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ABSTRACT: Engineered nanoparticles (NPs) possess diverse physical and chemical [y. Oil Trans-
properties, which make them attractive agents for targeted cellular interactions within the 'V'Pi'li?;e

human body. Once affiliated with the plasma membrane, NPs can become embedded i "3_""?@\
within its hydrophobic core, which can limit the intended therapeutic functionality and  \yater :
affect the associated toxicity. As such, understanding the physical effects of embedded NPs
on a plasma membrane is critical to understanding their design and clinical use. Here, we
demonstrate that functionalized, hydrophobic gold NPs dissolved in oil can be directly | =
trapped within the hydrophobic interior of a phospholipid membrane assembled using the E
droplet interface bilayer technique. This approach to model membrane formation
preserves lateral lipid diffusion found in cell membranes and permits simultaneous imaging and electrophysiology to study the effects
of embedded NPs on the electromechanical properties of the bilayer. We show that trapped NPs enhance ion conductance and
lateral membrane tension in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC) bilayers while lowering the adhesive energy of the joined droplets. Embedded NPs also cause changes in bilayer
capacitance and area in response to applied voltage, which are nonmonotonic for DOPC bilayers. This electrophysical
characterization can reveal NP entrapment without relying on changes in membrane thickness. By evaluating the energetic
components of membrane tension under an applied potential, we demonstrate that these nonmonotonic, voltage-dependent
responses are caused by reversible clustering of NPs within the unsaturated DOPC membrane core; aggregates form spontaneously
at low voltages and are dispersed by higher transmembrane potentials of magnitude similar to those found in the cellular
environment. These findings allow for a better understanding of lipid-dependent NP interactions, while providing a platform to study
relationships between other hydrophobic nanomaterials and organic membranes.
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Bl INTRODUCTION

From both therapeutic and technological perspectives, interest
in the interactions between engineered nanomaterials and
biological membranes has blossomed in the last decade.
Nanoparticles (NPs) have been shown to alter both the

In the context of drug delivery, NPs interact with the plasma
membrane en route to delivering their payloads to a cell
Membrane translocation is aided by hydrophobic functional-
ization of the NP, which helps drive insertion into the
hydrophobic membrane interior and also prevents surface
fouling in the bloodstream.'>™"” However, this functionaliza-

structure and physical properties of the membrane.' For
example, embedded NPs can control liposomal permeability
for drug delivery,” " while carbon nanotubes are known to
enhance electrical conductivity and transport properties in
planar membranes.”~” This deliberate combination of material
properties, known as inorgamics-in-organics,8 often generates
unique results; for example, conductive gold NPs embedded in
insulative phospholipid membranes can behave as single
electron transistors.” A further application of membrane—NP
integration is in diagnostic cellular imaging, where membrane-
affiliated NPs enhance fluorescence and act as contrasting
agents within biological membranes.'””"® This facilitates
targeted cellular imaging and even the detection of trans-
membrane potentials.'*
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tion can also cause hydrophobic NPs to accumulate in the core
of the membrane.'® While gold NPs are desirable delivery
agents due to their optical and thermal properties, few
treatments involving gold NPs are currently approved by the
FDA, due in part to cytotoxic interactions with cellular
membranes.'® Embedded NPs can alter membrane thickness
and slow bending fluctuations, which can alter membrane
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protein function and enzyme catalysis.'”~>' Further, NP
loading can affect lipid tail disorder and phase behaviors,
influencing biophysical processes such as passive transport and
vesicle budding.”' ">’ Because many of these effects are
observed from computational studies, sensitive experimental
methods are needed to validate the effects of candidate NPs
interacting with and embedding in a membrane.

Several methods are presently used to entrap NPs in a
phospholipid bilayer. Lipid vesicles may be loaded with
hydrophobic NPs via extrusion or dialysis,”* *° a process
that can be enhanced by chloroform annealing”’ or assembly
with water—oil—water double emulsions.”* Nonlipid surfactant
vesicles have also been used to trap NPs,'”*" as they can offer
enhanced durability over conventional lipids. Vesicles loaded
with NPs or quantum dots can then be fused onto supportive
substrates to form planar supported lipid bilayers (SLBs)
doped with hydrophobic inclusions.”** These methods allow
membrane properties such as lipid orientation and membrane
fluidity to be probed using microscopic and spectroscopic
techniques, and the use of closed vesicles can mimic physical
aspects of the cellular environment such as membrane
curvature.

However, the strain induced by high curvature of spherical
vesicles complicates NP loading,” and conventional vesicle
assembly offers poor control of embedded NP concentrations,
sometimes resulting in Janus-like or bare vesicles.””** This can
also cause inconsistent NP loading in SLBs,” which
complicates the study of doped-membrane properties. Further,
the supportive substrates of SLBs can artificially influence lipid
phase transitions®” and interfere with trapped NP distribution
by encouragin§ aggregation or pushing NPs into the exterior
lipid leaflet.”*® These issues consequently obscure electro-
physiology measurements of doped membranes, which are
influenced by the amounts and relative locations of trapped
NPs>' and can further reveal potential collective effects of
embedded NPs and transmembrane potentials. Such electric
fields play vital regulatory roles in cellular behaviors: For
example, transmembrane electrical potentials affect cell
proliferation, neuronal migration, and the uptake of antibiotic
peptides.”** > While embedded hydrophobic NPs can lower
membrane capacitance,'>*® the coupled electrical and
structural properties of doped lipid membranes (e.g., the
relationship between membrane capacitance and thickness)
under applied transmembrane potentials remain poorly
understood.

In response, we demonstrate a facile, repeatable way of
loading hydrophobic NPs into a planar lipid bilayer. This was
done using the droplet interface bilayer (DIB) method, which
forms a phospholipid membrane between the interface of two
lipid-coated aqueous droplets in oil. By dissolving hydrophobic
NPs into the oil phase, we show that entrapment can be
induced by sandwiching NPs between connecting droplets,
which is confirmed by changes in mechanical and electrical
properties of the membrane. For the purpose of studying
membrane-embedded NPs, this method circumvents several
problems of introducing functionalized NPs into the aqueous
phase adjacent to the bilayer, includin§ potentially significant
energy barriers for bilayer penetration ° and the tendency of
NPs to affect the morphology of assembling lipid mono-
layers.”” Further, DIBs provide high electrical resistance and
minimal leakage paths, ensuring precision in electrical
measurements of membrane structure and transport.”®

In this work, we leverage electrical measurements and
brightfield imaging to quantify the entrapment of hydrophobic
NPs in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) DIBs
assembled in hexadecane or decane oil. Capacitive currents
reveal that the solvent-controlled thickness of the membrane
determines whether NP entrapment occurs, lipid type
influences how NPs are distributed within the membrane,
and residual oil is preferentially excluded at high voltages. We
discover that DOPC membranes containing embedded
hydrophobic NPs exhibit nonmonotonic changes in bilayer
area and capacitance with increasing voltage. By quantifying
the lateral tension components of NP-doped membranes, we
explain how transmembrane voltage reversibly redistributes
NPs within the bilayer hydrophobic core in ways that affect
measured membrane thickness, tension, and adhesive energy.
In contrast, NP distributions trapped within stiffer DPhPC
bilayers appear to be less malleable under voltage. These
differences demonstrate how both lipid compositions and
transmembrane potentials affect NP organization in the
hydrophobic membrane interior and thereby illuminate a
more complete picture of in vivo particle interactions within
the cell membrane.

