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Abstract

The use of nanoparticles (NPs) in biomedical applications creates a need for appropriate model
systems to systematically investigate NP-membrane interactions under well-defined conditions.
Black lipid membranes (BLMs) are free-floating membranes with defined composition that are
ideally suited for characterizing NP—-membrane interactions free of any potential perturbation
through a supporting substrate. Herein, arrays of microfabricated BLMs are integrated into a chip-
based platform that is compatible with high-speed optical NP tracking. This system is used to
investigate the lateral diffusion of 40 nm gold spheres tethered to biotinylated lipids through
antibody-functionalized ligands (single-stranded DNA or polyethylene glycol). Although the NPs
show an almost free and ergodic diffusion, their lateral motion is subject to substantial drag at the
membrane surface, which leads to systematically smaller diffusion coefficients than those obtained
for lipids in the membrane through fluorescence recovery after photobleaching. The lateral
mobility of the NPs is influenced by the chemical composition and salt concentration at the NP-
membrane interface, but is independent of the ligand density in the membrane. Together with the
observation that nanoprisms, which have a larger relative contact area with the membrane than
spherical NPs, show an even slower diffusion, these findings indicate that the lateral mobility of
NPs tethered in close vicinity to a membrane is significantly reduced by the friction at the NP-
membrane interface.

1. Introduction

Nanoparticles (NPs) of various chemical compositions, sizes, and shapes have found
important applications in biomedical research, disease diagnostics, and therapeutics.[!]
Quantum dots, iron oxide, and noble metal NPs are widely used as imaging reagents;[2:3]
gold nanoshells have important emerging applications in photodynamic cancer therapy:[4]
and vesicles, dendrimers, polymer nanospheres, etc. are useful carriers for drug and gene
delivery.[®! Although all of these applications involve interactions between NPs and
membranes, the underlying mechanisms that govern NP-membrane interactions and their
dependence on key material properties of the NPs, including density, shape, size, and
especially charge and chemical composition of the surface, remain quantitatively
insufficiently understood.[®] These parameters determine the number and nature of contacts
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a NP forms to the plasma membrane and, thus, influences NP uptake and trafficking in
cellular systems.[”:8] Observations by several groups that NPs containing specific mixtures
of hydrophilic and hydrophobic surface ligands or even oligonucleotides can translocate
through membranes in a passive fashion[6.9:10] have spurred additional interest in the NP-
membrane interface.[11.12]

A systematic investigation of how NP properties and membrane composition interact
requires appropriate model systems in which NP and membrane parameters can be
independently varied in a rational fashion. Solid-supported membranes are widely used
artificial membrane model systems due to their easy preparation and excellent mechanical
stability.[3] One potential concern associated with the supported membrane system is,
however, that the contact between the lipid bilayer and the supporting substrate impacts the
lipid lateral diffusion in the membrane and leads to a reduction of the diffusion coefficient
(D).This problem was in part mitigated through the introduction of hydrophilic cushion-
supported lipid bilayers.[14-16] The latter show an improvement in membrane fluidity, but
the D values of the lipid lateral diffusion in some of these membranes are still relatively low
compared to those of freestanding membranes. Furthermore, the direct contact between the
membrane and the supporting cushions can create complications in the interpretation of
particle-membrane interactions.[17:18] Black lipid membranes (BLMs) are prepared over an
aperture in a hydrophobic material, most commonly a Teflon sheet.[19:201 Consequently,
BLMs are freestanding in solution and entirely avoid contact with the underlying substrate.
BLMs have characteristic lateral diffusion coefficients (D) in the range of 10-30 pm 2
s71[21.22] which compares to approximately 4 pm 2 s~1 for solid-supported membranes.[13]
BLMs are, thus, the model system of choice for investigating NP-membrane interactions.

The development of micro-/nanofabrication techniques has led to the realization of “on-
chip” integrated BLMs.[23.24] Instead of using an individual Teflon aperture as the base for
BLMs, as in the traditional Montal-Mueller approach,19] entire arrays of apertures can be
created in a broad range of materials including silica, polydimethylsiloxane (PDMS), or
photoresist with precise control over the size and geometry of the individual apertures.[23-25]
Different approaches have been developed to form membranes over the created wells or
apertures.[28] Lipid bilayer self-assembly through vesicle deposition is widely used for on-
chip BLM formation.[24.27-30] | addition, BLM formation by the contact of two lipid
monolayers at the oil/water interface inside a flow chamber has been demonstrated.[31:3]

