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ticle synthesis have afforded facile

control of size, shape, and surface
chemistry."~” The biomedical field has
greatly benefited by these advances, which
has resulted in nanoparticle applications as
contrast agents, hyperthermia agents, and
targeted drug delivery devices®~"* Tailor-
ing nanoparticle surface chemistry can be
used to increase stability and bioavailability,
decrease macrophage uptake, and enable
site-specific targeting.'>'®

Coating or encapsulating nanoparticles
with lipids is a useful noncovalent approach
to increase biocompatibility, as the stabiliz-
ing surface chemistry is similar to the structural
components of the cellular membrane.'*'” 2!
Hybrid lipid vesicle—nanoparticle systems are
particularly attractive because they afford the
potential use of hydrophobically stabilized
nanoparticles in biomedical applications, such
as triggered drug delivery."”'8%2~2> Prior stud-
ies have demonstrated successful encapsula-
tion of hydrophobically stabilized nano-
particles into lipid vesicles by embedding them
in the hydrophobic acyl core of the bilayer
(Figure 1)."%?® Disruption of lipid ordering
(fluidity of the membrane) and variations in
lipid phase behavior, namely, lipid melting
from a gel to fluid phase, has been obser-
ved with the incorporation of hydrophobic
nanoparticles.

Park et al. encapsulated 3 to 4 nm
stearylamine-stabilized gold nanoparticles
(GNPs) into the hydrophobic bilayer of zwitter-
ionic dimyristoylphosphatidylcholine (DPPC)
vesicles and showed that increasing nano-
particle loading within the bilayer resulted in
an increased membrane fluidity (or decrease
lipid ordering).'® The opposite effect has been
observed by Chen et al. for 5 nm oleic acid
stabilized maghemite particles in DPPC vesi-
cles. In this case the nanoparticles increased
lipid melting temperatures, which points to

Signiﬁcant advances in metal nanopar-
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The structure and stability of hybrid lipid vesicles containing bilayer-encapsulated hydrophobic

nanoparticles is dependent upon lipid phase behavior. By embedding stearylamine-stabilized gold

nanoparticles in dipalmitoylphosphatidylcholine/dipalmitoylphosphatidylglycerol vesicles, we show

that encapsulation at lipid to nanoparticle ratios from 10 000:1 to 5000:1 leads to bilayer thickening

and hydrophobic mismatch, favoring nanoparticle inclusion in gel phase vesicles. High loadings lead

to large increases in the gel to fluid melting temperature upon heating and significant hysteresis on

cooling, which cannot be attributed solely to excess free ligand. This behavior is due to a cooperative

effect of excess free SA ligand and nanoparticle embedment. Nanoparticle clustering was observed

during lipid melting and could be reversed upon lipid freezing owing to lateral capillary forces

within the bilayer. The impact of nanoparticle embedment on vesicle structure and properties at

such low concentrations is reminiscent of hydrophobic proteins, suggesting that the underlying lipid

biophysics between proteins and nanoparticle are similar and may provide a predictive design tool

for therapeutic applications.
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domain formation

an increase in lipid ordering and stabilization
of the bilayer against spontaneous leakage.'”
Most recently, Rasch et al. demonstrated
uniform encapsulation of 1.9 nm diameter
dodecanethiol-stabilized GNPs into egg phos-
phatidylcholine vesicles."* They concluded
that the nanoparticles clustered within the
fluid bilayers to yield a mixture of vesicles
containing densely packed nanoparticles and
vesicles void of nanoparticles. Under certain
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Figure 1. Schematic of a lipid vesicle encapsulating hydro-
phobic nanoparticles within the bilayer.

conditions Janus vesicles were observed due to GNP
clustering. Collectively, these studies indicate that nano-
particle size impacts nanoparticle ordering within the
bilayers and vesicle structure.'* Investigating the effects of
size, shape, and extent of nanoparticle loading on bilayer
thickness, fluidity, and phase transitions is critical for the
development of effective vesicle—nanoparticle assembly
based therapies. Also critical is determining how ligand
chemistry and the presence of excess ligand, as a result of
preparation or desorption, impact vesicle—nanoparticle
assembly and influence these properties.

