1duosnuel Joyiny [INHH

1duosnue Joyiny |INHH

T
I
=
>
=
=3
e
<
o
5
c
@
Q
=

e

pubMed | HHH M| AUTHOR MANUSCRIPT

Central HOWARD HUGHES MEDICAL INSTITUTE :: Accepted for publication in a peer-reviewed journal

Published as: Nano Lett. 2013 September 11; 13(9): 4060-4067.

Effect of Particle Diameter and Surface Composition on the
Spontaneous Fusion of Monolayer-Protected Gold Nanoparticles
with Lipid Bilayers

Reid C. Van Lehn®, Prabhani U. Atukorale¥, Randy P. Carney$, Yu-Sang Yang®, Francesco
Stellacci8, Darrell J. IrvineT+IL and Alfredo Alexander-Katz"t

TDepartment of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, United States *Department of Biological Engineering,
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States
8Institute of Materials, Ecole Polytechnique Federale de Lausanne, 1015 Lausanne, Switzerland
IKoch Institute for Integrative Cancer Research, Massachusetts Institute of Technology,
Cambridge, Massachusetts, 02139, United States *Howard Hughes Medical Institute, Chevy
Chase, Maryland 20815, United States

Abstract

Anionic, monolayer-protected gold nanoparticles (AuNPs) have been shown to nondisruptively
penetrate cellular membranes. Here, we show that a critical first step in the penetration process is
potentially the fusion of such AuNPs with lipid bilayers. Free energy calculations, experiments on
unilamellar and multilamellar vesicles, and cell studies all support this hypothesis. Furthermore,
we show that fusion is only favorable for AuNPs with core diameters below a critical size that
depends on the monolayer composition.
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Biological cellular membranes are complex, dynamic structures composed of a wide variety
of transmembrane proteins, cholesterol, and other biological molecules immersed in a
multicomponent lipid bilayer matrix. The plasma membrane acts as a protective barrier for
the cell, selectively controlling entry into the cytosol via endocytotic mechanisms triggered
by specific ligand—receptor interactions. The membrane's barrier properties are conferred to
a large extent by the hydrophobic bilayer interior that prevents the passive permeation of
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charged and polar molecules. However, some short cationic peptides can spontaneously pass
through plasma/ endosomal membranes despite bearing surface charges. These peptides can
be roughly divided into two classes: antimicrobial peptides and cell-penetrating peptides.
Antimicrobial peptides collectively insert into cell membranes to form pores, leading to
cytosolic leakage and cell death.! Cell-penetrating peptides, also known as Trojan peptides,
are able to penetrate into cells. Their mechanism of penetration may vary depending on the
specific peptide and is still under debate; in some cases it may involve transient bilayer
disruption.23 Similar to these biological molecules, membrane disruption has also been
observed during the spontaneous penetration of functionalized cationic gold nanoparticles
(AuNPs).4> However, the cytotoxicity of cationic AUNPs may limit their utility.

In contrast to cationic peptides and AuNPs that perturb the membrane, it is well-known that
there are membrane proteins that nondisruptively reside within lipid bilayers.6 These
transmembrane proteins are characterized by amphiphilic surfaces that are more stable in the
bilayer environment than in aqueous solution. Very recently, some of us showed that AuUNPs
protected by an amphiphilic monolayer can non- disruptively penetrate the plasma
membrane of cells. Surprisingly, penetration is observed even when endocytosis is arrested,
implying that the particles enter cells via an energy- independent mechanism with no
evidence of membrane poration or cell death.” The AuNPs were protected by a binary
mixture of hydrophobic and anionic, endfunctionalized alkanethiol ligands that
spontaneously separate into stripelike domains.®~11 Nanoscale morphology plays a key role
incontrolling cellular penetration, as forcing the ligand shell into a mixed conformation by
including branched hydrophobic ligands decreases nonspecific uptake significantly.”-12 This
spontaneous, nondisruptive translocation is reminiscent of transmembrane proteins and
likely depends on a fundamentally different pathway than the penetration of cationic AuNPs.
While some recent computational studies have examined the interactions of similar particles
with lipid bilayers, 13-16 to the best of our knowledge no mechanism explaining the non-
disruptive penetration of anionic, striped AuNPs through membranes has been identified.
We propose that penetration into cells consists of multiple steps: first, the AUNPs must fuse
with the membrane in a nondisruptive transmembrane configuration, then from this
configuration the AuNPs may translocate into the cell interior. In this work, we focus on
understanding the critical first step of membrane fusion and its dependence on particle size,
monolayer composition, and ligand morphology. We note that the AuNPs we work with are
also highly soluble in aqueous environments, so the observation of fusion indicates that they
are able to exhibit wettability toward both water and lipid chains. This property is conferred,
as will be shown below, by the flexibility of the ligands and the free volume accessible to
them. Such versatility had not been observed before for highly charged nanoparticle
systems. As similar monolayer-protected AuNPs are widely utilized in biological
applications, understanding this unique fusion process may enable the design of drug
delivery devices, biosensors, and biological devices’~19 and provide insights into the
mechanisms of bilayer translocation for charged biological and synthetic materials in
general.

