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ABSTRACT: Amphiphilic gold core nanoparticles (AmNPs) striped
with hydrophilic 11-mercapto-1-undecanesulfonate (MUS) and
hydrophobic 1-octanethiol (OT) ligands are promising candidates
for drug carriers that passively and nondisruptively enter cells. Yet,
how they interact with cellular membranes is still only partially
understood. Herein, we use electrophysiology and imaging to
carefully assess changes in droplet interface bilayer lipid membranes
(DIBs) incurred by striped AmNPs added via microinjection. We find
that AmNPs spontaneously reduce the steady-state specific
capacitance and contact angle of phosphatidylcholine DIBs by
amounts dependent on the final NP concentration. These reductions,
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which are greater for NPs with a higher % OT ligands and

membranes containing unsaturated lipids but negligible for MUS-only-coated NPs, reveal that AmNPs passively embed in the
interior of the bilayer where they increase membrane thickness and lateral tension through disruption of lipid packing. These results
demonstrate the enhanced evaluation of nano—bio interactions possible via electrophysiology and imaging of DIBs.

B INTRODUCTION

The growing interest in engineered nanomaterials for
pharmaceutical, medical, cosmetic, and food applications
increases concerns about their biocompatibility or toxicity
and impact on human health."”™* To help address these
challenges, it is necessary to understand the fundamental
events that occur at nano—bio interfaces, including biological
membranes.”~’ Uncovering the mechanical and physiobio-
logical effects of nanoparticles (NPs) on complex cellular
membranes requires first gaining a thorough understanding of
interactions between candidate engineered NPs and lipid
bilayers. This knowledge is essential for designing and
employing safe NPs for use as drug delivery a§ents, in
diagnostics, and in other therapeutic applications.”™’

One of the most frequently studied classes of NPs is surface-
functionalized gold core NPs due to their highly tailorable
surface properties. Gold NPs have been employed widely due
to researchers’ ability to tailor their surfaces using a variety of
hydrophilic and hydrophobic functional groups that modulate
their interactions with membranes.'>~*° For example, citrate-
capped gold NPs of varying sizes have shown to be wrapped by
lipid bilayers via exchanging noncovalently bound citrate
groups for direct lipid—gold interactions.”' ~** Gold NPs with
significant fractions of hydrophobic surface ligands, such as
phospholipids or covalently bound alkanethiol monolayers, are
known to irreversibly embed into the hydrophobic interior of a
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bilayer or fully translocate across synthetic lipid mem-
branes.”**> These tendencies can be explained by the strong
affinity of hydrophobic surface ligands on the NPs for the
hydrophobic interior of the lipid membrane. The partitioning
of NPs into a membrane and, thus, their resulting membrane
activity and cytotoxicity are strongly determined by the
hydrophobicity of NP surfaces.”*”>* Consequently, incorporat-
ing fully hydrophobic NPs into biological environments can be
problematic due to accumulation within and disruption of the
membrane, along with agglomeration in aqueous media.””*’
This understanding motivates retaining a substantial hydro-
philic fraction of NP surface ligands,”" which can result in an
attractive balance of aqueous solubility and membrane affinity,
and intentionally patterning the hydrophilic and hydrophobic
ligands on the NP surface. In their seminal works, Stellacci et
al. introduced spherical gold NPs coated with alternating
striations of hydrophilic 11-mercapto-1-undecanesulfonate
(MUS) and hydrophobic 1-octanethiol (OT) ligands.26‘32_36
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Due to their stripy surface patterns, these amphiphilic
nanoparticles (AmNPs) were shown to passively reach the
cytosols of living cells and carry molecular payloads through
the outer plasma membranes, including via a nonendocytic and
nondestructive transport pathway.”****”~** AmNPs were also
stably soluble in aqueous media, allowing them to be readily
delivered to living cells for a variety of potential therapeutic
and diagnostic purposes.

Yet, stripy AmNPs have been experimentally studied only a
few times using planar lipid membranes,**™** which offer
advantages for controlling membrane composition and electri-
cally interrogating particle-induced changes in the structural
and transport properties of the bilayer. Possible NP—
membrane interactions include adsorption onto or insertion
into the bilayer, membrane translocation, lipid extraction, and
pore formation, which could elicit changes in both the effective
resistance and capacitance of a planar membrane. Carney et
al.** first measured a spontaneous, NP concentration-depend-
ent increase in nominal bilayer capacitance after introducing
stripy AmNPs (ranging from S to 10 nm in diameter) to one
side of a planar black lipid membrane (BLM). The equation
for parallel plate capacitance, C = £A/d, states that an increase
in membrane permittivity (¢), a growth in membrane area (A),
or a decrease in dielectric thickness (d) could drive an increase
in nominal capacitance. These authors concluded that particles
smaller than 10 nm spontaneously embedded in the interior of
the membrane as opposed to being surface-adsorbed.”” Yet,
they offered no explanations for why AmNPs caused nominal
capacitance to rise instead of fall, they did not quantify changes
in membrane conductance or area-normalized specific
capacitance, and they did not investigate the possibility of
particle translocation.””

Their results are also difficult to align with findings from
other studies. For example, computer simulations by Van Lehn
et al.””* demonstrated that outward flipping—or snorkel-
ing—of hydrophilic MUS ligands allows for hydrophobic
interactions between OT ligands and lipid tails to be
maximized in the center of the bilayer, enabling AmNPs to
penetrate the bilayer midplane without greatly disrupting the
bilayer but locally increasing its thickness.”” Changes in
transmembrane potential due to a difference in dipole or
surface potentials of the two lipid leaflets can also skew values
of nominal capacitance at a particular voltage.*”** However,
Carney et al. did not attempt to measure the transmembrane
potential with particles present.

Additionally, researchers have measured the opposite change
in the membrane capacitance upon exposure to other types of
amphiphilic NPs. Guo et al.** reported a reduction in bilayer
capacitance when planar bilayers were exposed to hydro-
phobic, lipid-covered NPs that embedded in, transiently
porated, and then translocated across the membrane. Fleury
et al.*® also reported a reduction in bilayer capacitance and an
increase in the ionic conductance of a DOPC planar bilayer
upon interaction with surfactant-coated spiky gold NPs.
Basham et al.*” demonstrated that OT-coated hydrophobic
gold NPs directly trapped in the center of the membrane
increase bilayer thickness and reduce membrane capacitance.
These contradictory accounts of the original measurements by
Carney et al. highlight important gaps in our understanding of
passive nanoscale interactions between stripy AmNPs and lipid
membranes.

With this motivation in mind, we studied the effects of
completely hydrophilic (MUS-only) and striped, amphiphilic

(MUS/OT) gold core NPs on the electrical properties of
phosphatidylcholine planar lipid bilayers formed using the
droplet interface bilayer (DIB) method.”® We specifically
hypothesized that (1) spontaneous absorption of MUS/OT
AmNPs (~5—6 nm total diameter) larger in diameter than the
hydrophobic thickness of the bilayer (~3—4 nm) would
increase the average thickness of the bilayer and thus reduce
the specific capacitance of the membrane, without changing
the inherent transmembrane potential and (2) sufficient
association of particles with the membrane would affect
other properties, including membrane conductance to ion
transport and lateral membrane tension. To test these
hypotheses, we used the DIB method rather than BLM
because, in addition to allowing standard electrical inter-
rogation, it enables directly controlling"’ and measuring®”*"
the area of the bilayer necessary for accurate estimates of
membrane thickness. Imaging the connected droplet pair also
allows for assessing the contact angle between droplets, a
parameter that depends on lateral bilayer tension.”” Thus, this
combined capability makes for a more comprehensive
experimental approach to study the physicochemical features
of lipid bilayers and gain mechanistic insights into NP—bilayer
interactions.**”’

Nonetheless, the DIB approach also presents a challenge.
While AmNPs are soluble in water,”* we learned that adding
them to the aqueous droplet solution prior to lipid monolayer
assembly or bilayer formation in oil consistently leads to
membrane rupture and droplet coalescence. This outcome
motivated our previous work which revealed that stripy
AmNPs and lipids exhibit synergistic assembly kinetics that
likely lead to weakly bound NP—lipid complexes near or within
the monolayer, increasing molecular disorder at the interface.>*
Thus, we employed microinjection through a pulled glass
capillary to incorporate AmNPs directly into one or both
droplets after either monolayer assembly or bilayer formation.
Postbilayer injection has been Ieveraggd by other groups to
introduce proteins into DIB droplets”> >’ and offers before-
and-after comparisons of bilayer properties. Injection of
AmNPs after membrane assembly also approximates the
manner in which therapeutically delivered NPs would interact
with pre-existing biomembranes.