B RESULTS

Characterization of Hydrophobic NPs in Oil. Since gold
NPs are introduced to the bilayer via the oil, we first assessed
the diameters of ligand-coated NPs solvated in either n-decane
(C10) or n-hexadecane (C16) and measured the correspond-
ing electrical properties of NP—oil solutions. The NPs had a
core diameter of 3.3 & 0.5 nm, as specified by the vendor; this
was confirmed with transmission electron microscopy (TEM)
images of dispersed NPs (n = S0) in a lipid—NP mixture
(Figure S1A). Figure S1A also appears to show single
hydrophobic NPs embedded in the vesicle membrane, as has
been reported elsewhere,”” while NP aggregates were observed
in the interstitial space surrounding the vesicle. The NPs were
functionalized with hydrophobic octanethiol (OT) ligands,
which were expected to add ~0.8 nm to the ~1 to 2 nm radius
of the gold cores.”**” Indeed, dynamic light scattering (DLS)
measurements revealed that solvated particles had average
diameters of 5.9 + 1.3 and 5.0 + 1.0 nm in C10 and C16,
respectively, consistent with OT ligands extending into the oil.
Further information on DLS measurements, including values
of polydispersity, is reported in Figure S1, where the presence
of dominant intensity peaks below 10 nm confirmed that most
of the NPs were well dissolved. The larger diameter of particles
in C10 aligned with our observation that NPs solvated more
readily in C10 at room temperature, whereas NPs in C16
required mixing overnight to obtain a well-dispersed NP
solution. Sonication of NP-oil solutions was found to induce
particle aggregation (Figure S1C) and thus was not performed
when preparing solutions for bilayer experiments.

To characterize the electrical properties of the NP solutions,
we performed impedance spectroscopy on NPs dissolved in
C10 and examined the real parts of both the complex dielectric
function (Figure S2A) and complex conductivity function
(Figure S2B). From Figure S2A, it was determined that the
static dielectric permittivity, or dielectric constant (&), of neat
n-decane was approximately 1.7 with no significant variation
across the 0.1—10° Hz frequency range. However, the addition
of 0.01 mg/mL NPs resulted in a frequency-dependent
permittivity below 10 Hz, as well as an increase in the value
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Figure 1. (A) A DIB is formed by connecting two lipid-coated aqueous droplets in an oil phase, which may contain gold NPs. Integrated electrodes
and cameras monitor the electrical and mechanical properties. The electrical path across the bilayer is evaluated as a parallel RC circuit. (B) Growth
in membrane area and capacitive current (left to right) confirms bilayer formation. This process occurred spontaneously in a neat oil phase but
required an initiation voltage when NPs were present. For DPhPC bilayers formed in C10 + NPs, removal of DC voltage causes the membrane to
dissociate (left). (C) DOPC bilayers formed in C10 + NPs remain intact upon removal of DC voltage (left). Increasing the DC voltage reduces
capacitive current and bilayer area (middle), until exceeding a critical voltage causes the bilayer capacitance and area to grow (right).

of the dielectric constant to ~1.8 at frequencies above 10 Hz.
Increasing the concentration of dissolved NPs to 0.5 mg/mL
did not significantly affect the complex dielectric function or
change the value of the dielectric constant. The high frequency
plataeau is likely because the dipoles of the gold NPs do not
have time to orient in the direction of the oscillating electric
field at higher frequencies;*” thus, probing the system at
frequencies above 10 Hz minimizes the contributions of the
permittivity of the gold NP core to the effective permittivity of
the mixture. On the other hand, conductivity measurements of
the solutions, shown in Figure S2B, revealed that addition of
NPs significantly increased solution conductivity by an amount
proportional to the concentration of NPs. Together, these
results demonstrate that the addition of 0.5 mg/mL or less
OT-decorated gold NPs causes only a small increase (~6%) on
the dielectric constant of n-decane at frequencies above 10 Hz,
despite significant increases in conductivity.

Oil-Solvated NPs Affect Energetics of DIB Formation.
To trap hydrophobic NPs within a planar phospholipid
membrane, DIBs were formed by bringing into contact pairs
of lipid-coated aqueous droplets (each ~400 nL in volume) in
NP—oil solution (Figure 1A). Two separate lipid types were
used to form phospholipid membranes: DPhPC and DOPC.
DPhPC is of archaeal or1§1n and was selected for its rigidity
and membrane stability,”” while unsaturated DOPC was
chosen to yield a fluid, biomimetic membrane. Chemical
structures of these phospholipids, in addition to those for the
OT ligand and both n-alkane oils, are compared in Figure S3.
Lipids were incorporated as unilamellar vesicles into the

aqueous droplets. Wire-type silver—silver chloride electrodes
inserted into the aqueous droplets allowed for mechanical
manipulation of the droplets and electrical interrogation of the
interfacial bilayer, which is effectively modeled as a parallel RC
circuit (Figure 1A).*" Bilayer formation occurs when excess
solvent is entropically excluded from between the opposing
lipid monlayers," creating a thinned planar membrane that
adheres the droplets. The resulting thickness of the bilayer
depends on the size of the oil molecule,” where larger oil
molecules are excluded more efficiently than smaller oils. Since
C10 is smaller than C16, more oil is retained in the membrane
upon thinning and, thus, the bilayer has a larger hydrophobic
thickness.**

Spontaneous bilayer formation was observed after a few
minutes when droplets were connected in neat oil (C16 or
C10), as indicated by increases in the illuminated contact area
and measured capacitive current (Figure 1B, right vs left).***
However, spontaneous bilayer formation was not observed,
even 10 min after contact, for any lipid/oil combinations
containing at least 0.1 mg/mL NPs in the organic phase. This
presumably thicker interface minimized the disjoining pressure
between opposing monolayers and required a counterbalanc-
ing pressure to spur attractive interactions between the
droplets.***” We achieved this by applying DC voltage,
which was increased iteratively until thinning occurred, as
confirmed via imaging and measurements of capacitive current.
The value of the required initiation voltage varied with lipid and
oil type, and we discovered that higher concentrations of NPs
in the oil required higher voltages to induce bilayer formation
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Figure 2. Normalized capacitance (C/C,) and specific resistance (R,,) with respect to voltage for (A) DPhPC and (B) DOPC DIBs. Data
represents DIBs formed in n-hexadecane (C16, black) and n-decane (C10, colored) with or without hydrophobic NPs. Dotted lines represent
control cases with no NPs. Total NP concentration in oil is 0.1 mg/mL. The discretized data points represent the mean of values obtained from
multiple bilayers (2 < n < 7), while error bars represent one standard deviation. C/C, data for C10 are offset by +1 unit for clarity.