Hydrophobic nanoparticle encapsulation within [i-
pid bilayers resembles that of embedded transmem-
brane or hydrophobic proteins. In both cases the size of
the hydrophobic region can exceed that of the bilayer
thickness and result in “positive” hydrophobic mis-
match. Hydrophobic mismatch, defined as the differ-
ence in hydrophobic thickness of the inclusion minus
that of the bilayer, affects lipid ordering and phase
behavior.?’ 3 It also can lead to protein aggregation
in an effort to minimize hydrophobic mismatch.?*?'
When mismatch is “positive”, the hydrophobic inclu-
sion will prefer to reside in the gel phase where the
lipid tails are extended in an all-trans, unmelted state.
Upon lipid melting (gel to fluid transition), greater
positive hydrophobic mismatch arising from the fluid
phase can lead to aggregation of the inclusions within
the membrane.3® While the analogy between em-
bedded nanoparticles and proteins is intuitive, it has
not been investigated in-depth. Furthermore, there are
few studies that have examined the use of ordered gel
phase vesicles rather than disordered fluid phase vesicles
for nanoparticle encapsulation. Gel phase vesicles offer a
thicker hydrophobic bilayer and a greater resistance to
membrane bending or compression.

To address these areas, we have employed small-
angle neutron scattering (SANS), differential scanning
calorimetry (DSC), and cryogenic transmission electron
microscopy (cryo-TEM) to determine the effects of
nanoparticle concentration, expressed as the number
ratio of lipid molecules to nanoparticles (L/N), and
temperature on vesicles composed of DPPC and anio-
nic dipalmitoylphosphatidylglycerol (DPPG) at a molar
ratio of 85:15. SANS has recently been used to examine
vesicle bilayer thickness with encapsulated pristine
Ceo fullerene® and ~8 nm hydrophobic iron oxide
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Figure 2. Representative cryo-TEM micrographs of (A, B)
DPPC/DPPG vesicles and (C, D, E) DPPC/DPPG vesicles with
embedded GNPs at L/N = 5000:1. The scale bar in D is
common to both images. White arrows denote embedded
GNPs.

|
TABLE 1. Bilayer Thickness Determined from SANS for

Varying Lipid Vesicle Systems at Varying Temperatures
and Nanoparticle Loadings

Kratky—Porod lamellar model

t, (k) th ol PDI

DPPC/DPPG vesicles 25°C 4 438 6.8 0.16
37 °C 43 43.6 73 0.17

50 °C 3 40.2 10.2 0.25

10000:1 L/N 25°C 45 44.2 72 0.16
37 °C 45 439 73 0.17

50 °C 43 40.0 120 0.30

5000:1 L/IN 25°C 45 449 8.8 0.20
37 °C 45 442 79 0.18

50 °C 44 39.9 1.9 0.05

particles.® In this work, we employed gold nanoparti-
cles that were prepared in water using a citrate-based
synthesis, similar to Jana et al3* The GNPs were
resuspended in toluene after exchanging the citrate
with stearylamine (SA) ligands.>**® The SA-stabilized
GNPs were purified by three replicates of ethanol anti-
solvent precipitation, centrifugation, and redispersion in
neat toluene with sonication. Size fractionation was
achieved by recovering the GNPs that precipitate with
centrifugation between 40% and 45% ethanol antisol-
vent by volume. This process yielded hydrophobic GNPs
with an average core diameter of 3.9 + 0.8 nm (Figure S1).
Vesicle encapsulation of the GNPs was performed using
thin film hydration. Details of the experimental methods
are provided in the Supporting Information.

RESULTS AND DISCUSSION

Cryogenic transmission microscopy was first con-
ducted at 25 °C and the highest GNP loading, L/N =
5000:1, to verify GNP loading within the vesicles. This
L/N ratio of 5000:1 provided 20 GNPs per 100 000 lipid
molecules, which is approximately equivalent to the
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TABLE 2. DPPC/DPPG Lipid Pretransition (T,) and Melting
Transition (T,,,) with SA or GNPs (SA-coated)

lipid—SA vesicles lipid—GNP vesicles

SA (mol %) T, (°Q) T (°0) N T, (°0 T (°0)

0 345 M5 10000:1 359 45

1 373 424 9000:1 07

2 373 426 7500:1 45

5 378 426,456 6000:1 50.2,52.9
10 383 426,458 5000:1 53.3,54.8
2° 56.2

30° 59.5

50 60.5

“ Approximated T, based on broad melting peaks. Y Estimated total SA
concentrations from 41.2 to 58.3 mol % (lipid basis) with increasing L/N.

number of lipids in a 100 nm diameter vesicle. Bare
vesicles were primarily unilamellar with diameters near
100 nm (Figure 2A, B). The bilayers are clearly visible,
while the vesicle interiors exhibit similar contrast to the
bulk phase. GNP—vesicles were also unilamellar and
similar in size, with embedded GNPs visible at the
expected GNP per vesicle ratio given that nanoparti-
cles out of the focus plane are not easily observed
(Figure 2C, D). Small GNP—vesicles were also observed
(~25 nm in diameter), and these vesicles appear to
contain embedded GNPs (Figure 2E).