To gain a physical understanding of AUNP-membrane interactions, our simplified system
consists of well-defined synthetic lipid bilayers and monolayer-protected AuNPs. We use
experiments and theory to investigate the hypothesis that membrane penetration involves an

Nano Lett. Author manuscript; available in PMC 2014 September 27.



1duosnuep Joyiny |INHH

I
I
=
>
=
=3
=
<
o
5
c
@
Q
=
—+

1duosnue Joyiny |INHH

Van Lehn et al.

Page 3

intermediate state in which the anionic AuNP inserts into the lipid bilayer. We propose that
insertion is driven by the hydrophobic effect as fusing the AuNP with the bilayer shields
hydrophobic ligands within the hydrophobic bilayer core.2 In principle, stable fusion with
the bilayer is challenged by the highly charged surfaces of the particles. The striped domains
have an average width of 0.6 nm,”10 significantly smaller than the typical thickness of the
bilayer core, implying that insertion would expose anionic groups to the bilayer interior in
an energetically unfavorable state.?122 However, the monolayers of small AuNPs have large
amounts of free volume that grant conformational flexibility to the ligands.23 This flexibility
allows the ligands to deform and “snorkel” charges out of the hydrophobic bilayer core
while simultaneously shielding the hydrophobic alkane backbone within the bilayer as
schematically illustrated in Figure 1. Similar snorkeling behavior occurs in transmembrane
proteins where arginine residues bend toward the lipid-water inter-face.22:24 The available
free volume in the ligand monolayer is reduced as the AuNP core diameter increases, so we
expect there will be a maximum size above which snorkeling is strongly inhibited and
insertion is no longer observed. Increasing the particle diameter also increases the amount of
hydrophobic surface area initially exposed to water and hence the magnitude of the driving
force for insertion. The competition between these eff ects implies that the propensity for
AUNP insertion will be maximized at an intermediate core size. Our combined experimental
and simulation results show strong evidence to support this hypothesis, demonstrating for
the first time that anionic AuNPs can insert into and fuse with lipid bilayers despite their
highly charged surfaces and aqueous solubility.

To elucidate the interactions of striped AuNPs with cellular membranes, we synthesized
lipid vesicles to serve as a model system for nonspecific AUNP-lipid interactions. Single-
component giant multilamellar vesicles (GMVs) were first formed from the zwitterionic
lipid DOPC. DOPC stock solutions were prepared in chloroform and gently dropped onto
lightly scratched glass. The chloroform was allowed to evaporate overnight and the resulting
lipid films were hydrated in water vapor at 70 °C for 6 h. Following this step, the lipid films
were bathed in 50 mM sucrose and the vesicles were allowed to form overnight also at 70
°C. Vesicles were harvested gently and allowed to cool to room temperature.

AUNPs were prepared with a monolayer composed of a 1:1 mixture of 11-
mercaptoundecane sulfonate (MUS) and octanethiol (OT) ligands, the same ligands
previously shown to separate into stripelike domains and to encourage cellular
penetration.”9:12 AuNPs were prepared with the one-phase Brust synthesis according to
previous methods2> and labeled with a red fluorescent BODIPY dye. More details are
provided in the Supporting Information. The mean core diameter of these 1:1 MUS:OT
particles was 2.2 nm (see Figure S1 in Supporting Information). An external medium of 5
ug/mL calcein, a green fluorescent dye that does not passively diffuse through lipid bilayers,
and 0.3 mg/mL BODIPY-labeled AuNPs in 50 mM glucose was also added to the vesicle
solution. The solution was allowed to equilibrate for 1-3 h before confocal imaging.

