B1—B2 (D—E). The
samples used in (A—C) were prepared in the same manner as samples B1 and B2; however, deionized water was substituted for 0.1 M phosphate buffer. (A)
The 3P NMR spectrum acquired under static conditions of (A) pure DMPC MLVs (CSA span 46.2 ppm), (B) DMPC and G5 dendrimer (CSA span 46.8
ppm), (C) DMPC and G7 dendrimer (CSA span is 47.6 ppm). The 3P NMR spectrum acquired under 10 kHz magic angle spinning (MAS) of (D) a DMPC
and G5 PAMAM dendrimer and (E) a DMPC lipid sample. Note that the 3P peak of the phosphate buffer overlaps with the DMPC 3P peak, indicating that
no detectable shift in the isotropic 3P NMR frequency occurred due to the addition of dendrimers and that, therefore, no change in the surface charge of the
bilayer occurred. The samples used in (D) and (E) are hydrated to 50 wt % by 0.1 M sodium phosphate buffer, and the samples used in (A), (B), and (C)

are hydrated to 50 wt % by distilled, deionized water.

phosphate group,*”® this result also suggests neither dendrimer
interacts strongly with the phosphate group. The absence of a
strong electrostatic interaction of the dendrimer with the
phosphate group is further corroborated by 3P NMR as little
perturbation of either the isotropic chemical shift under MAS
(Figure 8) or the static line shape can be detected. Since the
MLV samples were hydrated for ~2 days before starting
experimental measurements and equilibrated at 37 °C for at least
30 min prior to each NMR measurement, and NMR experiments
typically lasted for a few hours (°'P or **N NMR) to a day (2D
R-PDLF), the dendrimers are not likely to be trapped in a
metastable state.

Taken together, these results indicate that both the G5 and
G7 dendrimers can occupy a thermodynamically stable position
in the interior of a zwitterionic lipid bilayer stabilized mainly
by hydrophobic interactions. Interactions with the charged
headgroups play a lesser role in membrane binding.

Relevance of Our Results to the in Vivo Behavior of
Dendrimers. It is important to note that the samples in this study
were prepared by coincubating the dendrimers and lipid in
organic solvent before the formation of the bilayer, rather than
adding the dendrimers in aqueous solution after the bilayers
have formed. Therefore, our experimental observations do not
rule out the possibility of a kinetic barrier to a dendrimer’s
insertion from the water phase into the hydrophobic core of
bilayers. Nevertheless, both experimental and computational
studies have suggested that, while dendrimers may initially bind
to the surface of the bilayer, they eventually deeply insert into
the bilayer at equilibrium. Notably, EPR studies on samples

(47) Rothgeb, T. M.; Oldfield, E. J. Biol. Chem. 1981, 256, 6004—-6009.
(48) Santos, J. S.; Lee, D.-K.; Ramamoorthy, A. Magn. Reson. Chem. 2004,
42, 105-114.
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where dendrimers were not coincubated with dendrimers show
a restriction of lipid tail motions that is suggestive of insertion
of dendrimer particles into zwitterionic vesicle lipid bilayers..?”
Successive scans in DSC studies on G3 dendrimers show
changes in the gel to liquid crystalline phase transition that was
linked to the progressive insertion of the dendrimer into the
bilayer.?® Similarly, mesoscopic dynamics simulations of den-
drimer and lipid systems argue for the eventual insertion of the
dendrimer into the bilayer, showing an interaction of the
dendrimer with both leaflets of the bilayer.}”*°

Impact of Dendrimer Insertion on Membrane Dynamics.
Both the G5 and G7 dendrimers decreased the flexibility of the
acyl chains of DMPC throughout the length of the acyl chain
(Figure 6) in agreement with previous EPR studies.?®° The
insertion of a guest molecule can either create order or disorder
in the membrane, depending on the depth of insertion and
flexibility of the guest molecule. If the guest molecule penetrates
only partially into the lipid bilayer, a void space is created
beneath the point of insertion. The molecular motions of the
acyl chains in this void region are increased because of the loss
of the steric interactions with the surrounding phospholipids that
suppress the natural rotation about the carbon—carbon bonds
that occurs in lipid molecules.® This effect is largely responsible
for the increase in membrane disorder in the acyl chain seen
with amphipathic molecules, such as most antimicrobial pep-
tides, that penetrate only to the polar glycerol region of the

(49) Lee, H.; Larson, R. G. J. Phys. Chem. B 2006, 110, 18204-18211.