Therefore, we report on the use of direct microinjection of
gold NPs into DIB droplets to study the changes in the
membrane properties incurred by hydrophilic and stripy
amphiphilic gold NPs. Area-normalized specific capacitance
(C,,), membrane resistance, and bilayer tension before and
after NP injection were investigated by combining electro-
physiological data with dual-view imaging. Notably, we found
that C,, reduces in a concentration-dependent manner after the
addition of a critical concentration of AmNPs, incorporating
particles on both sides of the membrane doubles the measured
change in C,, and no significant change in transmembrane
potential develops upon NP exposure. The steady-state
reduction in C,, and the minimum concentration required to
cause a reduction is determined by the degree of hydrophobic
functionalization of the AmNPs; hydrophilic NPs do not
statistically change C,. AmNPs also cause a reduction in the
droplet contact angle, which signifies an increase in bilayer
tension and a decrease in bilayer adhesive energy. Collectively,
these data suggest that above a certain concentration, stripy
AmNPs in the aqueous phase spontaneously insert into the
hydrophobic core of the planar bilayer, where they locally
change the thickness of the membrane and laterally disrupt
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Figure 1. (A) Side and bottom view images provide accurate measurements of the bilayer area and droplet contact angle (6). Arrows denote the
projected lengths of the membrane in each view. (B) Rectangular capacitive current response to a triangular voltage input remains during NP
injection, but a considerable amount of noise was observed when the pipet tip was inserted into the droplet. (C) Chemical structures of MUS and
OT ligands on the NP’s surface, DPhPC and DOPC lipids, and n-hexadecane oil used for DIB formation.

lipid packing. Furthermore, the experimental methods used
demonstrate enhanced evaluation of nano—bio interactions.

B RESULTS AND DISCUSSION

We specifically investigated the effects on lipid membranes
caused by three types of surface-functionalized gold core NPs
exhibiting varying amounts of hydrophobic surface ligands:
those decorated solely with hydrophilic 11-mercapto-1-
undecanesulfonate (MUS) ligands (henceforth, 0% OT NPs)
and those decorated with both MUS and hydrophobic 1-
octanethiol (OT) ligands at molar ratios of 85:15 MUS/OT
(15% OT) and 70:30 MUS/OT (30% OT). Particle
preparation and characterization are reported else-
20435559 DI,S measurements on these particles in 1x
PBS find that their hydrated diameters are approximately 5—6
nm, demonstrating the additional size that the surface ligands
add to the ~3 nm gold core observed in TEM imaging
(Supporting Information Figure S1).

where.

15033

DIBs were assembled by using either diphytanoylphospha-
tidylcholine (DPhPC) lipids or a 1:1 molar ratio of DPhPC
and dioleoylphosphatidylcholine (DOPC) lipids. The former is
commonly used in DIB studies because the branched acyl
chain structure of the lipid yields a stable, highly resistive
bilayer membrane that has been well characterized.”*>°" The
latter was selected because it also yields stable, highly resistant
lipid bilayers and incorporates unsaturated DOPC lipids found
in mammalian cells. We also hypothesized that the addition of
DOPC lipids, which have a lower bending rigidity,”” would
increase the strength of interactions between NPs and the
membrane due to greater conformational flexibility. DIBs were
formed using either the lipid-in (i.e., liposomes added to the
aqueous droplets) or lipid-out (ie. lipids dissolved in the
surrounding oil) approach; all DIBs were assembled in n-
hexadecane because it yields good bilayer stability and low
residual oil in the membrane.”” The chemical structures of the
MUS and OT ligands are presented in Figure 1C along with
structures for the lipids and oil used to assemble DIBs.

https://doi.org/10.1021/acs.langmuir.3c01973
Langmuir 2023, 39, 15031-15045


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c01973/suppl_file/la3c01973_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c01973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

While the presence of stripy AmNPs in the droplet(s) prior
to monolayer assembly leads to unstable bilayers, we found
that a stable bilayer can still be successively formed and
maintained if the NPs are injected either: (1) before bilayer
formation, but after the lipid monolayer preassembles around
the droplets, or (2) after bilayer formation between lipid-
coated droplets. This study primarily used the latter approach;
however, we observed in multiple experiments that addition of
AmNPs into one droplet prior to bilayer formation delays the
onset of bilayer thinning and slows the subsequent growth in
membrane area during bilayer formation (see Supporting
Information Note S1 and Figure S2). This result indicates that
the presence of AmNPs near the monolayer impedes the
conformational flexibility or lateral mobility of lipids involved
in the formation of the interfacial bilayer, thereby establishing
an energy barrier to the entropic removal of oil that enables the
two opposing monolayers to come together. Similarly, we
previously demonstrated that fully hydrophobic NPs coated
only with OT ligands and dispersed in the oil phase can
impede bilayer formation.*’

Post-Bilayer Formation Microinjection of NPs. Because
few studies to date have employed postbilayer formation
injection into DIB droplets, we summarize the method here
and discuss key observations. The experimental setup is
schematically illustrated in Figure S2, and additional details of
the procedure are described in Materials and Methods.

Incorporating NPs into droplets after bilayer formation
requires gentle and accurate movements of the glass capillary
and precise injection control to deliver nanoliter volumes. This
approach enables before-and-after comparisons that are helpful
to understand changes to the membrane caused by NPs
injected near the bilayer. It also avoids the disruptive effects
caused by coassembly of lipids and NPs at the oil—water
interface that reduces DIB stability.”* Therefore, we first
formed a lipid bilayer between lipid-coated droplets on wire-
type electrodes in oil via a standard protocol;>* briefly, two
aqueous droplets (150—300 nL) were incubated in oil until
lipid monolayers self-assembled (~5 min), and then the
droplets were maneuvered into contact. Bilayer formation was
confirmed by an increase in contact area, as can be seen from
below and from the side (Figure 1A) and the growth of square-
wave capacitive current (Figure 1B) in response to a triangular
AC voltage (10 Hz, 10 mV). The amplitude of the measured
current signal was used to compute nominal membrane
capacitance. After the membrane was formed, a micro-
manipulator was used to carefully insert the microtip of the
pulled glass capillary (outer tip diameter: ~1.5 ym, as achieved
by the protocol detailed in Materials and Methods), filled with
aqueous NP solution, into the target droplet (cis droplet in
Figure 1A). The capillary pressure was then raised pneumati-
cally to establish outward flow of NP solution. The
microinjection process took just a few seconds to deliver
~100 nL (see Video S1). Once the injected droplet reached an
approximate desired volume, the microinjection pressure was
reduced slightly, and the microtip was withdrawn from the
droplet. Of note, when the microtip entered the droplet, the
square, capacitive current waveform became noisy due to the
electromagnetic interference introduced by the glass pipet
(Figure 1B). This interference vanished when the microtip was
removed from the droplet after controlled injection of NP
solution, and it was further retracted from the proximity of the
hanging droplets for subsequent electrical measurements.