Differential interference contrast (DIC) and confocal images of the solution are shown in
Figure 2. From these images, it is apparent that green calcein fluorescence was confined to
the external solution and was not observed within vesicles. In contrast, red BODIPY
fluorescence from the particles was observed to colocalize with the outer bilayer of the
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vesicles. Inner membranes within the multilamellar vesicles were also clearly outlined by
red fluorescence as indicated by the boxed vesicles in Figure 2 and confirmed by the DIC
images. Observation of individual multilamellar vesicles by transmission electron
microscopy (TEM) confirmed the BODIPY signature reflected AuNPs within the bilayers
(Supporting Information Figure S2). The DIC images and TEM further establish that those
vesicles showing AuNP fluorescence throughout the vesicle core were GMVs composed of
solid stacked layers of lipid, while unilamellar vesicles showed little/no free AUNP
fluorescence in their interior, suggesting that particles preferentially embedded within
available membranes. Similar results were obtained with particles of similar core diameter
and all-MUS and 2:1 MUS:OT surface compositions (Supporting Information Figure S3).

These observations imply several important findings. First, the exclusion of calcein from the
vesicle interior indicates that AUNPs do not disrupt the bilayer, agreeing with the
nondisruptive mechanism observed in cells. Second, the localized BODIPY fluorescence
from vesicle membranes, in comparison to the relatively weak background fluorescence,
shows that the particles have a strong affi nity for the lipid bilayer itself. Finally, the
BODIPY fluorescence from inner membranes in the multilamellar vesicles confirms that the
particles can access inner membranes without the aid of an endocytic mechanism.

To further probe the interactions between vesicles and AuNPs, multilamellar vesicles were
prepared from a mixture of DOPC (80 mol %) and DOPS (20 mol %) lipids in 50 mM
sucrose and imaged in 50 mM glucose. The inclusion of DOPS, an anionic lipid, led to a
negative charge at vesicle surfaces. Figure 3 shows confocal microscopy images of
BODIPY-labeled 1:1 MUS:OT particles and calcein added to DOPC- DOPS vesicles in the
absence of salt (left) and in 150 mM NaCl (right). This salt concentration was chosen to
mimic a typical biological environment. In both salt concentrations, calcein was still
excluded from the vesicle interior. In the absence of salt, BODIPY fluorescence was only
weakly observed from vesicle membranes compared to the back- ground. This control
provides further evidence that the BODIPY signal observed within GMVs above was not
due to free dye in the particle suspension. In the presence of physiological levels of salt,
BODIPY fluorescence was again observed from both internal and external vesicle
membranes, similar to what was observed for pure DOPC. The addition of salt screened
electrostatic interactions, reducing the repulsion between the anionic particles and like-
charged vesicles. The occurrence of localized fluorescence, and thus some form of bilayer-
particle interaction, is striking because previous simulation and experimental studies have
shown that electro- static interactions attract anionic AuNPs to the bilayer surface, even in
zwitterionic membranes.26:27 Similarly, electrostatic- mediated surface adsorption leads to
the penetration of cationic peptides.2 By contrast, in this system AuNPs were observed to
colocalize with bilayers even when electrostatic interactions were highly screened.

The vesicle results suggest that anionic, monolayer-protected AuNPs were capable of stably
interacting with bilayers in a nondisruptive manner, while still passing through outer
bilayers and interacting with inner membranes of sealed multilamellar vesicles. The
observation of this same behavior in the presence of high salt concentrations and anionic
lipids further suggests that membrane fusion was not mediated by electrostatic interactions,
as would be expected for cationic cell-penetrating peptides or cationic AuUNPs. These results
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support the hypothesis of AuNP fusion driven by the hydrophobic eff ect. Indeed, the
confocal images shown in Figures 2 and 3 are similar to images of purely hydrophobic
nanoparticles reported in the literature that are known to embed within the hydrophobic
bilayer core:28 however, here we study soluble, anionic AuNPs that would not be expected
to embed within the hydrophobic bilayer core given their highly charged surfaces, yet still
demonstrate characteristics similar to purely hydrophobic AuNPs. Similar results have also
been reported recently for the incorporation of block copolymer-decorated nano- particles
into block copolymer vesicles2® as well as the incorporation of charged ligand-protected
nanoparticles into surfactant vesicles,3 providing evidence of the generality of this
mechanism.