(50) Ottaviani, M. F.; Favuzza, P.; Sacchi, B.; Turro, N. J.; Jockusch, S.;
Tomalia, D. A. Langmuir 2002, 18, 2347-2357.

(51) Barry, J.; Fritz, M.; Brender, J. R.; Smith, P. E. S.; Lee, D. K;;
Ramamoorthy, A. J. Am. Chem. Soc. 2009, 131, 4490-4498.

(52) Henzler-Wildman, K. A.; Martinez, G. V.; Brown, M. F.; Ramamoor-
thy, A. Biochemistry 2004, 43, 8459-84609.
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phospholipids.>>%® It is also responsible for the membrane

thinning effect commonly seen with these molecules as the
bilayer compensates for the creation of the unfavorable void
volume by reducing its thickness.>* On the other hand, the areas
of the lipid molecule directly contacting the guest molecule are
expected to be more ordered than a pure bilayer sample as the
guest molecule generally interferes with the motion of the acyl
chains. In our sample, we expect the majority of dendrimers to
be fully inserted into the lipid bilayers, so that the rigidifying
effect of the dendrimer guest molecule would dominate.
Furthermore, it is probable that lipid tails intercalate into the
dendrimer molecule, increasing the number of lipid molecules
in direct contact with the dendrimer. The effect was dependent
on the size of the dendrimer with the Scy; values of the G5
dendrimer sample consistently higher than those of the G7
dendrimer sample, indicating the G5 dendrimer has a greater
impact on the dynamics of the interior of the bilayer, most likely
because the congested surface of the G7 dendrimer restricts the
intercalation of the acyl chains (De Gennes close packing).>® It
should be noted that the local increase in lipid order that occurs
in the vicinity of the dendrimer may be compensated for by a
global decrease in membrane thickness in the surrounding areas
of the bilayer caused by the mismatch between the thickness
of the flattened dendrimer and the lipid bilayer, as frequently
observed in AFM studies.?

From the headgroup order parameters, we conclude that the
orientation of the P~—N™ dipole moves only slightly closer to
the bilayer plane, indicating that the surface charge of the lipid
bilayer was not significantly affected by the presence of
dendrimer, in agreement with the 3P and *N results. In an
atomistic molecular dynamics study of dendrimers, Kelly et al.
compared G3 dendrimers terminated with acetamide functional
groups (G3-Ac), G3 dendrimers terminated with carboxylate
functional groups (G3-COO™), and unfunctionalized G3 den-
drimers terminated with amine moieties (G3-NH5").° They
found that G3-NH,* dendrimers were able to penetrate the most
deeply into the bilayer and interact with both the glycerol atoms
as well as the phosphodiester moiety in the headgroup of the
lipid. Since the amine groups of the dendrimer are likely
hydrogen bonded to the glycerol oxygen of the phospholipid,
we conclude that changes in the order parameters from the lipid
glycerol C—H groups are likely due to changes in the hydrogen
bonding pattern between lipids, with hydrogen bonds between
dendrimer functional groups and lipids partially replacing
lipid—lipid intermolecular hydrogen bonds that occur in pure
lipid bilayers.

The increase in acyl chain order throughout the length of the
acyl chain therefore argues that both the G5 and G7 dendrimers
are inserted deeply into the membrane, in agreement with the
RFDR and NOESY results, which suggest the end of the acyl
chains are proximate to the interior of the dendrimer, and the
31p and **N NMR spectroscopy results, which show a lack of
significant electrostatic interaction between the dendrimer and
the lipid bilayer.

Implications for Dendrimer-Induced Membrane Disrup-
tion. One of the most significant interactions of dendrimers with
the cell membrane is the formation of nanoscale holes in the
membrane, which is followed by the fragmentation of the

(53) Thennarasu, S.; Lee, D. K.; Poon, A.; Kawulka, K. E.; Vederas, J. C.;
Ramamoorthy, A. Chem. Phys. Lipids 2005, 137, 38-51.

(54) Mecke, A.; Lee, D. K.; Ramamoorthy, A.; Orr, B. G.; Holl, M. M. B.
Biophys. J. 2005, 89, 4043-4050.