SANS experiments were performed at temperatures
corresponding to the tilted gel (25 °C), rippled gel (37
°(C), and fluid phases (50 °C) of DPPC/DPPG vesicles and
at nanoparticle loadings of L/N of 10 000:1 and 5000:1.
DPPC/DPPG phase transition temperatures are listed in
Table 2. Kratky—Porod analysis of the radial averaged
SANS intensity as a function of the scattering vector,
1(g), was performed to determine the vesicle radius of
gyration, Ry, shown in Table 1. The Kratky—Porod
method provides bilayer thicknesses that are compar-
able to published values®” and suggests subtle in-
creases in the bilayer thickness with nanoparticle and
stearylamine ligand inclusion, particularly at tempera-
tures corresponding to fluid phases (25 and 37 °C).

To elucidate bilayer thicknesses to a greater preci-
sion, further analysis of the SANS data required fitting
the scattering intensity to a dilute lamellar form factor
using egs 1 and 2.3 7%

~ 27Pg)

llg) = thT (1)

2(SLDgo — SLDp)? ;
P(@ = %[1 — cos(qt))e T/ (2)
where the form factor P(q) is a function of the solvent
and bilayer scattering length densities (SLD, and
SLDy,) and the variation in bilayer thickness (o), which
is attributed to polydispersity. In the data fitting, the

bilayer thickness (ti,, where i denotes the gel (g) or fluid
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(f) phases) and thickness variation (o) were set as
adjustable parameters, while the SLD,,, for deuterium
oxide and SLD,, for the hydrogenated phospholipid
bilayers were held at 6.33 x 10" ° and —2.77 x 10~/
A2, respectively. Results from the fitted parameters
are in Table 1.

Figure 3 shows plots of the experimental SANS /(qg) fit
with the lamellar form factor model. On the basis of the
SANS spectra, the bare vesicles were on the order of
100 nm in diameter, as compared to the GNP—vesicles
at L/N ratios of 10 000:1 and 5000:1, which were greater
than 120 nm in diameter. The exact diameter could not
be determined with great accuracy due to the poly-
dispersity of vesicles in solution (decreasing intensity
with increasing g is evident at the low g range in place
of the expected Guinier regions); however, the vesicle
size and polydispersity demonstrated an increasing
trend with increasing nanoparticle loading. There was
no evidence of micelles or nanoparticle aggregates,
which is consistent with cryo-TEM results.

As expected, bilayer thickness decreased with in-
creasing temperature for the bare vesicles, from
t9=438+68Aat25°Ctot, =402+ 102 Aat50°C.
These thicknesses and changes agree well with litera-
ture values for the gel to fluid phase transition.>” With
GNPs, the bilayer thickness is again greater at 25 and
37 °Cand increases with increasing GNP and SA loading.
This suggests the presence of nanoparticles and/or ex-
cess SA ligand induced ordered gel phases. In contrast, ,
at 50 °C suggests minimal effect on bilayer thickness in
the fluid phase. Variations in o were determined with the
lamellar model, and the polydispersity differed with
values up to 0.30; however, no clear trends were observed
and sensitivity analysis places little weight on this value.
Previous studies have simply assumed a o value of t,,/4, or
a polydispersity of 25%.