(Table S1). Moreover, droplets generally remained adhered
when the applied DC voltage was subsequently reduced to 0 V.
The average zero-volt membrane areas are reported in Table
S1 and were found to be similar in C16, whether or not NPs
were present; however, the presence of NPs slightly increased
the zero-volt area of the bilayer when formed in C10. There is
one exception: DPhPC-coated droplets connected in C10 +
NPs spontaneously dissociated after voltage-induced bilayer
thinning at holding potentials below 1100 mVI. Dissociation is
characterized by a complete reduction of contact area and
elimination of capacitive current, and it sometimes resulted in
droplets visibly drifting apart, as shown in Figure 1B (left).
Both the need for an initiation voltage and the observation that
droplets could self-separate at biases below this threshold
demonstrated that dissolved hydrophobic NPs alter the
energetics of droplet adhesion.

Voltage-Dependent Properties Reveal that Bilayers
Entrap NPs in C10, Not C16. To determine whether
hydrophobic NPs were indeed trapped in the membrane upon
bilayer formation, we probed the electrical capacitance, C, and
resistance, R, by measuring the current induced by a low-
amplitude triangular AC voltage (at 100 Hz, where ¢ is
constant) superimposed onto a quasi-static DC voltage (see
Methods for more details). This composite signal allowed for
assessing quasi-static values of R and C at different trans-
membrane potentials without generating frequency-dependent
electrical fields at the gold interface from localized surface
plasmon resonance (a MHz phenomenon®®). Hence, it was
possible to determine how these membrane properties change
in the presence of NPs. Phospholipid bilayers are subject to
thinning and areal expansion in the presence of DC voltage,
due to electrocompression and electrowetting effects.”” These

effects contribute to monotonic increases in bilayer capacitance
with increasing voltage, as governed by the following equation

£,eA(V)
d(v) (1)

where C and A are the nominal capacitance and area of the
membrane, respectively, g, is the dielectric permittivity of
vacuum, € is the relative permittivity of the dielectric, and d is
the hydrophobic thickness of the membrane. Thicker bilayers
formed in C10 are known to compress more in response to
applied volta(ge as residual oil is excluded from the
membrane, " yielding steeper C vs V relationships as
compared to lipid bilayers formed in C16. We hypothesized
that trapped particles would affect this relationship, along with
the electrical resistance of the bilayer.

Figure 2 shows bilayer capacitance normalized by its zero-
volt value (C/C,) and specific resistance (R,, = R X A) plotted
vs the applied DC bias for DIBs formed in the presence and
absence of NPs. These data show that C/C, vs V relations for
both DOPC and DPhPC bilayers in the presence of C16 + 0.1
mg/mL NPs were indistinguishable from their respective
control cases (C16, no NPs). There were also little differences
in the values of R, for DOPC and DPhPC DIBs in C16 with
and without NPs; both lipid types possessed values of specific
resistance of ~10 MQ cm?® at 0 V, which decreased slightly
with increasing voltage. The nominal values of R, certify that
DIBs formed in C16 are highly insulating membranes and
suggest that NPs do not significantly disrupt the bilayer to
allow for voltage-induced ion transport at a NP concentration
of 0.1 mg/mL. In fact, the similarities in both C/C, vs V and
R,, vs V observed for DPhPC and DOPC DIBs formed in C16
suggest that NPs are mostly excluded from between the lipid
leaflets during bilayer formation and few, if any, remain in the

) =
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membrane after thinning. This finding makes sense given the
characteristic lengths of the NPs and bilayers; most spherical
NPs only embed in lipid membranes with hydrophobic
thicknesses equal to or greater than their own diame-
ters,' 271753 Here, using capacitance and area measurements
to calculate average bilayer thickness (see eq 2), we found that
DOPC and DPhPC DIBs formed in C16 have measured
hydrophobic thicknesses of 3.1 #+ 0.1 nm at 0 V, in agreement
with prior studies.”” By comparing this value with reported
solvent-free DPhPC and DOPC membranes,””** we calculate
that these membranes contained approximately 13% oil by
volume. This thickness is smaller even than the core diameter
of the functionalized NPs, and the size exclusion is likely made
stronger by the solvation of OT ligands on the NPs.
Measurements reported in Table S1 show that average
membrane thickness at 0 V remained unchanged when bilayers
were formed in C16 + 0.1 mg/mL NPs, further evidence that
few, if any, NPs are entrapped.

Comparatively, DPhPC and DOPC DIBs formed in C10
had mean hydrophobic thicknesses of 4.6 and 5.1 nm,
respectively, at 0 V, correlating to 41 and 47% oil by volume
(Table S1). In contrast to results discussed above for C16,
significant changes to R, and C/C, vs V were observed when
DIBs were formed in C10 + 0.1 mg/mL NPs. As represented
by Figures 1B and 2A, DPhPC monolayers fully dissociated at
voltages below 1100l mV. Even when these bilayers were intact
at higher potentials, R, was almost an order of magnitude
lower compared to control DPhPC membranes in C10. Larger
differences and other behaviors were observed when DOPC
DIBs were formed in the presence of NPs. Unlike DPhPC+NP
membranes, DOPC+NP membranes remained intact when the
DC initiation voltage was removed (Figure 2B). Specific
resistance was 10°—10> MQ cm” lower at voltages <50 mV
when NPs were present. This decrease is not explained by a
parallel conductance path around the bilayer (i.e., across the
monolayers and through the oil), since values of R, for DIBs in
C16 with and without NPs were nearly identical. Rather, the
phospholipid membrane remains the dominant impedance
element in the equivalent circuit even when the oil is
sufficiently conductive. The data therefore suggest that changes
in R, are caused by NPs in the membrane; for example, an
increase in ion conductivity could rise from membrane
disruption®”*" and higher electrical conductivity of entrapped
NPs.

Surprisingly, and in contrast to the monotonic increases in
C/Cy vs V due to electrowetting/compression in DPhPC+NP
bilayers shown in Figure 2A, we discovered that increasing the
applied DC voltage from 0 mV reduced the normalized
capacitance of DOPC+NP bilayers in C10 (Figures 1C and
2B) until these values reached a minimum at a critical voltage,
V. which was near 150 mV for a NP concentration of 0.1
mg/mL. Normalized area measurements (A/A,) are reported
in Figure S4 and mirror this trend. At the critical voltage, mean
normalized capacitance was 76% lower than its zero-volt value,
while mean normalized area decreased by 70%. Only at applied
potentials exceeding V_; did C and A increase monotonically
with voltage. These trend continued until the membrane
ruptured, typically at potentials between 200 and 300 mV.
Since a V_;, > 0 mV was not observed for DPhPC membranes
formed in C10, and both lipid types have the same PC
headgroup, it is clear that this behavior was influenced by the
unsaturated DOPC tails. Thus, while NPs appeared to be
excluded from both DOPC and DPhPC DIBs formed in C16,

the substantial differences in electrical capacitance and
resistance vs voltage measured for DPhPC and DOPC DIBs
in C10 indicate association of NPs with the membrane after
bilayer thinning. We therefore focus solely on DIBs formed in
C10 throughout the rest of this work. Moreover, since the
hydrophobic NPs originate from the oil phase in these
experiments, we interpret that NPs are retained within the
hydrophobic interior of the membrane.