The volume of injected NP solution was determined after
each DIB experiment through image processing of the droplet
dimensions obtained from bottom and side view images
(Figure S4) before and after injection (Method described in
Note S2). Based on the injected volumes (~50—250 nL), the
estimated injection rate for a tip diameter of ~1.5 ym ranged
from ~15 to 25 nL/s. As long as the microtip was inserted
slowly and the injection pressure was increased gradually, we
found that the injection process did not reduce membrane
stability nor immediately lead to noticeable increases in
membrane conductance that might signify disruption to lipid
packing.63

Still, the injection of an aqueous solution had noticeable
effects on the connected droplet pair. Specifically, we observed
that injecting aqueous solution into a lipid-coated droplet in oil
immediately raised its interfacial tension, which caused it to
adopt a more spherical shape and climb up the electrode (see
Video S1). The injected droplet reverted to a pendant shape
(Figure SS) within ~2—10 min upon adsorption of new lipids,
which were present in excess within the droplet (or in the
surrounding oil), reducing the interfacial tension at the oil—
water interface back to a value near 1 mN/m.®* These transient
changes in the position of the injected droplet—along with the
permanent increase in droplet volume—skewed the area of
contact between droplets and reoriented the plane of the
interfacial bilayer with respect to the two viewing perspectives.
Thus, the positions of one or both droplets were manually
adjusted via micromanipulators to reposition and reorient the
planar bilayer such that it was located at the waistlines of the
connected droplets and aligned in parallel to both the bottom
view and side view cameras. These adjustments ensured
accurate measurements of the bilayer lengths and apparent
contact angles (measured only from the bottom view image, in
a plane orthogonal to gravitational forces on the droplets; see
Figure 1A) of the DIB, which were used to assess changes in
the membrane area and tension.

AmNPs Cause Dose-Dependent Changes in Mem-
brane Capacitance and DIB Contact Angle. Prior studies
reported NP-induced changes in nominal membrane capaci-
tance.”***%>% We hypothesized that membrane-active
amphiphilic NPs would alter the value of DIB capacitance
upon either the adsorption of NPs onto the membrane surface
or penetration of NPs into the hydrophobic core of the bilayer.
In particular, we chose to assess specific membrane
capacitance, C,, [uF/cm?] defined as

C,= £ = £

AA  d (1)
because nominal membrane capacitance, C [F], alone can
change due to alterations in area, A, thickness, d, or dielectric
permittivity, £.>> The DIB method allows for readily
determining C,, because the area of the bilayer can be carefully
controlled and readily assessed from images.”” Examining C,,
rather than C is also critical since the contact area between
droplets was mechanically manipulated upon repositioning the
droplets after ir;jection. Therefore, using methods reported in
prior works,”>®” we measured C,, on DIBs before and after
injection of NPs. We found that changes in C,, initiated a few
minutes following injection of NPs and reached a steady state
~4S min after injection. In some cases, we also observed
reductions in membrane resistance (Supporting Information;
Note S3 and Figure S6), although this outcome was less
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Figure 2. (A) Normalized specific capacitance (C,,/C,) of DPhPC bilayers versus final concentration of 0% OT and 15% OT NPs added to the
cis droplet of a lipid-in DPhPC DIB. The vertical error bars represent the uncertainty in C,, (+2.64%), and the horizontal error bars represent the
uncertainty in concentration (+0.07 mg/mL). (B) Change in contact angle (A8) versus final concentration of 0% OT and 15% OT NPs added to
the cis droplet of a lipid-in DPhPC DIB. The vertical error bars represent the uncertainty in A@ (£1.5°), and the horizontal error bars represent the
uncertainty in concentration (+0.07 mg/mL). In both plots, the horizontal dashed line indicates the normalized baseline measured in the absence
of NPs, and the vertical dashed line marks the minimum concentration that causes a statistically significant change.

consistent. Therefore, we compare the steady-state changes in
C,, obtained 45—60 min after injection of NPs.

The average preinjection value of C_, for a DPhPC bilayer
formed in n-hexadecane was found to be Cmo = 0.65 + 0.02
uF/cm? (n = 8), consistent with reported values.>” Injecting
aqueous buffer without NPs into the cis droplet did not
significantly change the specific capacitance (C,, = 0.65 + 0.03
uF/cm? n = §). Figure 2A shows the effects of varying
concentrations of both 0% OT (100% MUS) and 15% OT
(85% MUS) NPs added to the cis droplet on the normalized
steady-state value of C, for DPhPC bilayers formed in n-
hexadecane. Each marker in this graph represents a separate
DIB experiment (i.e, 19 in total for tests using 15% OT NPs)
plotted versus the final NP concentration determined after
injection of NP solution (see the Supporting Information;
Note S2 and Figure S4). The vertical error bars shown for
these data points represent the estimated uncertainty in the
value of C,, stemming from limited accuracy in calculating
bilayer area® due to difficulty in resolving the projected
vertical length of the bilayer (ca. 200—400 um) captured by
the side camera. Our conservative estimate of this measure-
ment resolution is +20 um (+5 pixels), which leads to 1.5%
uncertainty in the area and 2.64% uncertainty in C_. Higher
image contrast in the bottom view images ensures better
measurement of horizontal bilayer length. Therefore, we
assume that the uncertainty in this imaging direction is
negligible. The horizontal error bars represent uncertainty in
the value of NP concentration (+0.07 mg/mL) due to
approximations in assessing droplet volume after injection.

The data show that at sufficient concentrations, 15% OT
NPs reduce the value of C, in a dose-dependent manner:
higher NP concentrations lead to larger reductions in C,, as
much as 18% below the average before-injection value, C,,,.
Statistical comparisons described in the Materials and Methods
section revealed the minimum threshold concentration to be

15035

~0.4 mg/mL. A reduction in membrane capacitance caused by
particle exposure is consistent with the findings of Guo et al,”*
who studied lipid-coated, dodecanethiol-functionalized gold
NP, and Fleury et al,** who examined a surfactant-coated
spiky gold NP. In sharp contrast, hydrophilic 0% OT NPs
caused no significant changes to the value of specific
capacitance for a DPhPC membrane at NP concentrations
below or above 0.40 mg/mL. This finding is expected given the
reduced (but not zero) energetic favorability of all MUS-
coated NPs to insert into the membrane*"® and agrees with
the insignificant changes in membrane capacitance reported by
Carney et al.”®

As described above, the cis droplet immediately moves up
the electrode after injection of the NP solution due to the
temporary increase in monolayer tension upon surface area
expansion. This change also impacts the force balance that
governs the equilibrium configuration of the interfacial bilayer.
Specifically, the increase in monolayer tension at the droplet
surface causes an abrupt decrease in the apparent contact angle
between droplets. When the injected cis droplet droops again
after the adsorption of new lipids, the contact angle rises but
does not fully reach its initial value before injection for 15%
OT NPs (time-dependent changes are shown in Figure SS).
Accordingly, 15% OT NPs cause a dose-dependent reduction
in the apparent steady-state contact angle that was not
observed with 100% hydrophilic AuNPs (Figure 2B). For
comparison, the dashed vertical line in this plot represents the
same critical concentration determined from the C, data
(Figure 2A). In the absence of NPs, the apparent contact angle
for DPhPC DIBs in n-hexadecane is ~30 + 1.5°. Therefore,
these reductions recorded for 15% OT NPs represent changes
of 5-20%.