To explain the experimental observations, we developed a new model to analyze the free
energy change for embedding an AuNP within a lipid bilayer with particular interest in
understanding the role of hydrophobic interactions in driving insertion. The model calculates
the free energy change for moving an isolated particle in solution to the bilayer midplane
with no consideration for the dynamics of translocation. The total free energy change of the
system, AGqqt, results from a competition between the hydrophobic driving force and the
unfavorable penalties for charge insertion, bilayer deformation, electrostatic repulsion, and
the reduction of ligand entropy, which is written as:

AC"vtot:AGphobdl_AG;Dhilic_|'AE1elec_|'AE’thick - TASconf 1)

This free energy decomposition is similar to approaches used to study the thermodynamics
of membrane protein folding.31 We modeled the AUNP and monolayer using a united atom
representation where ligands were treated as flexible chains of hard spheres as illustrated in
Figure 4A. The bilayer was modeled implicitly with the cost of charge insertion, AGphijic,
estimated from previous atomistic simulations that calculated the free energy barrier for
transferring negative charges into the nonpolar bilayer core.32 This penalty includes the cost
for the formation of a water defect in the bilayer and interactions with lipid head groups as
these effects were captured in the source study from which the potential was drawn. The
magnitude of the hydrophobic effect, AGpnon, Was estimated by explicitly calculating the
solvent-accessible surface area (SASA) of hydrophobic beads in the system. The magnitude
of the hydrophobic eff ect has been shown to scale approximately linearly with the SASA in
studies of alkane transfer into aqueous solvent;29 here we calculated the reduction in the
SASA upon insertion and scaled by a phenomenological parameter of 47 cal/mol/A2 to
approximate AGphob.33 Electrostatic interactions between charged end groups, AEgjec, Were
captured using a screened Coulomb potential consistent with Debye—Huckel theory.34 The
conformational entropy change of the ligands, AS.onf, Was calculated using the Bennett
Acceptance Ratio (BAR) approach, allowing the change in free energy of the system to be
calculated as the thickness of the bilayer was systematically increased from zero (baseline)
to a final value.3° For each thickness, the complete free energy change relative to the
baseline was calculated using Monte Carlo simulations, and an additional analytical term
related to the cost for bilayer deformation, AEp;ck, Was included.36 In all simulations, the
temperature was set to 300 K and the salt concentration to 150 mM to match experimental
conditions. Figure 4A shows example simulation snapshots of the particle in the aqueous
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and embedded state, with the SASA explicitly drawn as a blue surface. The computational
effi ciency of this model allowed for the comparison between AuNPs of diff erent sizes,
monolayer compositions, and monolayer morphologies. Further details on the simulation
methodology along with additional simulation snapshots are included in the Supporting
Information (Figures S4-S6).

To match previous cell experiments’-12 and the vesicle experiments discussed above, the
free energy changes for the insertion of particles with monolayer compositions of all-MUS,
2:1 MUS:OT, and 1:1 MUS:OT in random, striped, and perfectly mixed morphologies were
calculated. Figure 4B shows images of the morphologies simulated. For each combination of
surface composition and morphology, the particle gold core diameter was varied between
1.0 and 10.0 nm with resulting free energy changes shown in Figure 4C. As predicted, the
free energy change for each particle type was a nonmonotonic function of diameter with
preferred core diameters at intermediate sizes where insertion was strongly favored followed
by a sharp increase in the free energy until the overall change was positive, indicating a
maximum cutoff diameter for stable insertion. The width and depth of the free energy curves
shifted dramatically when the surface composition was altered; all-MUS particles only had
negative free energy changes for diameters less than 3.5 nm, while adding more
hydrophobic ligands to the surface increased both this embedding cutoff and the magnitude
of the free energy change. However, there was no apparent diff erence in the free energy
change for embedding between the three diff erent morphologies as would be expected from
cellular penetration experiments. All three morphologies, stripes, random, and mixed,
showed nearly identical results, reflecting a minimal change in the free energy when ligand
positions were switched on the AuNP surface.