Trapped NPs Induce Concentration-Dependent
Structural Changes in DOPC Bilayers. To further explore
the influence of entrapped NPs in DOPC bilayers, and to
understand their behaviors within the membrane, we studied
the electrophysical responses as a function of NP concen-
tration. Figure 3 shows the steady-state responses of nominal

-3 -3
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Figure 3. (A) Nominal capacitance, and (B) area, of a DOPC bilayer
in Cl10 as a function of applied voltage, for different NP
concentrations: 0.01 mg/mL (yellow), 0.1 mg/mL (blue), and 0.5
mg/mL (orange). (C) Nominal capacitive response of a DOPC
bilayer in C10 with 0.1 mg/mL NP concentration at both positive and
negative DC voltages.

bilayer capacitance (Figure 3A) and area (Figure 3B,
computed assuming a circular interface) vs transmembrane
voltage for three concentrations of NPs in C10. At NP
concentrations of 0.01 mg/mL, an initiation voltage of ~130
mV was required for bilayer formation. After formation, the
membrane behaved similar to the DOPC in C10 control case
(no NPs) in Figure 2B, which displayed quadratic depend-
ences on applied voltage for C and A. At a NP concentration of
0.1 mg/mL, where the initiation voltage was ~270 mV, both C
and A exhibited minimum values at V; ~ 150 mV, before
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sharply increasing at higher voltages. At the highest NP
concentration tested (0.5 mg/mL), which required more than
300 mV to initiate bilayer formation, V; increased to ~200
mV. We further observed that the initial membrane area at 0 V
increased proportionally with the concentration of NPs in the
system (Table S1). While the reason for this relationship is
unclear, it has been reported that lipid tail ordering can change
in the presence of large or hydrophobic embedded NPs;**>°
this could change the energetics of membrane adhesion and
increase the bilayer area. Due to the dependence of area and
capacitance on dissolved NP concentrations and the fact that
these droplets never dissociated after their initial voltage-
induced formation, it appeared that the amount of NPs in the
oil affected the amount trapped in the membrane and its
subsequent response to applied potentials.

The number of trapped NPs could affect the conductance of
the membrane, as impedance spectroscopy measurements
showed that the conductivity of the organic phase depends on
the dissolved NP concentration. To examine this, we evaluated
DOPC bilayer conductance, normalized by membrane area, vs
voltage for various concentrations of NPs. The results are
plotted in Figure S5. As expected, the specific conductance
(G,) of the NP-free membrane was much lower at low voltages
than for DOPC bilayers containing even the lowest
concentration of NPs, though G, increased with voltage as
electrocompression caused the membrane to thin. Interest-
ingly, all three bulk concentrations of NPs induced similar
levels of zero-volt conductance within the bilayer (~2 to 4 X
1078 S/cm?). Thus, while Figure 3 shows a concentration
dependence of membrane mechanical properties in response to
voltage, it appears that membrane conductance is far less
sensitive to the number of trapped NPs. For the higher
concentrations of trapped NPs (0.1 and 0.5 mg/mL), G,
peaked at associated V_; values, corresponding to maximum
membrane disorder and ion permeability at these voltages.

Minimum capacitance at a nonzero voltage is similar to
behavior seen with asymmetrically charged membranes, such
as when opposing lipid leaflets possess different dipole
potentials. In such a case, an applied voltage adds to the
intrinsic membrane potential, resulting in a minimum
capacitance at a single potential with equal magnitude and
opposite polarity to the intrinsic potential.’” To see if the
entrapped NPs affected the inherent membrane potential
which resulted in similar changes of C vs V, we evaluated the
capacitance of DOPC + NP membranes in response to both
positive and negative applied voltages. Figure 3C shows that,
unlike asymmetrically charged lipid membranes which exhibit a
single local minimum, capacitance displays local minima at
both positive and negative applied voltages. Further, the value
of Vi, was nearly identical at both polarities. These
measurements confirm that V originates from NPs trapped
within the bilayer, and the applied electric field imposes
structural changes on both the NPs and phospholipid bilayer,
which are reflected by changes in C and A.

Reversible Changes in Membrane Thickness Reveal
NP Retention at High Voltages. Given the steep increases
in C and A at voltages above V4 (Figure 3), we questioned
whether high transmembrane potentials exclude or retain NPs
trapped in DOPC DIBs formed in C10. To test this, we
evaluated bilayer thickness across the tested voltage range by

measuring the specific capacitance, C,

_0C _ &

" 0A  d (2)
which is found by linear regression of C vs A data obtained at
multiple bilayer areas controlled by manipulating the electrode
positions.44’50 Hydrophobic thickness, d, was computed using &
= 2.2 (see Methods); repeating this measurement at each DC
voltage allowed for understanding how both voltage and NPs
affect membrane thickness. Measurements were taken during
both increases and decreases in voltage to discern the
reversibility of the responses.

Figure 4 shows representative traces for computed hydro-
phobic thicknesses for DPhPC and DOPC bilayers in C10 in
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Figure 4. Representative hydrophobic thicknesses of (A) DPhPC and
(B) DOPC bilayers in C10, as a function of DC voltage. The dotted
black traces represent DIBs formed without NPs, while solid colored
traces represent DIBs formed in the presence of NPs at a
concentration of 0.1 mg/mL. Purple arrows denote the directions
of stepwise voltage measurements.

the presence and absence of 0.1 mg/mL NPs. Corresponding
C,, measurements are plotted in Figure S6. Pure DPhPC and
DOPC DIBs at 0 V yield C,, = 0.422 + 0.096 and 0.385 +
0.04S uF/cm?® (n > 3), respectively, which lies within the range
of reported values for these lipid types when formed in n-
decane.*”*" These values correspond to zero-volt hydrophobic
thicknesses of around 5 nm. Interestingly, DPhPC membranes
formed in C10 with NPs were of similar thickness to NP-free
membranes (Figure 4A). Bilayer thickness decreased with
increasing voltage in both cases, caused by the removal of oil
from the hydrophobic core of the bilayer due to the applied
electric field. For example, core thickness of DPhPC DIBs
without NPs decreased from 5.3 nm at 0 V to 3.6 nm at 200
mV, and the retained oil fell from 49 to 24% by volume.
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Likewise, core thickness of DOPC DIBs without NPs
decreased from 4.9 nm at 0 V to 3.0 nm at 200 mV, and the
volume percentage of oil reduced from 45 to 11%. This
thinning response was reversible for increasing and decreasing
voltage steps; however, DPhPC + NP bilayers dissociated
below 100 mV, while DPhPC bilayers without NPs remained
intact at 0 V.