Taken together, the data in Figure 2 reveal that 0% OT NPs
(with only hydrophilic MUS ligands) do not alter either
membrane capacitance or DIB contact angle at steady state,
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whereas 15% OT NPs functionalized with both hydrophilic
and hydrophobic ligands induce significant concentration-
dependent changes to both parameters. These findings
demonstrate that amphiphilic NPs are membrane active in a
DPhPC DIB, whereas the gold NPs coated with only
hydrophilic ligands are inert to the membrane.

Lipids in Oil and Higher OT Fractions Cause C,
Reductions at Lower NP Doses. We further investigated
the effect of NP hydrophobicity on changes in C, by
comparing normalized values of steady-state C,, after injecting
15 or 30% OT NPs into the cis droplet of DPhPC DIBs. While
we were able to dissolve 0% OT and 15% OT NPs at
concentrations up to 10 mg/mL in water, the maximum
achievable concentration for 30% OT NPs was 0.16 mg/mL in
water, determined via UV absorbance measurements (see
Supporting Information; Note S4 and Figure S7). This
constrained the range of concentrations of 30% OT NPs that
could be exposed to the DIB.

Moreover, excess liposomes within the aqueous DIB
droplets create a sink for sequestering membrane-active species
away from the interfacial bilayer. Therefore, we compared the
effects of 15% OT and 30% OT NPs using DPhPC DIBs
formed by using the lipid-out approach. Relocating the lipids to
the oil phase surrounding the droplets means that injected NPs
are only able to interact with lipids at the droplet boundaries,
and the only bilayer accessible to them is the one between the
two droplets. Thus, a lipid-out approach better accomodated
the lower solubility limit of 30% OT NPs in water and enabled
us to investigate whether the detection limit for NP
concentrations could be decreased for more sensitive electro-
physiological analysis.

While the value of C, for DPhPC DIBs assembled using the
lipid-in approach was not altered significantly at 15% OT NP
concentrations below 0.40 mg/mL (Figure 2A), only 0.20 mg/
mL of the same NPs led to a significant reduction in C, for
DPhPC DIBs assembled from lipids-in-oil (Figure 3). The
reductions in C, onset at considerably lower NP concen-
trations show that using a lipids-in-oil approach for DIB
formation leads to a higher probability of the particles in the
droplet interacting with the interfacial bilayer. The 30% OT
NPs, which have a higher number of hydrophobic surface
ligands, exhibited a stronger effect still: we observed a
significant reduction in C,, at a concentration of only 0.09
mg/mL (Figure 3), and the decrease in C,, was larger (~8—
10%) for 30% OT NPs than the ~3—5% decrease that
occurred at higher concentrations of 15% OT NPs. These
results demonstrate that increasing the percentage of hydro-
phobic ligands on the surface of the NP leads to a steeper
reduction in C,, as well as lowers the minimum concentration
required to reduce C,. This suggests a higher interaction
strength between the membrane and 30% OT NPs compared
to that incurred by 15% OT NPs.

AmNPs Cause Larger C, Reductions in Bilayers
Containing DOPC Lipids. In addition to lipid placement
and particle hydrophobicity, we examined the effect of
membrane composition on the response of 15% OT
amphiphilic NPs. Specifically, we formed DIBs using the
lipid-in approach with either DPhPC or a 1:1 molar ratio of
DPhPC and DOPC lipids supplied to the droplet as premixed
liposomes. DOPC is commonly found in mammalian
membranes and consists of unsaturated acyl chains that impart
greater chain flexibility and reduce bending stiffness.”” A 1:1
ratio of the two lipid types was chosen because it incorporates
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Figure 3. Normalized specific capacitance versus final NP
concentration for 15% OT and 30% OT NPs tested using the lipid-
out configuration. The horizontal dashed line represents the
normalized baseline concentration, C,,,/C,, for a DPhPC bilayer
in hexadecane. The vertical error bars represent the uncertainty in C,,
(+£2.64%), and horizontal error bars represent the uncertainty in
concentration (+0.02 mg/mL). Green and black vertical dashed lines
represent the minimum concentrations for C,, reductions of 30% OT
and 15% OT NPs, respectively.

a significant percentage of DOPC and still results in stable
membranes with high membrane resistance. DIBs formed with
only DOPC are inherently less stable and exhibit far lower
values of membrane resistance, which lowers the sensitivity of
electrophysiology measurements of membrane properties.’”
This was similarly observed in BLMs by Carney et al.”’
Figure 4 shows the results of this comparison, where data for
DPhPC membranes at similar final concentrations of injected
NPs are compared to those obtained with DPhPC/DOPC
DIBs. In the absence of NPs, DPhPC/DOPC bilayers
exhibited an average C,, value of 0.63 + 0.02 yuF/cm® (n =
5), very close to the value of C, for DPhPC bilayers. This
suggests a nearly identical hydrophobic thickness for the two
membrane compositions.52 Similar to measurements on
DPhPC membranes, reductions in C,, were not observed for
DPhPC/DOPC DIBs at NP concentrations below ~0.40 mg/
mL (Figure 4). However, above this threshold, the value of C,,
fell more sharply with an increasing NP concentration.
Reductions of ~15% were obtained at concentrations between
0.70 and 1.0 mg/mL in the mixed lipid membranes. These data
demonstrate that the strength of NP interactions also depends
on the composition of the membrane. DOPC lipids exhibit a
larger molecular area and a lower value of bending rigidity than
DPhPC lipids.*””" These differences likely increase the
amount of hydrophobic mismatch in the membrane interior
and lower the energetic penalty to membrane bending, which
favors the incorporation of spherical NPs to the hydrophobic
core of the bilayer. Moreover, because we specifically varied
the composition of the acyl chains and kept the phosphocho-
line headgroup the same, these data also suggest that particles
interact with the hydrophobic acyl chains of the lipids in the
membrane. This is discussed and quantified in a later section.
AmNPs in Both Droplets Cause Twice the Effect. We
considered whether amphiphilic OT NPs adsorbed onto the
outer surface of the bilayer were influencing the measured

https://doi.org/10.1021/acs.langmuir.3c01973
Langmuir 2023, 39, 15031-15045


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.3c01973/suppl_file/la3c01973_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c01973?fig=fig3&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c01973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

pubs.acs.org/Langmuir

Langmuir
1 DPhPC
¥+ DPhPC|DOPC 1:1
1 fofmosmmmmsmsmessesemssnesssms e s s ~
0.95
Q 1
£
Q +
£
O oot
0.85f L + ‘
F + {
0.8k i

0 0.5 1 1.5
NP Concentration (mg/ml)

Figure 4. Comparing differences in C,,/C,,, between bilayers formed
with only DPhPC versus a 1:1 mixture of DOPC and DPhPC lipids
after the addition of different concentrations of 15% OT NPs in a
lipid-in configuration. It is shown that the reduction in C,, is stronger
in the DOPC/DPhPC mixture than in the DPhPC bilayer only. The
horizontal dashed line indicates no changes in C, before and after
injection. The vertical error bars represent the uncertainty in C,
(£2.64%), and the horizontal error bars represent the uncertainty in
concentration (+0.07 mg/mL).

changes in C,, especially since 0 and 15% OT NPs exhibit a
net negative zeta potential (ca. —40 mV) in aqueous buffer.”*
Asymmetry in membrane lipid composition or adsorbed
species establishes a transmembrane potential due to differ-
ences in surface or dipole potentials across the bilayer. A
transmembrane potential alters the value of nominal
capacitance measured at zero volts; its value can be determined
by the voltage where capacitance is minimum.” Therefore, we

measured nominal bilayer capacitance versus voltage for a DIB
in the presence and absence of 0 and 15% OT NPs to see if a
transmembrane potential develops and whether this could
explain the changes in C,. The results (see Figure S8) show
that both 0 and 15% OT NPs added to the cis droplet
(electrically grounded) shifts the location of minimum
capacitance from 0 mV measured for no NPs to ca. —15
mV. This means that the cis droplet resides at a slightly lower
potential than the trans droplet, likely from the association of
adsorbed negatively charged NPs*® on the cis leaflet of the
membrane. This finding is consistent with our prior work
examining interactions between MUS and MUS/OT NPs and
lipid monolayers.”* The fact that any nonzero transmembrane
potential causes bilayer capacitance at 0 mV to be larger than
its minimum value occurring in the absence of transmembrane
potential means that shifts in transmembrane potential are not
causing the reductions in C,, reported when amphiphilic NPs
are injected.