These fusion results can be understood by considering the relative magnitude of the
hydrophobic driving force and the ability of the protecting monolayer to deform to minimize
the unfavorable insertion of charges into the bilayer core. The simulations show that
insertion critically depends on ligands deforming to snorkel charged end groups to the
nearest aqueous interface while simultaneously increasing the amount of hydrophobic
surface area exposed to the bilayer core as shown in Figure 4A. This ligand snorkeling,
especially in the case of all-MUS particles, is what allows the charged surfaces to appear
largely hydrophobic to the bilayer core, indicating that ligand flexibility is a critical factor
that determines if fusion is favorable. Because the ligand domains were small, the relative
positioning of hydrophilic and hydrophobic ligands on the surface did not significantly
affect the ability of the ligands to snorkel and hence there was no observed morphology
distinction. Much more important than the surface morphology were the diameter of the
AUNP and the composition of ligands in the monolayer. For smaller particle diameters, the
monolayer contained a large amount of free volume, maximizing ligand fluctuations and
minimizing the barrier to snorkeling. When the AuNP diameter was large, however, the
volume accessible to each ligand decreased as the radius of curvature of the NP surface
increased, inhibiting ligand deformation. The ligands were thus forced into more undesirable
configurations where charged end groups were exposed to the bilayer core leading to an
overall increase in the system free energy that dominated the favorable hydrophobic term.
Increasing the relative proportion of hydrophilic ligands also inhibited insertion by imposing
a barrier to ligand bending due to the bulkiness of the sulfonate end groups and increased
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electrostatic repulsion. Finally, AUNP monolayers with additional hydrophobic ligands had
larger amounts of exposed hydrophobic surface area in the baseline state that was shielded
in the bilayer, leading to a greater hydrophobic driving force. The combination of these
factors led 1:1 MUS:OT particles to prefer embedding more strongly than 2:1 MUS:OT and
all-MUS particles, independent of surface morphology. These simulations suggest that
monolayer composition and particle size, not actual morphology, control the
thermodynamics of fusion with lipid bilayers. We must stress, however, that these results
reflect only the free energy change between an isolated AuNP in solvent and an AUNP
inserted into the bilayer, and do not take into account any role of morphology in governing
the kinetics of translocation. Describing the kinetics of bilayer penetration is beyond the
scope of this work, but morphology may play a critical role in determining the likelihood of
insertion.

The simulations yielded free energy curves that predict a strong size and surface
composition dependence for particle insertion. To compare to simulation results, size-
fractionated samples of AuNPs25 with different monolayer compositions were added to a
DOPC “black” lipid membrane (BLM). The BLM was assembled over a pore dividing two
water reservoirs with 50 mM KCI in an electrochemical cell. The quantity of embedded
AUNPs was measured by calculating the change in the capacitance of the black lipid
membrane upon the addition of particles to one of the two solvent reservoirs as described
recently.3” For particle samples that interacted with the bilayer, increasing the concentration
of particles in the solution increased the capacitance of the bilayer until it eventually reached
a plateau. Adding additional particles to the other solvent reservoir failed to increase the
capacitance change once the plateau was reached. This observation supports the insertion
mechanism, as the capacitance should continue to increase as particles were added to both
sides of the bilayer if surface adsorption led to a capacitance change. This technique also
allowed particle fusion to be measured for nonfluorescently labeled particles; however, the
results were unchanged when BODIPY was conjugated to the AuNP surfaces. Additional
details on this methodology can be found in ref 37.

Using this method, all-MUS, 1:1 MUS:OT and 1:1 MUS:OT particles of diff erent size
fractions were prepared and added independently to the BLM apparatus. For each particle
composition, a threshold particle size fraction was determined where no capacitance change
was observed at all. As predicted by simulations, the 2:1 MUS:OT particles had a smaller
cutoff threshold than 1:1 MUS:OT. No fraction of all-MUS was observed to induce a
capacitance change, but fractions with sizes smaller than the predicted cutoff could not be
reliably synthesized in suffi cient quantity for the BLM experiments.3” A comparison
between the size thresholds obtained from experiments and those predicted by the
simulations is shown in Figure 4D with experimental core sizes estimated from the
hydrodynamic radii measured for each particle fraction with 3.1 nm subtracted to
approximate the size of the monolayer.” The simulation and experimental results show
remarkable agree- ment, reinforcing support for the insertion hypothesis.