Separately, DOPC + NP membranes were much thicker
than regular DOPC bilayers at 0 V, with a mean calculated
zero-volt thickness of 7.2 nm. While DOPC membrane
thickness decreased slightly with increasing voltage, similar to
DPhPC, the DOPC + NP thickness remained constant with
increasing voltage and then increased greatly at a voltage
coinciding with V= 160 mV (Figure 4B). This is consistent
with the prior observation that normalized capacitance
decreased more than normalized area at voltages near Vg,
implying a thickening of the hydrophobic section of the
membrane. Once V_;, was exceeded, thickness decreased until
reaching ~4 nm, matching both the hydrophobic thickness of
the control DOPC bilayer and the diameter of the NP cores.
When voltage was quasi-statically lowered to 0 V, a similar
nonlinear voltage-dependent change in thickness was observed.
While it is possible that some entrapped particles were
excluded from between the leaflets and ejected into the
surrounding oil, the reversible changes in thickness indicated
that at least a significant fraction of trapped NPs were retained
in the DOPC bilayer throughout the range of tested voltages,
consistent with recent MD simulations on membrane-
embedded 4 nm OT-functionalized gold NPs under the
influence an external electric field.>® In contrast, changes in
thickness were expected to be highly hysteretic if particles were
mostly excluded from the membrane under high potentials.

To further explore the possibility that NPs are excluded into
the surrounding oil at high voltages, and then spontaneously
partition back into the bilayer once the voltage is reduced, we
formed a DOPC DIB in neat C10 (without NPs) and
performed a stepwise voltage measurement to evaluate
capacitance and area changes, similar to that shown in Figures
2 and S4. We then added concentrated NPs in C10 to the bulk
oil phase, for a final dissolved concentration of 0.125 mg/mL
NPs, while holding the membrane at 50 mV to avoid droplet
separation from fluid flow. Then we performed C and A
measurements both (1) immediately after and (2) 30 min
following NP injection. Finally, we separated the droplets and
then reconnected them to form a new DIB in the now-NP-
doped oil and performed another stepwise voltage measure-
ment. Figure S7 shows that C and A vs V responses were
identical to those of the original DOPC membrane even after
an incubation period of 30 min following NP injection.
However, the DOPC DIB newly formed in C10 + NPs
required the application of an initiation DC voltage for
formation and exhibited nonlinear voltage-dependent proper-
ties characteristic of NP entrapment. This confirmed that a
detectable number of NPs could not spontaneously partition
into the hydrophobic core of the bilayer from the oil phase,
and, therefore, that the reversibility in bilayer thickness
observed for DIBs formed in C10 + NPs was a consequence
of NPs being retained in the membrane across all voltages
tested.

Estimating the Number of Trapped NPs from
Capacitance Measurements. The large differences in
average thickness for DOPC DIBs with or without NPs in
C10, as reported in Table S1 and Figure 4B, suggest that many

NPs are trapped within the hydrophobic membrane core.
Estimating the number of NPs and their average center-to-
center distance within the membrane can offer better insight
on membrane mechanics such as bending energy and particle
aggregation.”” An upper limit to the number of trapped NPs in
a DOPC in C10 bilayer is found by assuming that each NP
occupies a square space in a two-dimensional lattice within the
center of the membrane. Dividing the total membrane area
(Ar) by the area per NP (Ayp) yields the maximum number of
laterally packed NPs. Using a typical value of A = 4.24 X 107*
cm? from experiments in Figure 4B, and Ayp = (5.9 nm)? =
34.81 nm”* from the solvated diameter of NPs in C10 (Figure
S1), we calculate that a maximum of ~1.2 X 10° NPs could fit
laterally within the membrane.

Alternatively, we use the computed thickness values
obtained on DOPC DIBs in C10 + NPs to approximate the
number of trapped particles needed to increase the average
membrane thickness at 0 V. This is done by modeling the
membrane as two parallel capacitors of different areas, C, and
Cg, being regions free of NPs or doped with NPs, respectively.
Cy is defined as the equivalent capacitance of the two outer
lipid monolayers encompassing an inner layer of NPs in n-
decane. These two capacitors occupy unknown area fractions,
A, and Ag, of Ap. The measurements in Figure 4B and values
from impedance spectroscopy and DLS measurements are
used in conjunction with eq 1 to solve for the membrane area
containing NPs, Ap. Details of these calculations and a
schematic of the equivalent capacitance model are found in
Figure S8, and the parameters for these calculations are
reported in Table S2. By assuming that trapped NPs contribute
an additional 5.9 nm to the total hydrophobic thickness of the
membrane, we estimate that NPs occupy approximately 77% of
the bilayer area. This area fraction corresponds to ~9.4 X 10°
NPs trapped in the bilayer, with an equivalent center-to-center
distance of 6.7 nm between particles.

The Supporting Information also provides calculations for
the molecular weight of this OT-functionalized NP, discusses
assumptions within the model, and considers the number of
trapped NPs based upon their concentration and distribution
in the bulk oil phase. This value is lower (~1.6 X 10° NPs) for
a dissolved concentration of 0.1 mg/mL NPs and thus provides
a theoretical range for the total amount of trapped particles.
While this range spans several orders of magnitude, it is likely
that the trapped NPs occupy a substantial portion of the total
membrane area, since there is a significant difference in the
average DOPC membrane thickness with and without NPs.
On the other hand, the similar values of DPhPC membrane
thicknesses with and without NPs imply that fewer NPs are
embedded in the membrane. The high repeatability and
accuracy of C, measurements verify that similar amounts of
NPs are trapped in DIBs between experiments.

Trapped NPs Impede Membrane Adhesion and Raise
Tension. With evidence to suggest that NPs are both trapped
and retained in C10 DIBs, we measured the bilayer tension vs
voltage and compared these responses to those obtained with
NP-free membranes. Bilayer tension is an indicator of
molecular order within the bilayer;*” higher tension signifies
unfavorable molecular interactions, including a larger area per
lipid molecule. The apparent bilayer tension, 7,,, was
evaluated for DPhPC and DOPC membranes in the presence
of 0.1 mg/mL NPs. This was done by using Young’s
Equation™**
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Figure S. Mean values of apparent bilayer tension of (A) DPhPC and (B) DOPC bilayers in C10 as a function of voltage, n > S for all trials. The
dotted black traces represent DIBs formed without NPs, while the solid colored traces represent DIBs with trapped NPs, at a concentration of 0.1
mg/mL. Error bars denote values within one standard deviation. Insets show the energy of adhesion, AF, as a function of voltage.