We were also curious about how adding particles to both
sides of the membrane to re-establish symmetry would affect
changes in specific capacitance. Therefore, we incorporated
15% OT NPs into both droplets of DIB through two separate
microinjections: first into the cis droplet and then later into the
trans droplet. Sufficient time between injections was allotted to
assess the steady-state effect of each on C, and similar final
concentrations of NPs in each droplet were targeted to
approximate symmetric NP loading. The values of C,, at these
different stages for a representative experiment are shown in
Figure S. The key finding is that the injection of NPs into the
trans droplet causes an additional decrease in the value of C,
not a reversal of the decrease evoked by the first injection. The
first injection of NPs into the cis droplet lowered the value of
C,, by ~0.05 uF/cm? while the second injection reduced C,,
by another ~0.06 yF/cm? The blue star data point shows the
final value of C,, measured when 1.45 mg/mL of 15% OT NPs
were injected only into the cis droplet of a separate DPhPC
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Figure S. Specific capacitance of a DPhPC bilayer (filled circles) plotted across a multistep timeline in which 15% OT NPs are incorporated into
first the cis droplet and then the trans droplet of a DIB. The blue star represents the steady-state value of C, for a separate DPhPC DIB in which
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DIB. This comparison reveals that at a similar total number of
particles incorporated into the system (~0.70 mg/mL at 2X
injected volume vs ~1.4 mg/mL at 1X volume), a larger
reduction in C,, occurs when particles are injected to both
sides of the bilayer. This result differs from that of Carney et
al., who reported no additional change upon the addition of
particles into the trans reservoir.”’

This behavior was observed across multiple trials and
suggests that changes in C, are due to particles embedding in
the interior of the bilayer rather than only adsorbing to the
surface and distorting the surface or dipole potentials of the
lipid leaflet of the bilayer. The larger drop in C, upon
symmetric loading at lower net concentrations indicates a
greater ability for particles to incorporate into the membrane, a
possibility due to fewer repulsive interactions between particles
that might limit total incorporation or greater capacity of the
lipids to rearrange around particles via insertion from two sides
versus one.

AmNPs Increase Bilayer Thickness. The presented data
reveal that amphiphilic NPs are membrane active, causing the
specific capacitance of the membrane to be reduced in a
concentration-dependent manner. A greater number of OT
ligands on the particle surface lead to stronger reductions at
lower NP concentrations in the aqueous solution adjacent to
the bilayer. Bilayers containing unsaturated DOPC lipids
exhibited larger reductions in C, compared to saturated
DPhPC-only membranes at similar particle concentrations.
Finally, injecting particles into both droplets instead of just one
leads to greater reductions in C,, further proving that these
changes do not stem from NP-induced alterations in the
membrane surface potential or dipole potential. Instead, these
measurements indicate that changes in specific capacitance are
due to embedding of NPs into the inner hydrophobic region of
the membrane, between lipid leaflets.

Equation 1 states that changes to either the dielectric
permittivity or bilayer thickness can affect the value of C,. One
possibility is that NP insertion alters the effective dielectric
permittivity of the hydrophobic membrane interior. The
dielectric constant of gold is 6.9, while the permittivity of a
hydrocarbon molecule is ~2.0—-2.4. Thus, incorporation of
gold core NPs would be expected to increase the effective
dielectric constant of the membrane and, thereby, increase the
value of the specific capacitance. Rather, we show convincingly
that C,, decreases upon NP exposure. Therefore, we conclude
that particle interactions with the membrane which lower the
value of C,, must be the result of an increase in hydrophobic
thickness of the membrane in addition to any changes in
permittivity upon their incorporation. This rationale has been
used previously to explain changes in nominal capacitance, but
we cautiously approach the same conclusion here to avoid
misinterpreteltion.24’46’47

Quantifying the change in membrane thickness requires
understanding how much the presence of surface-function-
alized gold NPs in the membrane affects the dielectric constant
of the membrane interior. It is known that the dielectric
permittivity of aqueous or organic solutions of gold NPs is a
frequency-dependent parameter: permittivity is maximum at
low frequencies and decreases logarithmically with increasing
frequency.”””* We have shown previously® that the equivalent
dielectric constant of a solution of gold core NPs in n-decane
oil, which emulates the hydrocarbon interior of the bilayer,
reaches an asymptotic minimum value of ~1.8 at frequencies
above 10 Hz. The measured value of the dielectric constant for

the NP—oil solution (1.8) is less than 10% higher than what
we measured for neat n-decane. Therefore, when membrane
capacitance is interrogated using AC voltages at frequencies
above 10 Hz, we expect that permittivity would only be
marginally higher in the presence of NPs and that the value of
permittivity would be a constant. Confirming this, specific
capacitance measurements of DIBs containing 15% OT NPs
obtained using 10 and 100 Hz AC applied voltages showed
statistically similar values of C,, (0.60 uF/cm? for the same
bilayer at both frequencies).

Therefore, assuming that the average value of permittivity of
the membrane remains constant upon addition of NPs, we
calculated the average hydrophobic thickness, d, of the
membrane from the measurements of C,. We assumed a
dielectric constant of 2.2 for the hydrophobic interior of the
membrane.”’” Figure 6 shows how the calculated value of d
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Figure 6. Dose-dependent changes of average hydrophobic thickness,
d, of DPhPC bilayers after addition of 0% OT or amphiphilic 15% OT
NPs at different concentrations. Thickness values are computed from
measured C,, values (Figure 2). Thus, the trends versus NP
concentration are similar to those for C,, but inversed. The
horizontal dashed line indicates the baseline hydrophobic thickness
of a DPhPC bilayer formed in n-hexadecane. The vertical error bars
represent the uncertainty in d (+0.07 nm), and horizontal error bars
represent the uncertainty in concentration (+0.07 mg/mL).

varies with the NP concentration for 15% OT and 0% OT
NPs. The addition of 15% OT NPs, which lowered C,,
resulted in a corresponding increase in average d on the order
of 0—0.5 nm. Because no change in C,, was measured for the
hydrophilic 0% OT NPs (Figure 2A), the calculated average
value of d remains constant at approximately 2.99 nm,
matching the reported hydrophobic thickness of a DPhPC
DIB in n-hexadecane.