Most of the BLM systems in use today are, however, optimized for electrical conductance
measurements, although optical tracking of NPs can provide detailed insights into NP—
membrane interactions as well, especially in the case of noble metal NPs. Due to their large
scattering cross sections and extreme photophysical stability,[33-3%] gold NPs with diameters
larger than 20 nm can be easily detected in a conventional dark-field microscope, which
makes them superb probes for optical imaging and particle tracking. Unlike fluorescent
labels, gold NPs do not blink or bleach and the size and shape of gold NPs can be well
controlled using established synthesis procedures.[36-38] Furthermore, gold NPs can be
conveniently functionalized with thiolated polymers (R-SH) of different charge, stiffness,
and length through formation of an Au-S-R bond. To take full advantage of the superb
optical photo-physical properties of noble metal NPs and their tunability, herein we
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implement a BLM array system optimized for high-speed imaging of NPs on membranes of
defined composition through dark-field microscopy. We then apply it to characterize the
lateral diffusion of gold NPs on freestanding 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) membranes and to determine the lateral friction associated with the
NP diffusion.

2. Results and Discussion

2.1. BLM Array Design, Preparation, and Characterization

Our design of the BLM array was inspired by the work of Ganesan and Boxer who recently
introduced an on-chip BLM interferometer based on a shallow well array fabricated through
microlithography.[23] They generated the wells through reactive ion etching (RIE) into a
SiO, layer. This procedure is, however, not ideal for dark-field microscopy since the latter
will collect signals from all efficient scatterers close to the focal plane under oblique
illumination. The roughness introduced to the wafer in the etching process leads to
substantial background in dark-field imaging and causes a dramatic increase in the noise
level. We, consequently, used an alternative fabrication process (Figure 1a) and created the
wells through deposition of SiO, on lithographically patterned substrates (see the
Experimental Section for more details). This approach successfully retained the smoothness
of the polished wafer surface and minimized background scattering (Figure 1b). The
background in optical tracking was further decreased by generating large wells with a
diameter of 100 um, which provided sufficient membrane area away from the edges of the
wells where the scattering background is high. The wells were also made relatively deep (7-
9 um) to minimize the scattering background from dirt on the bottom of the well (Figure 1c).

The small (1 cm x 1 cm) well array chips were mounted on plastic microscope cover slides.
BLMs were then formed by thinning of a decane layer sandwiched between two lipid
monolayers at the organic-aqueous interphases.[23] During spontaneous retraction of the
decane film across the surface, lipid membranes formed across the fabricated wells (see the
Experimental Section for details). After membrane formation, another cover slide
connecting the inlet and outlet tubing was placed on top of the first slide supporting the
BLM chip, and the two cover slides were sealed by double-sided tape to form a flow
chamber as shown in Figure 2a. Figure 2b presents a scheme of our experimental setup with
a BLM chip containing the flow chamber integrated into a dark-field microscope. The
overall thickness of the chamber was around 1 mm to allow the focusing of both a high
numerical aperture (NA) oil dark-field condenser and an imaging objective onto the plane of
the BLMs.

Although not all of the wells in the array were successfully sealed by membranes in our
assembly approach, the addition of a fluorescent dye (carboxyfluorescein, CF) to the
aqueous buffer beneath the decane film greatly facilitated the detection of membranes. Only
those wells that were sealed by an intact membrane showed strong fluorescence signals
(Figure 2c). We dissolved Nile red in the decane to check for the presence of remaining
organic solvent enclosed between the two leaflets of the membrane bilayer (Figure 2d).
Except for the area in close vicinity of the well edge (Plateau-Gibbs border),[3%] in which
the two leaflets do not associate due to an enclosed solvent annulus,[%] the Nile red
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fluorescence signal was negligible, which indicates that the two leaflets form a tight lipid
bilayer in the center area of the wells. In some cases we actually observed the process of
bilayer formation and the associated “zipping” of the two membrane leaflets in real time.
The zipping occurs when the decane gradually retracts and the two lipid monolayers get
sufficiently close for thermal fluctuations to induce contact formation. The energetically
favored bilayer structure then rapidly expands across the whole membrane area.[*1] Figure
S1 (Supporting Information) shows this process as observed by dark-field microscopy.

After successful formation of the lipid membranes, we set out to characterize the ensemble
diffusion properties of the lipids in the formed bilayer through fluorescence recovery after
photobleaching (FRAP). To that end, we integrated CF-labeled phosphatidylethanolamine
(CF-PE) into the membrane and determined the diffusion coefficient as D= w?/4t,, where w
is the effective radius of the bleaching laser beam and &, is the time for the bleached spot to
recover half of its full recovery intensity. The diffusion coefficient was measured to be D=
25.1 + 3.4 pm? s71 for a membrane containing 10% CF-PE and 90% POPC at 25 °C (Figure
S2), which is in very good agreement with the literature value reported for BLMs.[21.22]
Overall, the FRAP studies confirmed the formation of well-behaved BLMs.