%

op = 2y, cosb) (3)

where 7, is the lipid monolayer tension at the oil/water
interface, as determined via pendant drop goniometry, and @ is
the contact angle measured between the plane of the bilayer
and the monolayer tangent line. The measured contact angles
are reported in Figure S9. Negligible differences in monolayer
tensions were observed between DOPC + NPs (y,, = 0.37 +
0.02 mN/m) and DOPC (y,, = 0.37 + 0.01 mN/m) and
DPhPC + NPs (7,, = 1.32 + 0.01 mN/m) and DPhPC (y,, =
1.29 + 0.01 mN/m) in C10, n = 3 for all trials. The resulting
bilayer tensions were calculated from these average monolayer
tension values using eq 3 and are shown in Figure S. The mean
zero-volt y,,, values ranged from 0.7 to 2.5 mN/m, which are
consistent with other DIB tensions** and about an order of
magnitude higher than physiological membrane values.”” For
DPhPC + NP bilayers, ,,, was consistently higher than that
for control DPhPC membranes at identical voltages (Figure
SA). This could be caused by the exposure of hydrophobic
groups to the aqueous phase, which originates from the
localized curvature around entrapped NPs.”” For DOPC + NP
bilayers, the tension followed previously observed non-
monotonic trends; that is, y,,, increased at voltages
approaching V_; before decreasing after this point. For both
lipid types, bilayer tension was higher when NPs were trapped
in the membrane, signifying energetic penalties on lipid
packing.

To quantify these changes, we calculated the energy of
adhesion, AF™

AF = 2y, (1 — cos0) (4)

which describes the reduction in free energy of the system
upon bilayer formation. These values are shown in the insets of
Figure S and were observed to increase gradually with voltage
due to membrane thinning and area growth. AF was, on
average, 0.0248 + 0.0155 mJ/m* lower for DPhPC + NP
membranes across all voltages when compared to the control
case. This reduction confirmed that NPs were entrapped in
DPhPC DIBs in C10 and incurred an energetic penalty on
bilayer formation. Interestingly, AF for DOPC + NP
membranes was initially similar to the control case and
remained relatively constant at low voltages until V_; was
reached. Here, the mean value was at maximum 5.83 X 1072
mJ/m? lower than the control condition. Thus, it appeared that
entrapped NPs countered the effects of electrowetting and

electrocompression, which otherwise increased adhesive
energy in the control DOPC membrane. This remained true
until the applied potential exceeded V., upon which AF
sharply increased. Still, the fact that values of AF remained
lower in DOPC + NP bilayers even at high voltages shows that
bilayer formation around NPs can be energetically unfavorable
for both lipid types.

Upon application of a transmembrane potential, bilayer
tension reduces by an amount Ay,,,. This occurs due to the
increase of electrical energy at the interface and is balanced by
a rise in disjoining pressure as the membrane thins. It is
possible to calculate these electrical and mechanical con-
tributions to tension and compare them to the measured values
of Ay,p,- A difference in calculated and measured Ay,,, implies
that residual molecular interactions affect the bilayer tension,
which can be grouped into a single term, Ay,,.."” The apparent
membrane tension is thus calculated by

A}/app = AJ/EW —-A strain A}/res (5)
where the reduction of tension from electrical energy, which is
responsible for electrowetting, is described by

1egy ,

A = ——V
w27, ©)

and the strain contribution to tension, which arises from
disjoining pressure and can be approximated by the Laplace
pressure (Pp,,) and the pressure from the applied electric field
(Pgiec), is described by

d,
_ €€y 2 2,
Vieain = eyl O
dy Pelec Py (7)

where d, is the membrane thickness at a given voltage and r is
the radii of the droplets, which are equal in volume and are
assumed to remain constant under applied voltage.”” Using eq
S to compare calculated changes in apparent bilayer tension
with those measured in Figure S, it was observed that a positive
value of Ay,., (mN m™") existed for both DOPC and DPhPC
bilayers with and without NPs in C10, and that Ay, increased
monotonically with the variable strain energy term Py, (kPa).
This implies the presence of an additional energetic penalty
upon compression for all lipid conditions. These relationships
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may be approximated with linear models, depicted in Figure
S10, which allows for comparison of sensitivities, as shown in
Figure 6. The mean sensitivity of residual energy of DPhPC
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Figure 6. Sensitivity of changes in residual energy (Ay,., mN/m) to
increasing compressive pressure (Pg, kPa) for bilayers with or
without 0.1 mg/mL NPs. Test conditions and sample sizes are
provided for each data set, and error bars represent one standard
deviation.

membranes in CI0 was 2.3 X 107> (mN m™')/kPa,
irrespective of whether NPs were present in the membrane.
This value is the same order of magnitude as, but slightly
higher than, the sensitivity of Ay, for DPhPC lipids in C16
under applied voltage, which was previously attributed to the
free lateral diffusion of lipids throughout the bilayer."” The
value we report may be higher due to more rearrangement of
oil in the membrane, as C10 molecules are squeezed out upon
electrocompression. Similarly, DOPC membranes exhibited a
mean sensitivity value of 2.6 X 107> (mN m™)/kPa. However,
the mean sensitivity for DOPC + NP membranes was 4.5 X
107 (mN m™")/kPa, which is nearly twice as high as that for a
NP-free membrane. This signified that when voltage increased
the pressure across the membrane (and decreased its
thickness), significant molecular rearrangement within the
membrane occurred, establishing an energetic penalty that was
evident from the difference in apparent and calculated bilayer
tensions.

Lipid Structure Determines Embedded NP Distribu-
tion under Applied Potential. The incorporation of
hydrophobic NPs into n-decane led to very different behaviors
in DPhPC and DOPC bilayers, indicating the importance
phospholipid tail structure on NP-membrane interactions.

DPhPC exists in a fluid phase at room temperature,”" though
the methylated, saturated carbon tails impart enhanced
stability and electrical resistance compared to other PC
lipids.”> Accordingly, DPhPC has a high bending modulus®®
(k.= 12.8 + 2.0 X 1072°J) and does not easily accommodate
NPs.” This likely causes a lower number of dispersed NPs to
remain trapped in DPhPC bilayers upon DIB formation. Once
embedded, NP aggregation is energetically favorable over
dispersion within the membrane, since the clustering of
hydrog)hobic inclusions reduces membrane bending en-
ergy.2 2459 However, an elastic energy barrier—which scales
in magnitude with membrane bending rigidity’”’—exists
between dispersed and aggregated NP distributions, which
embedded NPs must first overcome before clustering. If this
barrier exceeds energy from thermal fluctuations, membrane-
mediated interactions will instead repel NPs from one
another.*”