Estimating the Number of NPs in the Membrane. The
value of C,, can also be used to estimate the number of NPs
present in the bilayer. Discussed in Note SS, this calculation
assumes that embedded NPs occupy a projected area within
the membrane equal to the square of their solvated diameter (6
nm) and their center of mass are confined to a two-
dimensional plane centered between the lipid monolayers.
From the NP molecular weight and injected volume, we also
calculated the number of injected NPs within the droplet(s)
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Table 1. Estimated Number of Membrane-Embedded NPs

embedded NPs NP-occupied embedded vs injected

PC lipid lipid  OT ligands NP conc in cis injected NPs
type phase (%) (mg/mL) (x10™)
DPh H,0 n/a 0 0
DPh H,O0 0 0.91 2.40
15 0.74 241
15 0.73" 3.27
DPh/DO H,O0 15 1.04 2.33
oil 30 0.095 7.49
100*” n/a n/a

Cm
(uF/cm®) d (nm)

(x10%) area (%) NPs (%)
0.65 2.99 n/a n/a n/a
0.65 3.00 <1 <3.7%“ <0.04"
0.59 3.30 3.95 12.8 0.16
0.50 3.89 8.03 32.5 0.25
0.52 3.74 4.04 28.2 0.17
0.57 3.36 2.85 15.1 0.38
0.24 8.20° 9.42 774 n/a

“These upper limit values were calculated using the estimated uncertainty in normalized capacitance. bAverage concentration of NPs on both sides

of the bilayer. “The oil used was n-decane, which created thicker bilayers even in the absence of NPs.*’
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Figure 7. (A) Normalized bilayer tension versus final NP concentration upon the addition of 0% OT or 15% OT NPs into the cis droplet of
DPhPC DIBs. The vertical error bars represent the uncertainty in normalized bilayer tension (£0.013), and the horizontal error bars represent the
uncertainty in concentration (+0.07 mg/mL). (B) Normalized changes in bilayer free energy of formation of a DPhPC DIB vs AmNPs
concentration in the cis droplet of DPhPC DIBs. The vertical error bars represent the uncertainty in normalized AF (+0.1), and the horizontal
error bars represent the uncertainty in concentration (+0.07 mg/mL). The horizontal dashed lines in the two graphs indicate the baseline tension
and the free energy of formation of a DPhPC DIB formed in n-hexadecane in the absence of NPs. The vertical dashed lines denote the minimum
concentrations of 15% OT NPs that cause a significant change in each plotted parameter.

and estimated the percentage of injected NPs that interact with
the droplet interface bilayer (Table 1). These calculations
reveal that approximately 10° to 10° 15% OT NPs embed into
the membrane after direct microinjection into the droplets.
This range corresponds to NPs occupying approximately 12—
33% of the membrane area, which is significantly lower than
the value Basham et al. reported for 100% OT NPs (last row of
Table 1) introduced into the DIB via the surrounding oil.*’
The use of n-decane as the oil also led to a thicker bilayer that
was able to entrap more NPs.”” Though 0% OT NPs did not
significantly affect the capacitance of DPhPC bilayers, which
agrees with the results from Carney et al,%® it is possible that
some embed in the membrane, and the measurement
sensitivity is not high enough to detect them. Using the
estimated uncertainty of 2.64% for normalized specific
capacitance, we calculated that NPs would have to occupy at
least 3.7% of the bilayer area to detect a significant change in
the measured value of specific capacitance. This percentage
translates to as many as ~10® particles in a bilayer with total
area 1.1 X 10™* cm? Prior work has shown clearly that all
MUS-coated NPs with core diameters near 2.4 nm can embed
within and translocate DOPC bilayers.“’66 However, it is also

possible that DPhPC lipids, which have branched acyl chains,
impede the uptake of 0% OT NPs more than that observed in
DOPC bilayers.

AmNPs Increase the Tension and Free Energy of the
Bilayer. Monitoring changes in the bilayer tension is a
separate way to quantify the interactions between the lipid
membrane and NPs. Mechanical equilibrium in a DIB is
attained due to a balance of surface tensions, as described by
Young’s equation”’

% = 27, cos 0 (2)

where y; is the bilayer tension and y,, is the monolayer tension
at the oil—water interface, which is oriented away from the
plane of the bilayer by the contact angle, 8. Our previously
published results from pendant drop measurements showed
that 15% OT NPs do not affect the steady-state monolayer
tension, y, of PC lipids at the oil—water interface.”*
Therefore, assuming a monolayer tension value of 1 mN/m,
measurements of nominal contact angle obtained from bottom
view DIB images were used to calculate the steady-state bilayer
tension for varying concentrations of 15% OT NPs added to
the cis droplet. The dose-dependent reduction in contact angle
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Figure 8. Illustration of attempts to form a new bilayer when one of the droplets has been previously exposed to AmNPs. A new bilayer did not
form in the precise spot on the trans droplet where an NP-affected bilayer had previously formed. In an attemptto forma bilayer on a different
section of the trans droplet surface, we relocated and rotated it. A new bilayer was formed and reached its maximum capacitance, comparable with

the cases with NP injected before bilayer formation.

results in a dose-dependent increase in bilayer tension (Figure
7A). The vertical error bars in this plot represent the
uncertainty in measuring the contact angle (£1.5°). Of note,
compared to Figure 2A, the threshold for detecting a
significant increase in bilayer tension in DPhPC lipid-in
DIBs falls to ~0.20 mg/mL. This indicates an increased
sensitivity to the effects of embedded NPs by tracking changes
in the tension (contact angle). Increases in membrane tension
in similar amounts (up to 15%) caused by absorbed NPs have
been observed by others as well: hydrophobic or amphiphilic
gold NPs stretch or create local curvature in synthetic lipid
bilayers”* and model bacterial bilayers” in the amounts close
to what we observed (maximum 15%). A change to the contact
angle or bilayer tension also implies a change in the free energy
of formation, AF, which quantifies the reduction in free ener
of the two-droplet system upon bilayer formation.”>”®"’
Calculated as

AF =2y -y, =2y, (1 — cos 6) (3)

this quantity represents the adhesive strength of the interface
and, thus, the amount of energy required per unit area to
reversibly separate the opposing monolayer-coated droplets.
Figure 7B shows that unlike the 0% OT NPs, the 15% OT NPs
injected into the cis droplet cause a concentration-dependent
reduction in the free energy of formation starting at
concentrations slightly below 0.40 mg/mL. The vertical error
bars in this plot (+0.1) derive from the uncertainty in
measuring the contact angle (+1.5°). The greater bilayer
tension (and reduced contact angle) in the presence of
sufficient concentrations of AmNPs explains where this
reduction originates. Moreover, it shows that the presence of
embedded NPs not only changes the lateral force in the
membrane but also reduces the normal adhesive force between

droplets that drives the opposing lipid monolayers to exclude
excess oil and form a thinned membrane.

Embedded NPs Remain Associated with the Lipids
after Droplets Are Separated. Because the two droplets of
a DIB can be separated and reconnected after bilayer
formation, we were curious about the potential impact of
membrane-embedded AmNPs on this process. Therefore, we
performed an experiment to separate and reform a new DIB at
the same location on one of the two droplets that previously
indicated NP uptake (via a reduction in C,). Specifically, we
removed the original cis droplet and replaced it with a new NP-
free lipid-coated droplet that was placed into contact with the
original trans droplet. This eliminated the potential of any new
NPs to affect the interface and reported instead on the ability
of previously embedded NPs to affect the formation of a new
membrane. This experiment, including the capacitive current
measurement, is shown in Figure 8. Interestingly, when we
placed a new droplet in contact with the original trans droplet,
a bilayer did not spontaneously form at the same location as
the prior DIB even after several minutes. This indicated a
barrier existed to spontaneous bilayer thinning. We then
revolved the trans droplet a quarter of the way around the new
cis droplet at the same z-height to attempt bilayer formation at
a different location away from the original location of the NP-
doped DIB. At this new point of contact, a bilayer was
successfully formed as evidenced by the increase in capacitive
current and the right inset image in Figure 8 which shows
connected droplets. This difference suggests that NPs
embedded in the core of the original DIB remained affiliated
with the acyl chains of the lipids coating the trans droplet in
sufficient numbers to prevent subsequent bilayer formation
with a new cis droplet.
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After membrane formation at this new location, the nominal
capacitance of the bilayer increased to its maximum value more
slowly than the case with no NPs, comparable with the cases
with 15% OT NPs before bilayer formation (Supporting
Information Note S1). This delayed growth in bilayer
capacitance indicates that particles may have diffused along
the surface of the lipid monolayer-coated droplet. The
presence of NPs on the trans interface of the droplet is likely
responsible for this phenomenon. Subsequent electrical
measurements revealed that this system at the rotated location
exhibited the same value of specific capacitance (0.65 uF/cm?)
as the bilayer without NPs, demonstrating that the number of
affiliated particles was below the minimum threshold for
detection. This experiment was performed twice with the same
outcome.