Changes in bilayer thickness can be attributed to
mismatch between the hydrophobic bilayer thickness
and the diameter of the GNPs. Hydrophobic mismatch,
even for low inclusion concentrations, can have sig-
nificant effects on lipid order.?° DSC was conducted to
determine the effects of GNP loading and free SA
ligand on lipid phase behavior. Results are presented
first for lipid—SA vesicles (no GNPs), where vesicles
were prepared from dry films of lipid + SA at SA
concentrations from 0 to 50 mol % (Figure 4A).
DPPC/DPPG vesicles exhibited a gel to rippled gel
pretransition (Tp,) at 35.5 °C and a rippled gel to fluid
melting transition (T,,,) at 41.5 °C. T, and T, increased
with increasing SA concentration (Table 2). Single
melting peaks were observed at 1 and 2 mol % SA,
but a clear shoulder peak becomes evident above 2
mol %, denoting phase separation, which is apparent
at5and 10 mol % SA in the observed dual peaks. For 20
mol % SA and above, the vesicles exhibited broad
melting peaks at higher temperatures with low melting
enthalpy. Minimal melting hysteresis was observed at
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Figure 3. (A) Schematic of the lamellar model used for SANS data analysis. (B—D) SANS spectra fit with a lamellar model for (B)
DPPC/DPPG vesicles (~100 nm in diameter) and DPPC/DPPG vesicles dispersed in deuterium oxide at 25, 37, and 50 °C with
3.9 nm GNPs partitioned into the bilayer at L/N of (C) 10 000:1 and (D) 5000:1.

all SA concentrations. Changes in DPPC/DPPG phase
behavior due to SA can be attributed to electrostatic
headgroup interactions. First, repulsion between the
cationic SA amine and the terminal positive choline
group of DPPC restricted the lipid headgroup dipole
reorientation, from perpendicular (gel) to parallel
(fluid) to the membrane/water interface, that accom-
panies melting. This effect is analogous to that of
cationic lipids mixed with DPPC.*'*? Second, attraction
between SA and anionic DPPG led to phase separation
and increased lipid ordering. The fact that a pretransi-
tion was observed for SA concentrations less than 20
mol % shows that SA did not prevent lipid tilt in the gel
phase.

In GNP-loaded vesicles a pretransition shoulder was
observed at the lowest GNP loading, but disappeared
at higher loadings (Figure 4B). There was also a clear
increase in T, at all loadings relative to bare vesicles. At
L/N ratios above 7500:1 the increase in T,, was small
and shoulder peaks were observed near 45 °C, con-
sistent with phase separation. At higher loadings (L/N
ratios <7500:1) clear phase separation was observed
and there was a significant increase in T,,,. These results
suggest that “low” and “high” degrees of encapsulation
exhibit different effects on lipid phase behavior. To
explore this further, melting hysteresis was examined
at the lowest and highest nanoparticle loading
(Figure 4C). At a L/N ratio of 10000:1 there was little
difference in the primary lipid melting peak with
heating and cooling; however, some hysteresis was
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observed in the shoulder. At L/N = 5000:1 hysteresis
was significant and the difference between the melting
onset temperatures for heating and cooling was ~7 °C.
The hysteresis was reversible, as evident from the
consistent melting peaks observed with heating
(Figure 4D).

The effect of GNPs on phase behavior was not unlike
that of SA, where concentrations of 5 mol % and higher
led to clear phase separation with high T, peaks.
Hence, there is an apparent cooperative effect of SA
and GNPs on lipid phase behavior. To elucidate the
effects of SA in GNP vesicles, excess SA (despite
washing) and SA ligand density on the GNPs was
determined by thermogravametric analysis (TGA; Fig-
ure S2). TGA results suggest that the excess SA con-
centration was on the order of 7000 molecules per GNP
and that the SA ligand concentration was 5.8 nm 2.
Clearly the ethanol washing technique employed was
inefficient in removing excess SA (see the Supporting
Information for further discussion).**** On the basis of
the excess SA concentration, which corresponds to a
range from 41 to 58 mol %, the observed phase
behavior cannot be attributed to the nanoparticles
alone. The SA excess could explain lipid phase separa-
tion and increases in T, at high nanoparticle loadings
(L/N>7500:1), but it does not explain why high and low
loadings exhibit markedly different phase behavior
and significant T, hysteresis.