Based upon the voltage-dependent properties of DPhPC +
NPs, we believe that several aspects of our data can be
explained by a homogeneous, dispersed NP distribution within
the membrane across the entire tested voltage range, as
depicted in Figure 7. Steric hindrance from dispersed NPs
would lower adhesive energy between opposing monolayer
leaflets and thereby dissociate planar DPhPC membranes at
low transmembrane potentials. The identical sensitivities of
Ay, to compressive pressure for DPhPC and DPhPC + NP
membranes also reveal no additional energetic penalty that
would be expected for voltage-induced lateral diffusion of NPs.
Further, while large or clustered NPs may increase the
hydrophobic thickness of the bilayer, it was found elsewhere
that hydrophobic NPs with 3 nm core diameters do not
significantly change thickness of liposomal membranes," as
was observed here in DPhPC DIBs. Finally, the tendency to
aggregate is reduced by residual alkane within the membrane,
which fills energetically unfavorable void space between
opposing lipid monolayers and hydrophobic NP inclu-
sions.””**>* On the nanoscale, embedded NPs have been
shown to increase the area per lipid and membrane
permeability in fluid phase bila.yers,lg’26 which would enhance
bilayer tension and conductivity as seen here. The NP presence
in DPhPC is thus observed through the reduction in
membrane-specific resistance, spontaneous leaflet dissociation
(i.e., droplet separation) at low voltages, and increased bilayer
tension, despite negligible differences in thickness. Hence, the
presence of NPs could be missed via electrophysical measure-
ments if only nominal values of capacitance were assessed.
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Figure 7. Approaching lipid monolayers trap NPs either as individually dispersed particles (e.g, in DPhPC) or clustered (e.g,, in DOPC)
distributions, depending on the bending rigidity of the lipid monolayers. Electrocompression squeezes out residual oil from the membrane interior,
thinning the bilayer. If the NPs are clustered, pressure caused by a transmembrane potential can laterally disperse them, resulting in reversible, yet

nonmonotonic, mechanical and electrical responses to applied voltage.
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DOPC membranes also exist in the fluid phase at room
temperature,”* though lipid disorder is enhanced by the
presence of unsaturated bonds on the acyl chain tails.”’
Accordin§1y, the bending energy of DOPC is lower than
DPhPC® (k. = 11.0 X 1072 J), which facilitates easier lateral
diffusion of entrapped NPs. In other studies, lateral diffusion
has been observed for embedded NPs in fluid phase lipid
vesicles such as DOPC, but was negligible in more ordered
membranes.”’ Further, MD simulations have revealed that low
membrane tension reduces the free energy barrier between
dispersed and aggregated states of embedded NPs.”> We
therefore propose that in contrast to DPhPC, the reduced
bending stiffness and lateral tension of DOPC bilayers favors
clustering of NPs within the DOPC DIB at low compressive
pressures (i.e., low voltage), which then result in non-
monotonic changes to C and A with increasing transmembrane
potential. Aggregation explains why DOPC + NPs remain
intact at 0 V: Consolidation of NP clusters enables the
opposing monolayers to remain in contact with each other in
regions devoid of NPs even in the absence of an external
joining pressure. In addition, aggregates of small NPs are
similar in size to NPs with larger diameters,'® which can
increase membrane thickness'’ as observed for DOPC + NP
membranes at 0 V. Further, the average center-to-center
distance calculated above for NPs in DOPC (6.7 nm) is on the
same length scale as that required for aggregation of embedded
NPs within a typical PC membrane.>

As voltage is applied to the DOPC + NP bilayer,
electrocompressive forces act to disperse NP clusters; the
apparent membrane tension rises, and the energy of adhesion
decreases, as NPs are forced into energetically less favorable
states. The lateral rearrangement of NPs in DOPC under
compressive pressure is evidenced by the increased energetic
penalty described in Figure 6. An increasing bias potential
gradually reorganizes the phospholipids and NPs, and the
corresponding tail disorder causes the DIB to thicken®* as the
membrane swells with oil. At a critical energy input V, the
dispersion of these clusters allows the membrane to thin until
average thickness resembles that DOPC bilayers formed in the
absence of NPs (Figure 7). In fact, this proposed high voltage
state is mirrored in the similar thicknesses of DPhPC and
DPhPC + NP membranes, which are assumed to retain
individually dispersed NPs. When the entrapped NP
concentration was increased, we observed a shift in V_; to
higher magnitudes. This implies that more energy was required
to alter the initial particle distribution. In fact, as higher
concentrations of NPs are trapped in the membrane, they
become more likely to interact with each other at close
distances;sg’G5 this increases the number of aggregates, which
requires a higher applied pressure to achieve a dispersed state.
Finally, upon removal of applied voltage, the embedded NPs
return to their energetically preferred state of aggregation
within the fluid membrane. This reversible clustering is
reminiscent of embedded NP behavior in membranes
undergoing thermally driven phase transitions®> and is
facilitated by the steric repulsion of OT ligands bound to NPs.

In addition to NPs, it is important to consider the effects of
residual alkanes trapped inside the membrane, which reside
both parallel to and normal to the lipid tails.*”*® Besides
increasing the membrane thickness, alkanes can decouple
opposing monolayers and reduce the bilayer bending
modulus.’® This likely increases the ability to trap hydrophobic
molecules within the membrane. Trapped alkanes can also

increase membrane surface defects,”” though they only have
marginal effects on the area per lipid and lateral lipid diffusion
coefficients.””®” Both DPhPC and DOPC in C10 retain similar
amounts of oil, as confirmed by comparable control
thicknesses reported in Table S1 and accounting for longer
DOPC tail length. This indicates that even though alkanes
remain within the membrane, the lipid composition of the
membrane still influences the behaviors of entrapped NPs.
While the volumes of retained alkane herein are not
biologically realistic, residual oil can be leveraged in future
studies to replicate specific in vivo conditions; for example,
apolar molecules such as squalene are produced by, and reside
in, the center of the bilayer of the endoplasmic reticulum.®® On
the other hand, careful selection of NP core size and lipid
bending moduli may enable particle entrapment in less oil-
swollen membranes, such as those formed in C16. Further,
application of transmembrane potential can greatly reduce the
residual oil in the membrane, facilitating a more alkane-free
environment.

B CONCLUSIONS

In this paper, we explored the ability to trap hydrophobic NPs
dissolved in oil between a DIB. We discovered that thinner
membranes formed in n-hexadecane did not trap NPs, while
thicker membranes formed in n-decane did. Entrapped NPs
lowered membrane resistance, increased membrane tension,
and reduced the energy of membrane adhesion. The more-
rigid, liquid-ordered DPhPC bilayers did not easily bend to
accommodate NP inclusions and required the application of
DC voltage to remain intact; average thickness was not
significantly different, suggesting that a low number of small
NPs were embedded uniformly throughout the membrane and
demonstrating that capacitance measurements used for thick-
ness estimates alone may miss the presence of embedded NPs.
In contrast, fluid DOPC bilayers enveloped NPs without
requiring a holding potential and were twice as thick as a pure
DOPC membranes, suggesting spontaneous clustering of NPs
embedded in the bilayer. The liquid-disordered DOPC lipids
enabled unique behaviors of entrapped NPs under applied
voltage, including non-monotonic changes in capacitance and
area with increasing voltage. We discovered that under an
applied transmembrane potential, the compressive pressure
forced NPs to reorganize within the membrane, creating
further disorder before they dispersed to enable the exclusion
of oil. This behavior was reversible upon decreasing the
voltage, showing that NPs remained in the membrane and
were not permanently excluded.