B CONCLUSIONS

Herein, we report on experimentally assessed changes in the
specific capacitance and contact angle of droplet interface
bilayer model membranes caused by surface-functionalized
gold core NPs by leveraging electrophysiological measure-
ments and dual-view imaging. Direct microinjection of stripy
amphiphilic NPs into one or both droplets of the DIB after
either monolayer preassembly or bilayer formation overcomes
the destabilizing effects that these AmNPs exert on bilayer
formation. Whereas hydrophilic NPs containing only MUS
ligands exhibited no significant effects on DIBs assembled from
DPhPC and DOPC lipids, 15% OT and 30% OT striped
amphiphilic NPs significantly decreased the steady-state
specific capacitance of the bilayer in a concentration-depend-
ent manner for NP concentrations of up to ~1.5 mg/mL (set
by the amount of maximum injected volume and the
concentration of available NP stock solutions). A net reduction
in membrane capacitance matches the findings of previous
works”**® using different types of amphiphilic functionalized
gold NPs. However, unlike prior studies on similar striped
AmNPs, we evaluated the area-normalized specific capacitance
instead of nominal bilayer capacitance, considered the
dielectric permittivity of the particles, and demonstrated that
the injection of NPs into both droplets doubled the reduction
in C,. This allowed us to conclude that changes in specific
capacitance and contact angle were due to NPs embedding
into the hydrophobic core of the membrane, likely at or near
the midplane where their hydrophobic OT ligands can
maximize favorable interactions with the lipid chains and
residual oil. At NP concentrations of 1—1.5 mg/mL, we
observed reductions in C, on the order of 10—20%, which
revealed that embedded NPs cause an estimated increase in the
average hydrophobic thickness by as much as 0.5 nm, and they
occupy roughly 12—35% of the area of the membrane. The
sensitivity of changes in specific capacitance to NP
concentrations increased with (1) higher molar fractions of
OT on the NP surface, (2) when the lipids were placed in the
oil due to the removal of liposomes that offer additional sites
for NP-membrane interactions within the droplet, and (3)
when unsaturated DOPC lipids were incorporated into the
bilayer. Separately, the steady-state contact angle reduced in a
concentration-dependent manner upon injection of AmNPs.
This finding further revealed that embedded NPs increase the
lateral tension of the membrane, a sign that NP inclusions
disrupt lipid packing. The measurement sensitivity to changes
in lateral tension was slightly better than detecting changes in
Cp. Furthermore, our experiments revealed that membrane-

embedded NPs may remain affiliated with lipid acyl chains
even after the two droplets used to form the DIB are physically
separated, providing additional proof of their presence in the
core of the bilayer.

Through these findings, we showcase the value of using
simultaneous electrophysiology and imaging on DIBs to more
comprehensively study NP—membrane interactions. Nonethe-
less, our experiments did not conclusively reveal whether
membrane-embedded AmNPs fully translocated the bilayer
despite occasional transient changes in membrane conduc-
tance. This possibility and the factors that influence it are
questions that we continue to investigate. Separately, our
recent work on bilayer-entrapped hydrophobic NPs suggests
that there are opportunities to study how embedded NPs in
the membrane, especially across a wider concentration range,
affect the response of the bilayer and also ion channels within it
to varying transmembrane voltages."’

B MATERIALS AND METHODS

Materials. Aqueous buffer consists of 1X phosphate-buffered
saline (PBS) containing 137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, and 1.8 mM KH,PO, buffered with NaOH and HCI to
achieve a pH of 7.30 measured via a pH meter (Accumet APSS;
Fisher Scientific, USA). Silver wires with 0.125 mm diameter are
purchased from Goodfellow Cambridge, Inc. 1,2-diphytanoyl-sn-
glycero-3-phosphocholine (DPhPC) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) lipids are received as lyophilized powders
or dissolved in chloroform from Avanti Polar Lipids, Inc. n-
hexadecane oil (C,¢Hy,) was purchased from Fisher Chemical at
>98% purity and filtered with Whatman 0.2 ym poly(ether sulfone)
membranes prior to use.

NP Preparation. Striped gold NPs with core size distribution
centered around 2—3 nm (see the TEM images in Figure S1) and the
coatings of either MUS ligands or a combination of MUS and OT
ligands were prepared as described elsewhere.”**>*%*? All chemicals
were purchased from Sigma-Aldrich and used as received. The
oleylamine gold NP (OAm-AuNP) 2—3 nm cores were synthesized at
20 °C by dissolving 0.5 mmol of hydrogen tetrachloroaurate(III)
trihydrate (HAuCl,-3H,0, 95%) in a 40 mL solvent mixture of
oleylamine (C18 content: 80—90%) and n-octane (97%) (1:1 v/v).
The solution was sonicated under an argon atmosphere for 10 min
before stirring. A 100 mL jacketed flask was used to maintain a
temperature of 20 °C. The reducing solution was prepared by
dissolving 0.5 mmol of the t-butylamine—borane complex (fBAB,
97%) in 1 mL of oleylamine and 1 mL of octane prior to injection
into the precursor solution under vigorous stirring. The mixture was
left to react in an argon atmosphere at the specified reaction
temperature for 2 h before 30 mL of ethanol was added to quench the
reaction. The AuNPs were collected by centrifugation at 500 rpm for
10 min, then redispersed in dichloromethane (DCM), and washed
several times with ethanol using centrifugation and redispersion. The
powder was dried in a vacuum desiccator. MUS and OT with the
appropriate feed ratios were dissolved in DCM: 33% OT and 66%
MUS for the 15% OT NPs and 50% OT and 50% MUS for the 30%
OT NPs. The ligand mixture solution was added to the NP solution.
The reaction was left for 48 h at 350 rpm and room temperature for
ligand exchange. The product was then purified using centrifugation
and redispersion with ethanol and acetone and finally with water
through centrifuge-assisted dialysis using Amicon filtration (MWCO
35 kDa). The filtered material was then dried under a vacuum inside a
desiccator before use in experiments. The ratio between MUS and
OT was determined using 'H NMR, following the protocol described
elsewhere.**”® After rehydrating dry NPs in 1x PBS and 15 min of
sonication in a water bath, the colloidal suspensions were extruded 11
times through a Whatman 30 nm polycarbonate membrane in an
Avanti Mini Extruder. The 0% OT and 15% OT NPs were prepared at
10 mg/mL and then further diluted to 2 mg/mL. The 30% OT NPs,
however, were less soluble in the aqueous phase, and after many hours
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of stirring, the maximum achieved concentration was 0.16 mg/mL,
determined later via calibration through nanodrop spectrometry
provided in the Supporting Information (Note S5).