2.2. Tracking the Lateral Diffusion of NPs on BLMs

We functionalized our 40 nm (diameter) sphere NPs with single-stranded DNAS (sSDNAS).
We used a mix of 50-nucleotide-long ssDNAs that were 3’ -functionalized with a thiol group
and 5’-functionalized with an azide group (HS-DNA- N3) and 30-nucleotide-long ssDNAs
that were only 3’-thiolated (HS-DNA) for the assembly of a ssDNA brush on the NP
surface. HS-DNA-N3 and HS-DNA were mixed in the ratio of 30:70 mol%. The thiol group
efficiently anchored the sSDNAs to the NP surface while the azide group allowed for a
convenient cross-linking to alkyne-labeled anti-biotin antibodies through the Cu*-catalyzed
azide-alkyne cycloaddition.[4243] For more details regarding the NP preparation and
characterization, please refer to the Experimental Section and the Supporting Information. In
the following we will refer to the anti-biotin antibody-functionalized NPs simply as Ab-
DNA-NPs.

One of the key advantages of our NP-membrane model system is that it offers both
outstanding signal intensity and low background. Figure 3a shows a representative dark-field
image of 40 nm Ab-DNA-NPs on BLMs acquired at 500 frames per second (fps). The
precise locations of the individual NPs in each frame were determined by fitting their point-
spread functions (PSFs) with 3D Gaussians (see Experimental Section for details). The
binding of Ab-DNA-NPs in the absence of biotin-PE was very low, thus confirming that
nonspecific binding on POPC BLMs was negligible (Figure 3b). By connecting the
coordinates of the fitted peak intensities in each frame, the diffusion trajectories of the
individual NPs (Figure 3c) were obtained. We tracked individual NPs with frame rates
between 100 and 2380 fps. The resulting average signal-to-noise ratios (s/n) showed that the
noise scales as the square root of the signal intensity (Figure 3d), which is characteristic of
photon noise (shot noise). Due to the low background and the large scattering cross sections
of the NPs, an excellent s/n of around 10 (without any image processing) was achieved at
1000 fps. Gold NPs do not blink or bleach, and we routinely tracked individual NPs for
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several minutes. The maximum observation time in the tracking experiments was not limited
by the photophysical properties of the NPs but by the area monitored by our cameras. After
some time the NPs simply diffused out of the detection area.

In the next step, we determined the effect of increasing biotin-PE concentration in the
membrane on the lateral diffusion of the Ab-DNA-NPs. The click chemistry applied to bind
antibodies to ssDNA-functionalized NPs was anticipated to be highly efficient and to
provide gold NPs carrying multiple antibodies. We verified the presence of multiple
antibodies on the NP surface by incubating the 40 nm Ab-DNA-NPs with an excess of 10
nm (diameter) biotinylated gold NPs. SEM images of this mix in Figure S4 confirm the
association of many 10 nm NPs with each individual 40 nm Ab-DNA-NP. Multivalent Ab-
DNA-NPs can form multiple biotin—antibody contacts with the membrane, but at constant
antibody/NP ratio the probability of multiple contacts is expected to decrease with
decreasing biotin-PE concentration in the membrane. We varied the biotin-PE density in the
membrane over two orders of magnitude and assembled membranes containing 0.05, 0.5,
and 5 mol% biotin-PE. These concentrations correspond to 1.25, 12.5, and 125 biotins in an
area of 40 nm x 40 nm in the upper leaflet of the BLM. As expected, the number of NPs
bound to the membrane increased with growing biotin-PE density in the membrane (Figure
3b) due to the increasing number of available binding sites in the membrane.