At this point two questions arise: Why do “low” and
“high” nanoparticle loadings have different effects on

VoL.6 = NO.6 = 4678-4685 = 2012 ACNANIC)

WWww.acsnano.org

4681



A 60 — 0 mol% SA
] —1
50 —:
T — 10
9 404 — 20
ok ] — 30
B
£ 304 50
g <'_Tm
o 207
o _
1%
10 \
3 N
0 UMM IS SN IR IR
30 35 40 45 50 55 60 65
Temperature (°C)
C

10,000:1

o b b b b

30 35 40 45 50 55 60
Temperature (°C)

— 10,000:1
— 9,000:1
7,500:1

N
(6]
M IR
I

— 5,000:1

N
<

C, (KJ mol* °C)
3.3

30 35 40 45 50 55 60
Temperature (°C)

20
D — scan 1 [ \\
—— scan 2 \
--=- scan 3

\
\

0 "'|"'|"'|"'|'"|"'|'\"
46 48 50 52 54 56 58 60
Temperature (°C)

Figure 4. DSC thermographs of (A) DPPC/DPPC vesicles (inset) as a function of SA concentration (membrane basis) and (B)
gold nanoparticle-loaded DPPC/DPPG vesicles as a function of L/N. For A and B the scans are from the first heating cycle. (C)
Melting hysteresis from heating (solid lines) and cooling (dashed lines) scans of DPPC/DPPG vesicles at L/N = 10 000:1 and

5000:1. (D) Three consecutive heating scans at L/N = 5000:1. All heating and cooling scans were performed at 1 °C min

lipid melting, and what is the cause for melting hysteresis?
DSC results suggest that this cannot be solely attributed
to excess SA. To address these questions, a model has
been employed that has been used for hydrophobic
proteins. The interaction energy, AQ, between hydro-
phobic GNP inclusions due to lateral capillary forces
within a membrane was calculated as*

AQ(L) = 27dyq(00 7kc,,-q2)(d'° _"> {K‘ lade/2 — arkalat)/2

2 Kolqdp/2) + Ko(qL)

Kk (qdp/2)
Ko(qdp/2)] 3)

where L is the center-to-center nanoparticle separation
distance, g is the capillary length, o, is the membrane
surface tension, and K, and K; are modified Bessel
functions of the zero and first order, respectively.
Values for g and o, were taken from Kralchevsky
et al.*® The terms k.;and [; are the membrane bending
modulus and hydrophobic thickness, respectively, and
the subscript i denotes the gel or fluid phase. Values of
1078 J were used for k., in the gel phase and 107'° J
for ke; in the fluid phase.** The term (d, — /)/2
represents hydrophobic mismatch. This model is based
on the existence of a three-phase contact angle
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-1

existing between water, lipid, and the inclusion (i.e., the
embedded GNPs are exposed to water; Figure 5B).

Results for AQ shown in Figure 5A indicate that a
repulsive force exists between embedded nanoparti-
cles at lower temperatures where the lipids exist in the
gel phase (kc,gq2 > 0p), while attractive forces are
predominant at higher temperatures, where the lipids
exist in the fluid phase (kc,fq2 < 0p). The repulsive or
attractive forces increase with increasing nanoparticle
diameter. On the basis of this model, encapsulated
nanoparticles can cluster upon lipid melting (gel to
fluid, schematic shown in Figure 5B), and this clustering
is more prominent at larger nanoparticle diameters.
Analyzing van der Waals attraction between two na-
noparticles (calculations based on GNPs used in this
work) within the bilayer shows that the lateral capillary
forces are longer ranged than vdW forces and that only
at short separation distances (L/d, =~ 1) would the
particles irreversibly aggregate. However, the presence
of ligands would prevent these distances from being
reached via steric repulsion. This analysis suggests that
reversible clustering via lateral capillary forces is plau-
sible for vesicle—nanoparticle assemblies where the
bilayer hydrophobic thickness is close to that of the
nanoparticle diameter.
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Figure 5. (A) Calculated increases in DPPC/DPPG bilayer thickness as a function of the lipid to nanoparticle ratio and the
stearylamine coating thickness at 25 °C. The thickness of the DPPC/DPPG vesicles (no nanoparticles) was based on SANS.

Increases in bilayer thickness are based on SANS experiments.

CONCLUSIONS

Even with the significant effects of free SA ligand on
lipid phase behavior, our results suggest that the GNPs
were dispersed in gel vesicles, but clustered in fluid
vesicles. This is supported by SANS results, where gel
bilayers thickened and fluid bilayers thinned. Clustering
has been observed by Rasch et al.'* for dodecanethiol-
coated GNPs in fluid egg PC bilayers. In their case the GNP
core diameters were smaller, 1.9 nm, and the loadings
were higher, up to L/N = 1500:1. Our analysis suggests
that similar behavior is observed with larger GNPs despite
the additional elastic energy needed to distort the
bilayers. This appears to be driven in part by SA desorp-
tion from the GNP surface and possibly aided by the
presence of free SA ligand. Clustering upon melting is
driven by greater hydrophobic mismatch between GNPs
in the fluid phase relative to the gel phase coupled with
lipid-mediated forces driven by lateral capillarity. These
forces are attractive in the fluid phase, but repulsive in the
gel phase due to the order of magnitude difference in
bending moduli. We summarize our results as follows:

() At L/N = 7500:1 moderate bilayer thickening

was observed, suggesting increased lipid order-
ing. This is reinforced by the disappearance of
the ripple gel pretransition and the appearance
of a shoulder in the primary melting endotherm.
Slight melting hysteresis was observed in the

EXPERIMENTAL METHODS

Materials. The metal precursor hydrogen tetrachloroaute-
(1) trihydrate (HAuCl,-3H,0, 99.99%), the stabilizing agents
sodium citrate dihydrate (99%) and stearylamine (>80%), the
reducing agent sodium borohydride (NaBH,;, 98%), and
the solvents, ACS grade ethanol (95%) and toluene (99.7%),
were purchased by VWR. Deuterium oxide (D,0, 99.9%) was
purchased from Cambridge Isotope Laboratories. The phos-
pholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine and
1,2-dipalmitoyl-sn-glycero-3-phospho-(1’-rac-glycerol) were purchased

VON WHITE Il ET AL.

melting endotherm, demonstrating an onset of
phase segregation. These results indicate that,
for the given experimental conditions, the GNPs
remained dispersed within gel or fluid bilayers at
low nanoparticle loadings.

(I At L/N < 7500:1 bilayer thickening was ob-
served, as well as a significant increase in T,
and pronounced melting hysteresis. Our obser-
vation that GNP clusters existed at high loadings
may reflect dynamic restructuring driven by the
extension of the stearylamine coating and lat-
eral capillary forces. Consistent thermographs
across multiple heat/cool (melt/freeze) cycles
indicate that this was a reversible process.
Furthermore, the unique phase behavior of
the nanoparticle-loaded vesicle cannot be at-
tributed solely to the excess stearylamine.

The present work demonstrates the effects that
encapsulated hydrophobic nanoparticles can have on
the structure and phase behavior of hybrid lipid vesi-
cles. A better understanding of these properties will aid
the design of nanoparticle-loaded vesicles for thera-
peutic applications. The fact that protein models may
be applicable to these structures suggests that the
underlying lipid biophysics between proteins and
nanoparticle is similar and may provide a predictive
design tool.

from Avanti Polar Lipids. All chemicals were used without
further purification.

Nanoparticle Synthesis. Citrate-stabilized gold nanoparticles
were prepared by a modified procedure similar to that of Jana
et al?® In short, 30 mL of citrate solution (0.05 M) was added to
567 mL of DI water in a 1 L volumetric flask. Next, 3 mL of 0.05 M
HAuCl, was added to the mixture and reduced with 3 mL of
NaBH, (0.05 M). The resulting aqueous dispersed GNPs were
ruby red in color.

The GNPs were resuspended in toluene by surface modifi-
cation using stearylamine, similar to procedures previously
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described.?” Briefly, between 100 and 300 mL of 0.01 M
stearylamine solutions in toluene were added to the 600 mL
aqueous GNP dispersion in a volumetric flask. The biphasic
mixture was vigorously shaken until the GNPs transferred from
the aqueous phase to the toluene phase. The biphasic mixture
was placed in a 1 L separatory funnel, where the toluene-dispersed
GNPs were isolated from the aqueous phase. Next, ethanol was
added to the GNPs (4:1 ethanol to GNP dispersion by volume)
followed by centrifugation at 14500 rpm for 10 min to induce
nanoparticle precipitation. The supernatant liquid, containing
excess stabilizing ligands and organic solvent, was decanted.
The GNPs were resuspended in 20 mL neat solvent (hexane or
toluene) followed by 5 min of sonication. The purification proce-
dure was performed a total of three times before use.

Recursive fractionation using the antisolvent/solvent pair
ethanol/toluene combined with centrifugation was performed
as described by Korgel et al.*’ and White et al.>® to isolate GNPs
with a 3.9 nm core diameter using 40—45% ethanol antisolvent
in toluene by volume. The synthesis, surface modification, and
fractionation of GNPs were repeated until enough samples were
prepared (nearly ~30 mL at 5 mg/mL).