To test whether the penetration of AuNPs into cells is also size-dependent, we size-
fractionated consecutively sized all- MUS AuNP batches, a surface composition previously
shown not to penetrate into cells via the energy-independent mechanism.”12 Five fractions
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with average gold core diameters ranging from 2.4 to 5.8 nm (see Figure 5) and a
concentration of 0.3 mg/mL were fluorescently labeled with a BODIPY dye as in previous
experiments. To test for the existence of free dye, the NP fractions were first incubated with
red blood cells (RBCs), employing a recent protocol we developed for the presence of free
dye.38 Any fractions found to have free dye were not used. Each of the 5 fractions was then
incubated with HeLa cells cultured following previously used methods!2:38 at both 37 and 4
°C for 3 h. The median fluorescence intensity (MFI) of BODIPY fluorescence for each
fraction was analyzed using flow cytometry with corresponding two-dimensional dot plots
shown in Supporting Information Figure S7. Complementary measurement using confocal
imaging of particle uptake was performed with live cells using a Zeiss LSM 700 Inverted
Microscope to visually confirm that dye was localized to the cell cytosol, indicating that
increased BODIPY fluorescence was due to AuNP internalization. Representative confocal
images taken after three washes in media and at the 3 h time point are shown in Figure S8 of
the Supporting Information.

Figure 5 shows the BODIPY MFI averaged over three biological replicates as a function of
particle size. For both temperatures, the average MFI was observed to decrease with larger
particle sizes indicating a decrease in AuNP internalization. The average MFI reached a
plateau value for batch C consisting of particles of mean diameter 3.4 nm, near the size
threshold identified in Figure 4. The observation of intracellular fluorescence in excess of
the control even at 4 °C, where endocytosis is inhibited, indicates that penetration occurred
by an energy-independent mechanism consistent with previous observations for 2:1
MUS:OT and 1:1 MUS:OT particles.”-12 The decrease in fluorescence intensity with larger
particle batches correlates with the size-dependence shown for pure bilayer systems (c.f.
Figure 4) and indicates that the previous observation of no penetration by all-MUS particles
may be due to the larger sizes studied in previous work (=~4.5 nm core diameter’). These
findings provide support for the hypothesis that membrane insertion is a critical step in the
cell penetration pathway.

The agreement between simulations and both vesicle and black lipid membrane experiments
shows that AuNPs are capable of inserting into bilayers depending on particle size and
monolayer composition. Insertion is possible due to the deformation of the ligand shell,
relying on the flexibility at the interface granted by significant curvature of the AuUNP core.
The combined experimental and simulation results showed that AuNPs with small core
diameters preferentially fused with the bilayer with a varying size threshold depending on
the composition of the monolayer. Experiments with negatively charged bilayers also
showed that fusion occurred even when electrostatic interactions were highly screened,
though electro- statics may aff ect the kinetics of AuNP insertion.

Our results indicate that there is a correlation between the AuNPs best suited for embedding
in model lipid bilayers and the AuNPs that nondisruptively penetrate cells. In previous cell
experiments, striped 2:1 MUS:OT particles penetrated in the greatest quantities while all-
MUS particles showed minimal signs of penetration.” These results match the size
thresholds identified here; the 2:1 MUS:OT particles had a significantly larger cutoff size
than all-MUS particles, while the vesicle studies determined that both particle types were
able to access the interior of multilamellar vesicles. Given that the particle samples used in

Nano Lett. Author manuscript; available in PMC 2014 September 27.



1duosnuep Joyiny |INHH

I
I
=
>
=
=3
=
<
o
5
c
@
Q
=
—+

1duosnue Joyiny |INHH

Van Lehn et al.