We performed tracking experiments on membranes containing identical Ab-DNA-NPs in 3-
(NM-morpholino) propanesulfonic acid (MOPS) buffer (0.5 m NaCl, pH 7). Figure 4a shows
the resulting mean-square displacement (MSD) {A72) as a function of time lag (2 for NPs on
membranes with different biotin-PE concentrations. The MSD was computed as time and

ensemble average as Ar(e)=% Z —r(r ) dr , Where Nis the total
number of trajectories, tis the acqmsmon t|me and 7'is the total length of trajectory /. The
following A values were used: 81 (0.05 mol% biotin-PE), 394 (0.5 mol% biotin-PE), and
778 (5 mol% biotin-PE). According to the Stokes—Einstein relationship,[44] the MSD (Ar2)
increases linearly with increasing time lag tas described by the relationship (A7) = 4D
with a = 1 for Brownian diffusion. In Figure 4a we plot the (Ar2) as a function of #for
BLMs with different biotin-PE concentrations. The plots of {(A72) versus ¢for membranes
containing 0.05, 0.5, and 5% biotin-PE show almost ideal linear dependencies. Strikingly,
we did not detect any systematic change of the lateral mobility of the NPs for the different
biotin-PE concentrations, even though the biotin was varied over two orders of magnitude.
We found a >0.95 for all biotin-PE concentrations, consistent with an almost ideal Brownian
diffusion for all investigated biotin-PE concentrations. We emphasize that we performed the
diffusion analysis at different temporal resolutions (100 and 500 fps) and obtained
essentially identical NP diffusion behaviors.

The mode of lateral diffusion can be classified in more detail using the approach of Ferrari et
al. who considered moments of displacements, v =1 — 6, in their analysis: {(Arv) ~ Dty
(193] A plot of y versus vis called a moment scaling spectrum (MSS) and its slope (Suss)
facilitates a classification of the translational motion. Sysg values of 0, 0.5, and 1
correspond to immobilized, free (Brownian), and ballistic diffusion, respectively. In Figure
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4b, we plotted the obtained Syss values for individual trajectories of Ab-DNA-NPs on
BLMs (with the highest investigated biotin-PE concentration of 5%, recorded at 100 fps) as
a function of the fitted diffusion coefficient (v = 2; orange circles). The Syss distribution is
centered at around Syss = 0.5 but the distribution is asymmetric with a longer tail on the
low Syss side. Nevertheless, 72% of the trajectories lie within the range of Sysg = 0.5

+ 0.1, and 92% lie within the range of Syss = 0.5 + 0.15, thus indicating that the majority of
the NPs perform an essentially free diffusion on the free-floating membrane system despite
the high concentration of available binding sites in the membrane. This behavior is in stark
contrast to the Sysg distribution observed with the same Ab-DNA-NPs on a 0.05% biotin-
PE-containing glass-supported membrane, for which the diffusion was overall slower and
the contribution from immobile NPs higher (Figure 4b, green squares). The supported
membrane was assembled through the Langmuir-Blodgett technique followed by a
Langmuir-Schaefer procedure.[4647] We chose a very low biotin-PE concentration for the
supported membrane experiment since for higher ligand concentrations the majority of the
NPs were immobile. Even with the 0.05% biotin-PE concentration, about 45% of the
observed NPs (32 out of 71) were essentially immobile. The mobile fraction of NPs with
Swuss >0.1 have an average D= 0.42 + 0.41 um? s~1, which is systematically slower than the
D=3.69 = 1.09 um? s~1 observed for the BLMs with the same biotin-PE density. This
comparison underlines the advantage of the BLM approach, which—by design—avoids
perturbation of the membrane or spurious interactions between the NPs and the substrate
supporting the membrane.

In the next step we took advantage of the long continuous trajectories facilitated by NPs to
test whether the NP diffusion on the implemented BLMs is ergodic.[48] Ergodicity implies
that the time average for an individual trajectory is equivalent to the ensemble average at an
arbitrary point of time.[4%] To test this hypothesis we compared the distributions of temporal
square displacement (SD) with the ensemble SD for Ab-DNA-NPs on 5% biotin-PE
membranes. The temporal SD distribution was obtained from a single, randomly chosen
trajectory (1000 at 100 fps). The ensemble SD distribution was populated by calculating the
SD between the 51st and 50th frames in a total of 390 trajectories. A comparison of the
resulting distributions in Figure 4c shows that the temporal and ensemble SD distributions
superimpose, which implies that the NP diffusion on the BLM system is ergodic.

2.3. Characterizing the Lateral Friction of NPs on BLMs

Although the Ab-DNA-NPs exhibit an almost free and ergodic diffusion on the BLMs, the
obtained D values (see Figure 4b) are still quite small (D~ 4 ym 2 s71), especially when
compared with the experimental diffusion coefficient of the lipids in the membrane (D=
25.1 + 3.4 um? s71) and the calculated diffusion coefficient of a 40-nm-diameter NP in water
(D=123um 2571, 3ater = 8.9 x 1074 Pa s at 25 °C) from the Stokes—Einstein relationship.
Since we can exclude that the relatively slow motion of the NPs arises from spurious
interactions with a substrate in the case of the BLMs, we attribute it to direct NP-membrane
interactions. One obvious potential reason for a slow lateral diffusion of the NPs on the
membrane is the formation of multiple antibody—biotin contacts between individual NPs and
the membrane.[39] The fact that we did not observe any systematic change of the lateral
mobility of the NPs when the concentration of biotin-PE was varied over two orders of
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magnitude (Figure 4a) argues against multivalent binding as the main cause for the
experimentally observed slow diffusion.