(55) Tomalia, D. A. Prog. Polym. Sci. 2005, 30, 294-324.

membrane at higher concentrations. Several mechanisms are
possible whereby nanoparticles induce membrane disruption as
shown in Figure 9. Three distinct models of membrane
disruption have been proposed based by dynamic light scattering,
AFM, patch clamping, and isothermal titration calorimetry
(ITC): (1) the abstraction of lipid vesicles enclosing dendrimers
from the bilayer (as shown in Figure 9A),*° (2) the abstraction
of micellar lipid and dendrimer structures (as shown in Figure
9B),'*%® (3) or a carpet mechanism of membrane disruption,
which eventually leads to the abstraction of lipids and the
formation of a toroidal pore or wormhole structure (as shown
in Figure gc).18,21,23,57,58

The membrane fragmentation products that would be expected
to be present according to models 1 and 2 did not occur at the
concentrations of dendrimers used at this study, as shown by
the absence of an isotropic peak in the 3P spectra of any of the
samples (see Figure 8). At higher concentrations (3% molar ratio
of dendrimer/lipid or ~90 wt % dendrimer/lipid); however, 3!P
NMR spectroscopy and dynamic light scattering membrane do
show the fragmentation of the membrane into small vesicle-
like structures. A notable increase in order parameters of the
lipid tail is observed (see Figures 4, 5, and 6) in the R-PDLF
experiments. An increase in the order of the lipid tail (Scn)
would seem to argue for the model where dendrimers produce
toroidal pore structures in the lipid bilayer, because of the way
lipid tails appear to be crowded in the plane parallel to the
bilayer normal (see Figure 9c). However, the Sciy expected from
wormhole perforations in the lipid bilayer are not necessarily
larger or smaller than the Scy observed from lipids in an
unperturbed lipid bilayer.>*° In general, the C—H bonds of
lipids in a toroidal pore will either be rigidified or made more
flexible, depending of a variety of factors including lateral lipid
diffusion and the structure of the toroidal pore. However, the
effects Wi et al. observed usually involved more of a broadening
of the 2H line shape than changes in the 2H order parameters.
On the other hand, we observed a significant rigidification of
lipid tails in the presence of dendrimers.>® Furthermore, in
mesoscopic dynamics studies on PAMAM dendrimer-induced
pore formation it was found that dendrimer-induced toroidal
pores increased lipid tail flexibility and did not rigidify lipid
tails as we observed.*® Based on these considerations, membrane
disruption by the formation of toroidal pores (model 3) is less
likely for purely zwitterionic bilayers than membrane disruption
by membrane fragmentation (models 1 and 2).

A putative model of dendrimer-mediated membrane disrup-
tion at higher dendrimer concentrations in largely zwitterionic
lipids can be made based on our results as well as previous
experimental and theoretical experiments (Figure 10). The
dendrimer first approaches the membrane, deforming in response
to the electric potential of the membrane as shown by Kelly et
al.? The dendrimer then binds the surface of the lipid bilayer
and changes its conformation, spreading out into a pancake
shape to bind as many lipids as possible.®®* As it does this it
probably expulses water molecules that are bound inside the
dendrimer molecule,? and hydrogen bonds between the water
molecules and the dendrimer are replaced with hydrogen bonds

(56) Cheng, Y. Y.; Wu, Q. L.; Li, Y. W.; Hu, J. J.; Xu, T. W. J. Phys.
Chem. B 2009, 113, 8339-8346.

(57) Oren, Z.; Shai, Y. Biopolymers 1998, 47, 451-463.

(58) Bechinger, B.; Lohner, K. Biochim. Biophys. Acta 2006, 1758, 1529—
1539.

(59) Wi, S.; Kim, C. J. Phys. Chem. B 2008, 112, 11402-11414.

(60) Sengupta, D.; Leontiadou, H.; Mark, A. E.; Marrink, S.-J. Biochim.
Biophys. Acta 2008, 1778, 2308-2317.

J. AM. CHEM. SOC. = VOL. 132, NO. 23, 2010 8095



ARTICLES

Smith et al.