Page 9

the cell experiments were polydisperse with mean diameters of about 4.5 nm,” the
differences in cellular uptake may correlate with the number of particles in each sample with
diameters less than the cutoff diameter, supporting the hypothesis that bilayer fusion is the
critical intermediate step in membrane penetration. Our results further suggest that bilayer
fusion is favorable for suffi ciently small AuNP core diameters independent of surface
composition for the amphiphilic ligands considered here. We confirmed this finding by
demonstrating the preferential uptake of small all-MUS particle batches at both 37 and 4 °C,
in contrast to the observation of no penetration in previous studies of larger all- MUS
samples. Finally, the general preference of small AuNPs for cellular penetration is supported
by recent experimental results reported in the literature showing the nonendocytotic uptake
of small AuNPs (gold core diameter 1.6 nm) with a variety of surface coatings.3°

The magnitude of the free energy changes calculated from simulations can be put in context
by comparing to related systems. A recent coarse-grained molecular dynamics simulation of
charged alkanethiol-protected AuNPs determined that 2.2 nm particles exhibit a free energy
minimum of approximately —30 kcal/mol at the surface of DOPC bilayers.28 This free
energy minimum was calculated in the absence of salt and was primarily attributed to
electrostatic interactions; the magnitude of the minimum would decrease at physiological
salt concentrations. In this work, the free energy change for an all-MUS particle with a
diameter of 2.0 nm was —-40.3 kcal/mol, resulting in a more stable free energy minimum for
particle insertion than for surface adsorption. For larger, mixed monolayer particles, we
predicted free energy changes as large as =171 kcal/mol for 3.5 nm 2:1 MUS:OT particles
and —288 kcal/mol for 4.5 nm 1:1 MUS:OT particles. These values are comparable in
magnitude to the unfolding free energy of multimeric transmembrane proteins calculated
from the reversible extraction of folded proteins from membranes in single-molecule pulling
experiments.#041 This unfolding free energy has been measured as 162.3 kcal/mol for
halorhodopsin (HR) and 290.5 kcal/mol for bacteriorhodopsin (BR),*2 values similar to the
maximum free energy changes measured here. These values correspond to free energy
changes of 0.92 kcal/ mol per amino acid for HR and 1.32 kcal/mol per amino acid for BR,
values again comparable to 0.93 kcal/mol per ligand for 2:1 MUS:OT and 0.95 kcal/mol per
ligand for 1:1 MUS:OT. These values also compare well to the free energy for insertion of
individual amino acids as measured by biological hydro- phobicity scales.:21 The
simulations thus predict that the total insertion free energy is on par with that measured by
highly stable membrane proteins and well in excess of the expected free energy change for
surface adsorption. However, unlike membrane proteins, the AuNPs insert spontaneously
from aqueous solution rather than being inserted by the translocon apparatus,?! a result that
could be used to guide the design of synthetic AUNPs to mimic transmembrane proteins.

Given that the magnitude of the calculated free energy change is lower than what is known
for transmembrane proteins, it is possible that AUNPs can repeatedly insert into and
withdraw from the bilayer over experimental time scales. However, we did not consider the
kinetics of embedding here, and as a result the full mechanism of penetration is still subject
to additional study. The mechanism of penetration may involve a transient increase in
membrane permeability,*3 lipid rearrangement similar to a vesicle fusion event,** or the
existence of spontaneous membrane defects, which are prominent in biological
membranes.#>46 Translocation may also occur by a multiple state pathway similar to what is
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proposed for the insertion of membrane proteins or antimicrobial peptides, where particles
first bind to the surface before inserting into the preferred transmembrane state.1 =331 |t is
unclear what role surface morphology, which was shown here to not affect the embedded
state, may play in membrane insertion dynamics. It is also unclear whether the particle
surface may be modified by place exchange reactions upon cellular internalization and if this
plays a critical role in biasing penetration into cells.4” In future work, we will explore these
guestions, determine the influence of embedded AuNPs on the phase behavior of
surrounding lipids, and establish a methodology for designing particle surfaces optimized
for bilayer fusion. This work represents a critical first step in fully understanding the
interactions between monolayer-protected AuNPs and cells by demonstrating the
nondisruptive nature of the inserted state and showing the importance of AuNP surface
properties. In particular, we show that fusion is most favorable when ligands are able to
easily fluctuate to adjust to the bilayer, allowing charges to snorkel out of the membrane and
effectively rearranging the surface of the AuNP to appear locally hydrophobic to the bilayer
environment.13 Understanding the role of such surface properties in insertion may also help
explain nonspecific penetration observed in similar systems such as quantum dots.*® The
amphiphilic monolayers of the AuNPs described here are also strikingly similar to the
pattern of hydrophobic and charged residues found in cell-penetrating peptides*® which may
provide some insight into the mechanism of penetration of these biological molecules as
well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Solvent-accessible Screened
surface (SASA) Coulombic ©
. repulsion
: Buried surface @ ©
© (+]
N\ ’
N ’
N v
K
’ N
’ \
s Ligand Spring model for