Although the Ab-DNA-NPs show only a negligible unspecific binding to the membrane
(Figure 3c), it is unavoidable that they explore interfacial effects after being tethered to the
membrane. The resulting short-range interactions between the NPs and the membrane will
create forces that act on the membrane and the surrounding fluid. The associated reaction
forces will seek to counter these effects and result in an increased effective friction for the
lateral translation of the membrane-bound NP.[5] Brenner and Leal have shown that the
Brownian diffusion of particles at the inter-phase between two immiscible fluids can be

characterized by a diffusion coefficient of the form: D:% where Ag is the Boltzmann
constant, €sis the temperature, # is the dynamic viscosity, ais the radius of the particle, and
fis the lateral friction parameter.[52-53] Assuming ideal Brownian diffusion for the
trajectories in Figure 4a, we obtain a friction coefficient of approximately = 20 for the
Ab-DNA-NPs, independent of the biotin concentration in the membrane. This compares
with =6 for a free NP, and we conclude that the additional frictional drag resulting from

the close vicinity of the membrane limits the lateral mobility of the NPs on the membrane.

We reasoned that if nonspecific interactions between the membrane and the tethered NPs are
the cause for the lateral friction, these should be sensitive to the composition of the NP-
membrane interface. To verify this hypothesis, we performed tracking experiments with a
fixed membrane composition (99.5 mol% POPC, 0.5 mol% biotin-PE) but with three
different flavors of NPs: 1) Ab-DNA-NPs tracked in buffer containing 0.1 m NaCl, 2) Ab-
DNA-NPs tracked in buffer containing 0.5 m NaCl, and 3) Ab-PEG-NPs
(PEG=polyethylene glycol) tracked in buffer containing 0.1 m NaCl. For the Ab-PEG-NPs
the negatively charged ssDNA ligands were substituted with charge-neutral 3.4-kDa-long
thiolated PEGs using similar NP functionalization and antibody cross-linking procedures
(see Experimental Section). The persistence lengths/end-to-end distances of the polymers
bound to the particles under the different experimental conditions are summarized in Table
1. Although negatively charged NP surfaces have been found to induce membrane gelation,
which can lead to a slower lipid lateral mobility,[>4] we did not find the negative Ab-DNA-
NPs to be associated with systematically lower D values than those observed for the Ab-
PEG-NPs. Therefore, the NP surface charge does not seem to be the dominating factor for
the measured slow diffusion coefficients. In contrast, the stiffness (quantified by the
persistence length) and, thus, the spacing between the gold NP surface and the membrane is
correlated with the slope of the MSD (Figure 5). The MSD slope increases with growing
stiffness of the polymer layer surrounding the NPs.

We rationalize this experimental observation in terms of a higher lateral friction for NPs
carrying softer polymer brushes due to stronger attractive interactions between the NPs and
the membrane. It is worth mentioning that the fitted a values in (A7) = 4D for the
different NP surfaces are all very close to 1, which confirms that all of the investigated NPs
perform an essential free Brownian diffusion on the BLMs, albeit with different diffusion
coefficients due to different degrees of lateral friction.
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To further validate the impact of friction on the lateral diffusion of polymer-functionalized
NPs tethered to lipid membranes, we analyzed the diffusion of nanoprisms with typical side
lengths of 80—100 nm and thickness of 10 nm (Figure S5). Ab-DNA-nanoprisms carrying
multiple antibodies are expect to attach with their larger front side to the membrane and,
thus, to maximize the NP—-membrane contact. The resulting increase in contact area relative
to spherical NPs with identical volume translates into an increase in friction for the lateral
diffusion. Indeed, the diffusion of the nanoprisms was found to be slower by a factor of 2
when compared with the spherical particles (Figure 5 and Table 1), thus emphasizing the
importance of the NP—-membrane contact area in determining the diffusion friction and
lateral mobility.