The reproducible entrapment of hydrophobic NPs provides
a means to research material interactions within the
phospholipid membrane, which retains clinical relevance for
examining drug delivery and cytotoxicity. This can include in
vivo scenarios where natural and engineered NPs are
energetically driven into the hydrophobic membrane interior
from the aqueous extracellular environment. Though the
optical properties of gold NPs within membranes have been
well studied, complementary electrical and mechanical probing
of the membrane can reveal distinct properties, which are not
apparent from physical aspects alone. The application of
mechanical pressure through electrophysical analysis can also
reveal structural alterations in the system due to field-induced
pressure, such as the lipid-dependent NP-membrane inter-
actions discussed here. These measurements are both fast and
sensitive, so that time-resolved events like molecular insertion
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and pore formation could be studied in the future. Further
incorporation of multiple lipid types®® or transmembrane
proteins ™" may also allow for detailed studies of specific
biological systems. Other nanomaterials, especially voltage-
sensitive particles such as quantum dots, may benefit from
examination in this environment. Finally, the nontrivial effects
of external voltage on trapped NPs may necessitate the
application of this feature in future membrane models, as cells
actively generate transmembrane potentials.

B METHODS

Materials. OT-functionalized gold spherical NPs with a mean
diameter of 3.28 #+ 0.51 nm were purchased as powder from
Nanoprobes, Inc. NPs were dissolved in toluene (Fisher Chemical)
and stored at 2 °C until use. DPhPC and DOPC were purchased in
chloroform from Avanti Polar Lipids. Both n-decane (C,,H,,) and n-
hexadecane (C,4Hs,) were purchased from Fisher Chemical at >98%
purity. 10X PBS was purchased from Invitrogen and diluted to a 1x
concentration (137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, and 2
mM KH2PO4) with Millipore Sigma Direct-Q deionized water
(conductivity of 18.2 MQ/cm) and then pH-adjusted with small
amounts of hydrochloric acid to a physiological pH of 7.3.

Sample Preparation. To dissolve NPs within the oil phase, the
NPs were placed under a gentle nitrogen stream and then put into a
vacuum chamber until toluene was completely evaporated (<6 h). Oil
was used to solvate the NPs at a desired concentration, and the
mixture was thoroughly shaken or vortexed until fully dissolved.
Lipids in chloroform were similarly placed under a gentle nitrogen
stream and then put into a vacuum chamber until chloroform was
completely evaporated (<3 h). The resultant lipid film was solvated
with 1x PBS and vortexed until fully dissolved. The lipid solution was
exposed to four freeze—thaw cycles and then extruded with Whatman
track-etched polycarbonate 100 nm membranes to create mono-
disperse populations of unilamellar liposomes. Extruded lipid
solutions were stored at 4 ° C until use. Ag/AgCl electrodes used
in electrical measurements were prepared by soaking ball-tipped silver
wire (Goodfellow) in bleach, rinsing, and then dipping the wire in
molten agarose (Fisher BioReagents) to form a hydrophilic gel tip.

DLS and TEM. The solvated diameters of NPs in oil were
measured using a Zetasizer Nano ZS DLS machine (ZEN3500,
Malvern). Samples were loaded in a glass cuvette and illuminated with
a laser, and the changing intensity in backscattered light was used to
calculate particle size. For TEM measurements, OT NPs in toluene
were combined with a dry DOPC film and mixed to homogenize the
sample, before the toluene was evaporated in a vacuum chamber. The
sample was then hydrated with deionized water and vortexed
immediately for 5 min to introduce NPs to the assembling vesicle
membranes. The sample then was stained with Uranyless and spread
on a carbon-coated copper grid. Images were acquired using a Zeiss
Libra 200 FE transmission electron microscope.

Broadband Dielectric Spectroscopy. Dielectric experiments
were made using a Novocontrol High-Resolution Alpha Dielectric
Analyzer at room temperature over a 0.1—10° Hz frequency range.
The samples were measured between 20 mm diameter gold-plated
brass electrodes using parallel plate capacitor geometry. The data are
typically given in terms of the complex permittivity or complex
dielectric function, £*(w) = ¢'(w) — ie”(w). This can be related to
the complex conductivity function as 6*(w) = iweye*(w). This can
also be separated into its real and imaginary parts, 6*(w) = ¢'(w) +
ic" (). The frequency-independent value of the dielectric constant or
coefficient (&) can be observed as a plateau in &’(®). The magnitude
of the applied AC voltage over the frequency range was 1.0 V.

Droplet Interface Bilayers. Aqueous droplets (400 nL) of 1x
PBS containing 2 mg/mL lipid vesicles were pipetted onto electrodes
connected to three-axis micromanipulators and an Axopatch 200B
patch clamp amplifier, which supplied DC voltage. A low magnitude
AC voltage (100 Hz, 10 mV triangle waveform) supplied using an
external waveform generator (Agilent) was applied to measure
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capacitive current, i. (i= C dV/dt). The picoamp current output
was collected with a Digidata 1440 data acquisition system (Molecular
Devices), and all measurements were made with appropriate shielding
to reduce background noise to <*S pA. In addition, extraneous
pipette capacitance was minimized prior to each recording using
Axopatch hardware. The pipetted droplets were incubated in an oil
bath within a glass substrate until sufficient lipid monolayers formed
at the oil—water interfaces (<10 min) and then were brought into
contact with the micromanipulators. The area of contact was
measured by calculating the major and minor elliptical axes from a
combination of bottom-view and side-view cameras, which were
connected to Dell monitors for live viewing, unless otherwise stated.
Bilayer formation was confirmed via an increase in area and capacitive
(square-wave) current. For experiments with dissolved NPs, a small
backlight was used to illuminate the glass substrate for side-view
imaging, as the oil solution was very dark. When necessary for
formation, DC initiation voltages were increased in stepwise fashion
for 1 minute at each value, until bilayer thinning was observed. All
experiments were performed at room temperature (23 ° C). All quasi-
static measurements were recorded only after steady-state current was
observed. Membrane capacitance and resistance were extracted from
current recordings using a custom Matlab script. Contact angles for
bilayer tension measurements were likewise computed from bottom-
view images using Matlab. For calculations of specific capacitance, we
used the permittivity of carbon (¢ = 2.2) because while functionalized
gold NPs affect membrane permittivity,®' dielectric measurements
(Figure S2A) show that this effect is small (~6%) at 100 Hz, the
frequency where C is assessed from measured current. Further, it is
assumed that the permittivity is dominated by the hydrophobic lipid
tail groups.

Pendant Drop. Pendant drop measurements for monolayer
tension were made using a DataPhysics OCA 1SEC device. Aqueous
solutions were suspended vertically in a 250 L Hamilton syringe with
a Teflon-coated tip (0.73 mm outer diameter) and then dispensed
slowly into a glass cuvette containing the oil phase for final droplet
volumes of 0.5 yL (DPhPC) or 0.1 yL (DOPC). The shape of the
pendant drop elongated with time as surfactant lipids adsorbed to the
interface, which was captured with an integrated camera. The
interfacial tension was calculated using a Laplace—Young fitting of the
droplet profile with DataPhysics SCA20 software. Experiments were
performed at room temperature, and all measurements were recorded
until droplet equilibrium tension was reached.
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