Lipid Vesicle Preparation. Vesicles were prepared at a DPPC/
DPPG molar ratio of 85:15. For SANS the vesicles were prepared
in D,0, and for TEM and DSC they were prepared in deionized
water. Vesicles were prepared at a sample volume of 1 mL using
thin film hydration (TFH). Samples were prepared at 10 mM lipid
for SANS and TEM and 0.1 mM for DSC. Preparation by TFH
consisted of adding a chloroform/lipid solution to a round-
bottom flask and evaporating the solvent using a rotary eva-
porator at 50 °C starting at 450 mbar for 30 min, then decreasing
to 300 mbar for 30 min, and finally 200 mbar for 30 min. To
remove the remaining solvent, the round-bottom flask contain-
ing the thin film was placed in a vacuum oven at room
temperature for 2 h. To prepare GNP-loaded vesicles, GNPs in
toluene were added to the lipid in chloroform before evapora-
tion to yield L/N ratios from 10 000:1 to 5000:1. Water was added
to the film at 50 °C, and the flask was hand shaken for 1 h
followed by 30 min of bath sonication. The resulting aqueous
dispersions were completely homogeneous, and no remaining
precipitate was observed. On the basis of this observation, it is
assumed that all of the hydrophobic nanoparticles were en-
capsulated within the vesicle bilayer. The samples were stored
at 50 °C under a N, blanket prior to analysis.

Small-Angle Neutron Scattering. SANS experiments were per-
formed on the CG-2 General SANS instrument at the High Flux
Isotope Reactor at Oak Ridge National Laboratories (Oak Ridge,
TN, USA). All samples were prepared to be 1% by volume and
considered dilute. Each sample was loaded into a 2 mm path
length banjo cell and measured at 25, 37, and 50 °C. Two
sample-to-detector distances were used for the 25 and 37 °C
measurements (0.3 and 6 m) to obtain a g range from ~0.007 to
0.67 A" with a neutron wavelength of A = 6 A. An additional
sample-to-detector distance of 145 m and a neutron wave-
length of 18 A were used for the 50 °C measurements to expand
the g range to ~0.001 A~". The neutron resolutions, A1/, were
equal to 12% (fwhm). Empty beam background, empty cell
background, solvent (deuterium oxide) background, detector
sensitivity, sample transmission, and sample thickness were
considered during raw data reduction. The solvent and empty
cell background measurements were used to normalize all
SANS data. The reduced scattering intensities, /(g), were fit as
a function of the scattering vector, g(6). Here, g(0) = 47 sin(0)/4,
and 6 is defined as the scattering angle. All SANS fitting was
performed using Igor Pro 6.03 software and models provided by
NIST.*

Transmission Electron Microscopy. TEM images of GNPs were
obtained using a Hitachi 7600 with a 120 kV accelerating
voltage. TEM samples were prepared by drop casting ~5 uL
of nanoparticle dispersion onto a 300-mesh Formvar carbon-
coated copper TEM grid (Ted Pella), followed by solvent eva-
poration. The size distributions were obtained by image analysis
performed with the ImageJ software package counting at least
1500 particles for meaningful and relevant statistics.

Cryo-TEM samples were prepared at 25 °C using a Vitrobot
(FEI Company), which is a PC-controlled robot for sample
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vitrification. Quantifoil grids were used with 2 um carbon holes
on 200 square mesh copper grids (Electron Microscopy
Sciences, Hatfield, PA, USA). To prepare a sample, it was first
equilibrated within the Vitrobot at 25 °C and 100% humidity for
30 min. After immersing the grid into the sample, it was then
removed, blotted to reduce film thickness, and vitrified in liquid
ethane. The sample was then transferred to liquid nitrogen for
storage. Imaging was performed in a cooled stage (model 915,
Gatan Inc., Pleasanton, CA, USA) at 200 kV using a JEOL JEM-
2100F TEM (Peabody, MA, USA).

Differential Scanning Calorimetry. DSC was performed using a
TA Instruments Nano DSC (New Castle, DE, USA). Samples at
0.1 mM lipid were degassed under vacuum for 30 min before
loading into a 0.6 mL capillary cell. The cell was then pressurized
with nitrogen to 1 atm and equilibrated at 25 °C. Three
consecutive heat/cool cycles were performed from 25 to

60 °C at a scan rate of 1 °C min~".
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