3. Conclusion

We have introduced a BLM array compatible with optical dark-field tracking of NPs
tethered to membrane lipids and have demonstrated that the low background of the BLM
array system, in combination with the large scattering cross sections of the NPs, enables the
high-speed tracking of individual NPs on free-floating membranes free of any perturbation
through a supporting substrate. The NPs were tethered to the membrane through anti-biotin
antibodies binding to biotin-PE contained in the membrane. We systematically investigated
the lateral diffusion of NPs that were coated with a brush of a ssDNA mix containing 30-
and 50-nt-long ssDNAs or 3.4 kDa PEGs. The NPs exhibited a free and ergodic diffusion on
the membrane with typical lateral diffusion coefficients of O~ 4 pm 2 s~1, which were
dominated by the lateral friction of the polymer-functionalized NPs tethered in close vicinity
of the membrane. Our tracking studies indicate that even for NPs that show negligible
nonspecific binding to the membrane from solution, a tethering of the NPs in close vicinity
to the membrane (<10 nm) results in a substantial lateral frictional drag that reduces their
lateral mobility. Nanospheres and nanoprisms functionalized with sSDNAs or PEGs
exhibited measurable differences in the lateral diffusion, which suggests that the precise
control of the NP-membrane interface represents a potential approach for maximizing the
mobility of NPs on the membrane in a rational fashion through variation of the chemical
composition, length, and density of the ligands grafted onto the NP surface.

4. Experimental Section

Materials

The following materials were used as obtained from the vendors: octadecanethiol (Sigma);
2-[methoxy(polyethyleneoxy) propyl]trimethoxysilane (PEG-silane) (Gelest); 10X MOPS
buffer stock solution (Fisher Scientific); 1-palmitoyl-2-oleoyl-smglycero-3-phosphocholine
(POPC) (Avanti Polar Lipids, Inc.); 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-A-(cap
biotinyl) sodium salt (biotin-PE) (Avanti Polar Lipids, Inc.); 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine- A~carboxyfluorescein ammonium salt (CF-PE) (Avanti Polar Lipids,
Inc.); 40 nm gold colloid (British Biocell International); thiol-30nt DNA (Integrated DNA
Technologies); thiol-50ntDNA-azide (HS-50nt DNA-N3), thiol-30ntDNA (HS-30nt DNA)
(Fidelity Systems, Inc.); thiol-polyethylene glycol-azide (N3-(CH,CH»0)77-CH,CH»-SH,
molecular weight 3400) (NANOCS); propargyl dPEG-NHS ester (Quanta Biodesign); anti-
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biotin affinity isolated antigen-specific antibody (Sigma); L-ascorbic acid (Aldrich);
copper(ll) sulfate pentahydrate (Aldrich); carboxyfluores-cein (CF) (Sigma); Nile red
(Sigma); tetrachloroauric acid (HAuCl,) and crystalline sodium sulfide (Na,S) (Sigma—
Aldrich). We used Zeba spin desalting columns (7k molecular weight cutoff, MWCQO) from
Thermo Scientific. The reagent solutions were prepared in distilled deionized (DDI) water
(double distilled, 18.2 MQ).

BLM Array Fabrication

Wells were fabricated through standard microlithography followed by thin-film deposition
and photoresist lift-off processes (Figure 1a). A 30 um layer of AZ4620 photoresist spin-
coated on a Pyrex wafer was patterned through photolithography (Karl Suss MA6 Aligner).
A7 um layer of SiO, was then deposited onto the patterned wafer (Sharon Vacuum,
Brockton, MA, USA) followed by 5 nm Cr and 100 nm Au deposition (CHA Industries,
Fremont, CA, USA). The photoresist was removed by immersing the substrates in acetone
for 10 min followed by 3 min of sonication in an acetone bath.

After drying and oxygen plasma cleaning for 30 min, the substrates were immersed in a 1
mM solution of 1-octadecanethiol in ethanol and subsequently in a 1 mM PEG-silane
solution in toluene. Substrates were stored under vacuum until usage to prevent oxidation of
the thiol-metal bond.

Membrane Formation and Characterization

A surface-functionalized 1 cm x 1 cm BLM chip was mounted over a central (1.2 cm x 1.2
cm) cutout in a plastic microscope slide (7.6 x 2.5 x 0.4 cm, Fisher Scientific) before
membrane formation. The whole slide was then submerged in MOPS buffer (0.5 M NacCl,
pH 7) containing CF. The wells on the chip were sealed by dispersing decane on top of the
chips with a pipette. Remaining CF-containing buffer in the unsealed wells was then
replaced by clear MOPS buffer through extended rinsing. In the subsequent step,
preassembled vesicles (formed by lipid rehydration and extrusion) in MOPS buffer were
added to deliver lipids into the decane. Upon addition of the lipids, the decane covering the
SiO, substrates retracted in the aqueous buffer to form droplets. During the retraction
process a freestanding lipid bilayer was formed over the fabricated wells.