Liposome Preparation for Lipid-In DIBs. Using droplets from
aqueous solutions containing large unilamellar vesicles (LUVs), the
droplet interface bilayer is formed. Unless otherwise specified, lipids
are dissolved to a concentration of 2 mg/mL in an aqueous buffer (1x
PBS, pH = 7.30) to produce multilamellar vesicles (MLVs). When
lipids with a melting point above room are dissolved temperature, the
buffer is initially heated to a temperature higher than the lipid melting
point. Fresh MLV solutions are vortexed, aliquoted, and frozen at —20
°C. After five cycles of freezing and thawing, MLV stock solutions are
extruded 11 times (Avanti MiniExtruder with Whatman 100 nm
polycarbonate filters) to form large unilamellar vesicles (LUV) 100
nm in diameter. Liposomes were stored at 4 °C and usually formed
bilayers successfully up to 6 months after preparation.

Lipid-In-Oil Preparation for Lipid-Out DIBs. The preparation
involves allowing powder lipids that have been dissolved in
chloroform to evaporate under a nitrogen stream for 15 min, after
which they are left in a desiccator for at least 3 h to ensure complete
evaporation of the chloroform. 99% n-hexadecane (Thermo Fisher) is
added to the dried lipid to yield to a final concentration of 5 mg/mL
lipid in oil. The lipid-in-oil sample is then vortexed and sonicated for
30 min before using in the experiment. Lipid-in-oil samples are stored
on the shelf at RT and were used within a week from preparation.

DIB Formation. DIBs were formed at RT (22 °C) between two
aqueous droplets of LUV solution (or droplets of 1xX PBS when lipid
is dissolved in oil) suspended on agarose-coated silver—silver chloride
wire-type electrodes in a square-shaped glass cuvette to accommodate
both bottom and side views, as described elsewhere.”' Aqueous
droplets (between 150 and 300 nL in volume depending on target NP
concentration) of 1X PBS containing 2 mg/mL lipid vesicles were
deposited onto Ag/AgCl electrodes connected to an Axopatch 200B
patch clamp amplifier, which supplied DC voltage and measured
current. The controlled head stage voltage was supplied to the
electrode in the trans droplet, while the electrode in the cis droplet
was connected to ground. All measurements were performed with
proper shielding to limit background noise, and the induced current
signal was digitized by using a Digidata 1440 data acquisition device
(Molecular Devices). The measured current induced by a 10 Hz, 10
mV triangle voltage waveform output from a function generator
(Agilent) is used to determine nominal bilayer capacitance. The
dimensions of the oval-shaped contact area (vertical dimension
acquired from the side view and horizontal from the bottom view) are
used to calculate the bilayer area using a custom image processing
script in MATLAB. The specific membrane capacitance (C,) is
calculated from linear regression of bilayer capacitance and bilayer
area data measured simultaneously for different levels of contact
between droplets achieved by varying the horizontal distance between
electrodes.™

Capillary Pulling for Microinjection of NPs. Pulled glass
capillaries (microtips) were used to inject AmNPs into the droplets.
Injection micropipettes were made from borosilicate capillaries (1
mm o.d., 0.58 mm i.d., GC100-1S; Fisher Scientific) using a laser-
heated pipet puller (P-2000; Sutter). Even though the instrument has
two default settings for borosilicate glasses, both of them made
microtips with openings that were either too large (tens of #m) which
caused bilayer failure during injection or too narrow (below 200 nm)
which were more likely to get blocked. We were able to make
microtips with the proper opening diameter (1.5 ym) for this system
by changing the pulling parameters. Specifically, we changed the
pulling force, the pulling velocity (the speed at which the puller bar
must be moving before the final hard pull is executed), and the delay
parameter, which controls when the hard pull begins in relation to
when the laser is turned off.

NP Microinjection Technique. A flexible needle microloader
(MF34G-S; World Precision Instruments) mounted on a glass syringe
was used to load the pulled microtips with an aqueous solution
containing AmNPs. The loaded microtip was then mounted on a
motorized micromanipulator (MM-92VR; Narishige International

USA, Inc.) as shown in Figure S3. The aqueous NP solution was
dispensed by controlling the internal pressure of the microtip by using
a pneumatic injector (IM-11-2; Narishige International USA, Inc.).
The amount of NP solution injected is governed by the amount and
duration of applied pressure and the diameter of the microtip. Due to
variations in the position and shape of the air—solution meniscus
within the microtip, the pressure at the opening of the microtip may
vary by hundreds of pascals.”” We manually varied the applied
pressure to the injector to compensate for this intrinsic offset:
pressure was adjusted to stably advance the solution to the end of the
pipet tip. After this zero-pressure point was established, the microtip
was slowly inserted into the cis droplet. Pressure was then increased
once more to establish an outward flow of NP solution.

Determination of Final NP Concentration in the Droplet. To
calculate the final concentration of NPs in the injected droplet, a
geometrical approach was employed to determine the final volume of
the injected droplet (Note S2). We used the injected droplet’s
dimensions acquired from two angles to estimate its volume before
and after the injection and used the added NP solution’s volume and
initial concentration to estimate the final NP concentration in the
droplet. Since the hanging droplet is more egg-shaped than ovoid-
shaped, there will be some estimation error, but comparing the
calculated volume with the volume change in initial NP solution in
the microtip, the difference for injected volume was below 3% in
multiple trials. The droplets’ pre- and postinjection volume is used for
calculations for the reported data in this paper.

The final NP concentration Cs is calculated as follow

Covo + Cutip(vf - 1)
ve (4)

=

where C, is the initial NP concentration (equal to zero before the first
injection), Cugp is the NP concentration in the microtip, and v, and v¢
are initial and final volume of the cis droplet, respectively.

Uncertainty Analysis and Statistics. The two methods used to
estimate injected volume differed by approximately 5% in value, which
translates into an uncertainty of +0.07 mg/mL difference for the
maximum NP concentration tested (1.4 mg/mL). For lipid-out
experiments and results shown in Figure 3, where the maximum NP
concentration is 0.16 mg/mL, the uncertainty was +0.02 mg/mL.

The acquired C,, values were sensitive to error stemming from both
current and area measurements due to electrical noise and uncertainty
in image acquisition, respectively. As electrical noise was considerably
diminished in our system, C,, values were deemed most sensitive to
measurements of the bilayer major axis since the pixels were largest in
the side-view camera. Thus, to consider the effect of error in area
calculations on the sensitivity of our system, the uncertainty in the
projected length of the bilayer was assumed to be about +5 pixels
(+20 pm) along the major axis. This uncertainty results in +2.64%
uncertainty in the value of C,. These are reflected as error bars in
Figures 2, 3, 4, and 6. The corresponding uncertainty in the
hydrophobic thickness is estimated to be +0.07 nm.

The uncertainty for contact angle measurements (Figure 2B) is
calculated as the highest standard deviation among multiple
preinjection experiments equal to +1.5°. Using eqs 2 and 3, this
result is utilized to compute an uncertainty of for normalized bilayer
tension and +0.1 for normalized changes in bilayer free energy
(Figure 7).

To estimate the minimum threshold of NP concentration required
to induce a statistically significant change in a measured quantity (e.g,
Cyy 6, etc.), we employed an iterative procedure in which a candidate
concentration threshold was selected to create two subsets of the data
at lower and higher concentrations, sets 1 and 2, respectively. Each of
these subsets was compared using a two-tailed student t-test
(assuming unequal variances) to the average response measured for
the baseline case in the absence of NPs. If both set 1 and set 2 were
statistically different (p > 0.0S), then the threshold position was
lowered, and the process was repeated on the newly divided subsets of
the data until only set 1 was statistically similar and set 2 was
statistically different. The minimum concentration at which these
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conditions were met was adopted as the minimum threshold, shown
as a vertical dashed line on the plots.
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