“snorkeling” bilayer deformation

Figurel.
Schematic illustration accompanied by partial simulation snapshots of the proposed

interaction between AuNPs and the bilayer. Rather than adopt a surface-adsorbed state due
to electrostatic interactions, the particles insert into and fuse with the bilayer. The driving
force for fusion is the reduction of hydrophobic alkane surface area exposed to water (drawn
as blue lines in both the schematic and simulation snapshots) upon transferring the particle
into the hydrophobic bilayer core. To stabilize the transmembrane state, the ligands deform
to snorkel charges out of the bilayer. The springlike bilayer also deforms to match the
hydrophobic surface of the embedded AuNP.
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Figure2.
Confocal microscopy images of BODIPY-labeled 1:1 MUS:OT AuNPs in solution with

multilamellar single-component DOPC vesicles and the membrane impermeable dye
calcein. Green fluorescence from calcein was only observed from the vesicle exterior, while
red BODIPY fluorescence was localized to both interior and exterior membranes of the
multilamellar vesicles. BODIPY fluo- rescence from membranes was noticeably stronger
than the back- ground, indicating a preferential bilayer-AuNP interaction. Boxes are drawn
around vesicles with distinct inner membranes by comparison of the calcein, DIC, and
BODIPY images.
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No salt 150 mM NacCl
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Figure 3.

Confocal images of BODIPY-labeled 1:1 MUS:OT AuNPs in solution with multilameller,
anionic DOPC/DOPS vesicles without salt (left) and 150 mM NacCl (right). In the absence of
salt, the BODIPY fluorescence from vesicles was barely discernible from background
fluorescence, consistent with like-charge repulsion between the anionic AuNPs and anionic
vesicles. Upon adding salt, fluorescence was again clearly observed from both external and
interior membranes in the multilamellar vesicles, consistent with observations of pure
DOPC vesicles.
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Figure4.

Simulation results and comparison to experiments. (A) United atom simulation model based
on explicit calculation of solvent-accessible surface area (SASA). The bilayer was
considered implicitly and biases the conformations of ligands by reducing the SASA and
penalizing the insertion of charges into the membrane interior. The SASA is drawn as a blue
surface. (B) Illustration of the three surface morphologies simulated. (C) Simulation results
graphed as the change in free energy for embedding as a function of AuNP core diameter.
The free energy change was a strong function of particle diameter and monolayer
composition, but not surface morphology. The dashed line indicates where the total free
energy change is 0, indicating the maximum diameter where embedding would be preferred.
(D) Comparison of simulation results from (C) to black lipid membrane experiments. Size-
fractionated AUNP samples interacted with black lipid membranes depending on particle
size. Filled-in squares indicate experimental particle fractions that induced a capacitance
change in the membranes, while empty squares indicate particle fractions that did not. Error
bars show the deviation in particle size.
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Figure5.
Flow cytometry was used to measure cellular uptake of all- MUS particles as a function of

particle diameter at both 4 and 37 °C. Cellular uptake was measured by the median
fluorescence intensity of BODIPY-labeled AuNPs confined to the cytosol. Five batches of
all- MUS particles of increasing average particle diameter were synthesized and added to
HelLa cells. At both temperatures, the batches with average sizes below the size threshold
identified in Figure 4 (batches A and B) penetrated in greater quantities than the larger
particle batches. At 4 °C, where endocytosis is inhibited, the observation of penetration
indicates that all-MUS particles enter via a nonendocytotic mechanism
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