Fluorescence Recovery after Photobleaching

FRAP was performed on membranes assembled from POPC and CF-PE (90:10 mol%) in an
Olympus FV1000 scanning confocal microscope. Atto 565 dissolved in MOPS buffer was
used to identify those wells that were successfully sealed by a membrane. A 488 nm laser
was used to excite the fluorescence from CF-PE and a 35 mW 405 nm laser was used to
bleach a hole with diameter around 30 um.

Antibody Conjugation

Anti-biotin antibody was first cross-linked with propargyl-PEG-NHS ester and then linked
to DNA/DNA-N3-coated particles through Cu*-catalyzed azide-alkyne click chemistry
following established procedures (Figure S3a).[42] A solution of propargyl-PEG-NHS ester
(2 uL, 100 mg mL-1 dissolved in DMSO) was mixed with biotin antibody solution (100 pL,
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0.5 mg mL™1) in 1x phosphate-buffered saline (PBS, pH 7.2) in an ice bath for 6 h. The
excess propargyl-PEG-NHS ester was then removed by running the solution through a size
exclusion column (7k MWCO) twice. The resulting propargyl-PEG-biotin antibody solution
(25 L) was incubated with ssDNA/PEG-modified gold NPs (500 L) in 0.5x PBS buffer in
the presence of a click chemistry catalyst (100 uM ascorbic acid and 20 uM CuSOy)
overnight at 4 °C. The resulting antibody-conjugated nanoparticles (Ab-DNA-NPs) were
washed three times by centrifugation and then stored at 4 °C for no more than 3 days before
use.

Particle Preparation

Commercial citrate-stabilized 40 nm gold NPs (0.15 nM) were concentrated by a factor of
50 by centrifugation. Then Tween 20 solution (8 L, 2.5% w/w) was added to the NP
solution (80 uL, 7.5 nM) and incubated for 30 min. After that, 100 yM HS-DNA-N3/HS-
DNA mixture (5 pL, 30:70 mol%) was added and the particle solution was incubated for 2 h.
Then x uL of yMsolution of NaCl were added in individual steps of (x, }): (3, 0.4); (10,
0.4); (10, 0.4); (10, 2); (15, 2). At least 2 h of incubation time was applied between each
step. After a final incubation overnight, the particles were washed with water four times by
centrifugation and resuspension and finally resuspended in MOPS buffer. The formation of a
DNA brush surrounding the NPs was monitored by dynamic light scattering (DLS; Figure
S3b). PEG-modified NPs were obtained by incubating HS-PEG-N3 aqueous solution (5L,
10 mM) with citrate-stabilized 40 nm gold NPs (1 mL, 0.15 nM) overnight. The NPs were
then washed by repeated (3x) centrifugation and resuspension in water and finally
resuspended in the buffer of choice.

Nanoprism Synthesis and Functionalization

All glassware was incubated in aqua regia overnight followed by extensive rinsing with soap
solution and DDI water before use.

The NPs were prepared in a two-step process by reducing aqueous tetrachloroauric acid
(HAuUCl,) with sodium sulfide (Na,S). First, aqueous Na,S solution (10 mL, 1 mM) aged for
24 h was added to HAuCI, solution (10 mL, 2 mM) under vigorous stirring. After 5 min
more NayS solution (3.2 mL) was added and the reaction mix was kept stirring at room
temperature. The color of the solution changed from dark yellow to wine red in the first 20
min. After stirring for 4 h the particles were subsequently PEGylated with Acid PEG
(HSC11H22(0C,H4)6OCH,COOH). The Acid PEG solution (100 uL, 10 mM) was added to
the reaction mixure (23 mL) and incubated overnight. The particles were then loaded into a
1% agarose gel and run at a constant voltage of 170 V for 25 min using 0.5x Tris-borate-
EDTA (TBE) as running buffer. The individual bands were cut out of the gels and the
particles were recovered from the gel by electro-elution. The functionalization of the
isolated nano-prisms with antibodies followed the same procedures as described for the
spherical NPs.

Dark-field Microscopy

Dark-field experiments were performed with an Olympus 1X71 inverted microscope (Figure
2b). A xenon lamp (A = 380-720 nm, Agilent Polychrome 3000) was used as illumination
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source. Incident light was filtered by a long-pass filter (>530 nm) to prevent bleaching of CF.
The light scattered from the sample was collected with a 60x air objective lens (Olympus
LUCPLFLN, NA =0.7). The signal was further magnified by a 1.6x lens and collected by
electron-multiplying charge coupled devices (EMCCDs). We used Andor IxonEM*
detectors with a maximum detection area of 128 x 128 pixels and a pixel size of 30 ym x 30
pm.