L

5
.
P

h
28,
e
se

Figure 9. Likely models of PAMAM dendrimer and DMPC lipid
interaction. (A) Dendrimer-filled lipid vesicle model of lipid bilayer
disruption. The dendrimer binds at the surface of the membrane causing a
bending stress that is relieved by the formation of dendrimer-filled
micelles.*>* (B) Membrane disruption by the abstraction of micellar lipid
and dendrimer structures from the lipid bilayer. This mechanism is similar
to model A except the lipid tails are intercalated into the interior with the
headgroups associated with the charged amines of the dendrimer.*>*¢ (C)
Carpet model of dendrimer-filled lipid bilayer disruption.?®**® Surface
binding of the dendrimer creates excess curvature in the membrane,*®2*
which is relieved by the formation of lipid-lined toroidal pores. After toroidal
pores are eventually formed, there may more than one dendrimer inside
the pore, although only one dendrimer is depicted here.
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Figure 10. Plausible models of dendrimer—lipid interaction at low and
high concentrations. (A) Model of dendrimer—lipid interactions at low
dendrimer concentrations. The dendrimer can traverse the bilayer by first
binding to the surface of the outer leaflet, inserting into the membrane,
making contacts at both leaflets, and finally dissociating from the membrane
on the opposite side. (B) At higher dendrimer concentrations the structural
integrity of the membrane is weakened, and dendrimer—lipid micelles are
formed.

between lipids and the dendrimer. Now that the interior of the
dendrimer is exposed to the lipid—water interface, it is more
likely that the branches of the dendrimer may penetrate through
the membrane and make contact with the opposite leaflet of
the bilayer, as has been observed in coarse-grained molecular
dynamics simulations by Lee et al. (Figure 10A).2"*° As more
branches of the dendrimer penetrate through the lipid bilayer,
the dendrimer will completely insert into the lipid bilayer,
weakening lipid—lipid interactions and thus weakening the
bilayer structure of the membrane. As more lipid—lipid interac-
tions are replaced by dendrimer—lipid interactions, the bilayer

(61) Mecke, A.; Lee, I.; Baker, J. R.; Holl, M. M. B.; Orr, B. G. Eur.
Phys. J. E 2004, 14, 7-16.

(62) Yang, W. Y.; Li, Y.; Cheng, Y.; Wu, Q.; Wen, L.; Xu, T. J. Pharm.
Sci. 2009, 98, 1075-1085.
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weakens and eventually collapses, and dendrimer-filled lipid
micelles are abstracted. Similar dendrimer-filled micelle struc-
tures have been observed to form upon the addition of
dendrimers to the amphipathic detergent sodium dodecy! sulfate
(SDS).%® Note that this model implies that enough dendrimers
have to insert into the lipid bilayer to dendrimer—lipid interac-
tions to overpower lipid—lipid interactions. At the lower
concentrations of dendrimers we studied, they interact with lipid
bilayers according to the membrane insertion mechanism and
not the dendrimer—lipid micelle abstraction mechanism. This
means that either high concentrations of PAMAM dendrimers
or the gradual buildup of dendrimers in the lipid bilayer over
time might result in lipid bilayer disruption (Figure 10B).*°
Our results were obtained using with DMPC bilayers, which
are zwitterionic like the majority of the lipids in the cell
membranes. It is possible that the manner in which dendrimers
will interact with the lipid bilayer will change as the charge of
the membrane is varied. In fact, ITC studies have suggested
that, whereas PAMAM dendrimers’ interactions with zwitteri-
onic lipid bilayers are entropy driven, their interactions with
charged lipid bilayers are driven instead by the favorable
enthalpic electrostatic contribution to the binding energy.”2>%¢
In this case the dendrimer-filled vesicle (Figure 9a) and toroidal
pore (Figure 9b) models of membrane disruption become more

likely as the association of the dendrimer with the lipid
headgroup becomes stronger than with the acyl chains.

In conclusion, we have shown that dendrimers will insert
deeply into zwitterionic lipid bilayers in a process apparently
dominated by the hydrophobic association of the lipid acyl chain
with the interior of the dendrimer. Since the hydrophobicity of
the dendrimer interior can be tuned by altering the composition
of the building blocks of the dendrimer,®® this finding has
practical consequences both for the design of new nanodevices
bothto carry lipophilic drugs to biomembranes and for avoiding
some of the negative aspects of unfunctionalized PAMAM
dendrimers interactions with biomembranes.
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