All data analyses were performed with Matlab software. The particle locations in each frame
were obtained by fit-ting a 9 x 9 pixel window around each scatterer with a Gaussian

function: £ (z,y)=A * exp (%% (’—yél) +B, where A is the amplitude of signal
intensity and B is the image background. NPs with signal intensities larger than ten times
higher than that of the average for single NPs were excluded from the analysis. The peak
coordinates of the Gaussian fits in individual frames were generated by linking the NP
coordinates in subsequent frames of movies containing at least 100 frames. The diffusion
coefficient (D) of each trajectory was calculated using the equation {Ar2) = 4Dt The number
of mean square displacement (MSD) points (APnin) required for accurate diffusion coefficient

calculation was determined as Pin = £(2 + 2.7xX09), T= -2, where ois the localization
uncertainty, Dis the diffusion coefficient, Atis the frame duratlon and E represents the floor
function.[58] A.;, depends on the s/n ratio and, thus, on the temporal resolution. At 100 Hz
Prin = 2 applies to 100% of the trajectories, and at 500 Hz 96.2% still have Pyin = 2, which
underlines the superb s/n provided by the gold NPs. For higher frame rates Pnin increased.
We used the first ten frames to fit D throughout.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

BLM array fabrication. a) Schematic illustration of the BLM array fabrication and
membrane formation process. b) Dark-field image of a BLM array and ¢) scanning electron
microscopy (SEM) image of a single well in the array. Scale bars in (b) and (c): 100 and 25
um, respectively. PEG = polyethylene glycol.
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b Xe lamp through /?Ciqi\% C
530 long pass filter > >/

darkfield

Figure 2.
Integration of BLM chips into a dark-field microscope. a) The BLM chip is inserted in a

simple flow chamber, which allows addition and removal of antibody-functionalized NPs
that bind to biotin—phosphatidylethanolamine (biotin-PE) contained in the POPC membrane.
b) Schematic drawing of the optical dark-field setup. c) Trapping of fluorescent dye
(carboxyfluorescein) in the fabricated wells by membrane formation enables detection of
wells sealed by an intact membrane. d) Fluorescence from Nile red contained in the decane
is enriched at the edges of the wells, which indicates the formation of a decane annulus.
ssDNA = single-stranded DNA, EMCCD = electron-multiplying charge coupled device.
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Figure 3.
NP tracking in dark-field microscopy. a) Typical image (31.25 pm x 31.25 pm) of Ab-DNA-

NPs on a BLM; individual NPs are clearly identifiable as bright dots. The image was
acquired at a frame rate of 500 fps. For each individual NP in each frame, the raw data
(upper and middle insets) were fitted with a 3D Gaussian function (bottom inset) to
determine the exact coordinates of the NP. b) Number of Ab-DNA-NPs on membranes with
different ligand density. c) Representative trajectory of a single particle tracked for 1000
frames at 500 fps (blue spheres). The gray line shows the 2D projection of the trajectory. d)
Signal-to-noise ratio (s/n) for the Ab-DNA-NPs as a function of acquisition cycle time.
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NP diffusion analysis. a) Ensemble-averaged MSD versus time lag plots for NP diffusion on
membranes with different ligand density. b) MSS slope and diffusion coefficient
distributions of Ab-DNA-nanoprisms on 0.5% biotin-PE containing BLMs (purple
triangles), and Ab-DNA-NPs on 0.05% biotin-PE containing supported membranes (green
squares) or 5% (orange circles) biotin-PE containing BLMs. Histograms for the diffusion
coefficients (D) and Syss values for Ab-DNA-NPs on 5 mol% biotin-PE BLMs are included
in the top (red) and side (blue) panels. ¢) Ensemble square displacement and temporal square
displacement distributions for Ab-DNA-NPs on BLMs containing 5% biotin-PE.
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Figure 5.

MSD versus time lag for different NP surfaces. The investigated conditions include: 1) Ab-
DNA-NPs in buffer with ionic strength of 0.1 mol L™1 (green triangles); 2) Ab-DNA-NPs in
buffer with ionic strength of 0.5 mol L1 (red circles); 3) Ab-PEG-NPs in buffer with ionic
strength of 0.1 mol L1 (blue triangles); 4) Ab-DNA-nanoprisms in buffer with ionic
strength of 0.1 mol L1,
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