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Abstract

Most druggable targets are membrane components, including membrane proteins and soluble
proteins that interact with ligands or receptors embedded in membranes. Current target-based
screening and intermolecular interaction assays generally do not include the lipid membrane
environment in presenting these targets, possibly altering their native structure and leading to
misleading or incorrect results. To address this issue, an ideal assay involving membrane
components would: 1) mimic the natural membrane environment, 2) be amenable to high-
throughput implementation, and 3) be easily multiplexed. In a step towards developing such an
ideal target-based analytical assay for membrane components, we present fluorescently indexed
multiplexed biomimetic membrane assays amenable to high-throughput flow cytometric detection.
We build fluorescently multiplexed biomimetic membrane assays by using varying amounts of a
fluorescently labeled lipid, NBD-DOPE, incorporated into a phospholipid membrane bilayer
supported on 3 um silica microspheres. Using flow cytometry, we demonstrate this multiplexed
approach by measuring specific affinity of two well characterized systems, the fluorescently
labeled soluble proteins Cholera toxin B subunit—Alexa 647 and Streptavidin-PE/Cy5, to
membranes containing different amounts of ligand targets of these proteins, GM1 and biotin-
DOPE, respectively. This work will enable future efforts in developing highly efficient biomimetic
assays for interaction analysis and drug screening involving membrane components.

Introduction

Molecular interactions involving receptors or ligands in cell membranes are essential for cell
signaling, transport across membranes, cell-cell recognition, and virus or toxin interactions
with cells. As a result, most druggable targets are membrane-associated components, which
are of great interest for target-based interaction assays or drug screening.1=3 Flow cytometry
is an attractive method for high-throughput or multiplexed target-based assays, and can
quickly investigate interactions or conduct large-scale screens of potential drug candidates.

"Co-corresponding authors: NAZ: nesia505@gmail.com; fax: (505) 277-1979, SWG: graves@unm.edu; fax: (505) 277-1979, APS:
shreve@unm.edu; fax: (505) 277-1979.

Conflict of Interest Disclosure

The authors declare no competing financial interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fernandez Oropeza et al. Page 2

4-10 For example, flow cytometers with automatic sampling methods can rapidly screen
high-density microwell plates, where each well contains potentially active compounds and
microspheres that present targets.” An important element of optimized flow-based assays is
the use of multiplexed microspheres so that each sample contains indexed beads that present
different targets, as well as positive or negative controls.4-19 Such multiplexing increases the
efficiency of assays by minimizing the cost of the reagents, assay time, and sample-to-
sample variability.”~10 Commercially available sets of polymer microspheres provide high
multiplexing capacity (e.g., up to ~500x through combinations of intensity levels and
spectral windows), and are widely used for assays involving different types of soluble
protein or nucleic acid targets presented through attachment to the particle.”11 However,
commercially available multiplexed microspheres, which are constructed from polystyrene,
are unable to present membrane components in their natural lipid environment.

In general, for interaction analysis involving membrane components, the relevant biological
molecules must be presented in either natural or biomimetic membranes, since the structure
of membrane components depends on the presence of a lipid bilayer.12:12 A natural
membrane environment is also important for functional reasons, including accurate
assessment of apparent affinities in multi-valent protein-ligand interactions. For example, the
natural interaction of cholera toxin with its GM1 ligand is multi-valent, and the effective
affinity is influenced by the lateral mobility of ligands in the membrane.13

Substrate-supported membrane bilayers (SMBs), typically formed on silica or modified gold
surfaces, are widely used for presentation of membrane components in interaction assays.
14-18 These are the basis of biosensor platforms with transduction of binding events through
microscopy, surface plasmon resonance, ellipsometry, second harmonic generation, or quartz
crystal microbalance response.13-19-25 Unfortunately, while planar SMBs mimic many
aspects of natural cellular membranes, including incorporation of membrane proteins, they
are difficult to integrate with highly multiplexed methods. Some work has developed
patterned SMBs that contain different regions of membrane composition,26-30 possibly
allowing for multiple target presentation, but even for low-throughput applications their use
for assays requires complex surface patterning and fluidic engineering.29-31

Motivated by these considerations, there is interest in producing a lipid bilayer membrane
architecture that will enable multiplexed and high-throughput flow cytometry. Liposomes
are one possibility, as membrane components can be readily integrated with them, and they
can, in principle, be labeled for multiplexed indexing.32 However, typical liposomes of sizes
~200 nm or smaller are challenging to analyze using flow cytometry, and for assays,
analytical limitations also arise from the mismatch between the size of the analyte particle
and the interrogation volume.33:34 Giant unilamellar vesicles (GUVs), several microns or
larger in size, are another alternative amenable to incorporation of membrane components.
35.36 Fyrther investigation of GUVs in this context is warranted, but to date, GUVs have only
rarely been used as a platform for flow cytometry, in part because of complications arising
from structural and size heterogeneities.37:38

An ideal platform for multiplexed flow-based studies of membrane components would
incorporate the best features of vesicles and particle-based multiplexing methods. Our work
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presents an initial step toward that goal, relying upon SMBs formed on silica microspheres.
Monodisperse silica microspheres are commercially available and are easily detected and
analyzed using flow cytometry. SMBs on silica microspheres are used for flow-based assays
and are similar to SMBs on planar silica in membrane quality.3%-43 However, to date, no
studies have demonstrated multiplexing methods for SMBs on silica microspheres, and there
are no readily available sources of standardized multiplexed silica particles optimized for use
in flow cytometry.

As a proof-of-principle demonstration of multiplexing methods for membrane components
in flow cytometry, we present measurements that rely upon use of different amounts of
fluorescently tagged lipids incorporated into SMBs on silica microspheres to index the
particles. Each type of indexed particle presents a lipid membrane of different composition.
For the experiments reported here, each membrane contains different amounts of lipid-based
small molecule ligands that bind to the fluorescently labeled proteins cholera toxin (B
subunit) and streptavidin. These two systems have been widely studied and offer well
characterized test cases to validate the multiplexing technology we are developing.13:22-25.44
This work demonstrates technology for multiplexed membrane-based assays in flow
cytometry, and represents an initial step toward building more efficient analysis methods for
membrane-associated components.

Materials and Methods

Liposome Preparation.

Liposomes were prepared as previously reported.#® Briefly, powdered 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-
(biotinyl) (biotin-DOPE), 1,2-dioleoyl-sn-glycero-3phosphoethanolamine-N-(7-nitro-2-1,3-
benzoxadiazol-4-yl) (NBD-DOPE), and Ganglioside GM1 purchased from Avanti Lipids
were dissolved in chloroform (EMD Millipore) and stored in glass vials at —20°C until use.
Using glass syringes, stock lipids were mixed in different glass vials in various final
mixtures. The mixtures of chloroform-dissolved lipids were dried overnight under vacuum
to form lipid plaques. The lipid plaques were then rehydrated to a final concentration of 1
mM in phosphate buffered saline (PBS, Sigma) at pH 7.4. Large unilamellar vesicles
(LUVs) were formed by extrusion using the Mini-Extruder, filter supports, and 0.1 um
polycarbonate (PC) membranes (Avanti Polar Lipids) by passing rehydrated lipids through
the PC membranes 13 times.

Microsphere Supported Bilayer Formation.

All Eppendorf tubes were passivated with 0.1 mg/mL Bovine Serum Albumin (BSA) for 45
minutes prior to use. 3 um non-porous silica microspheres purchased from Spherotech were
cleaned by first suspending them in a basic solution (4% NH4OH), followed by slow
centrifugation and rinsing with Millipore water 3 times. Next, the beads were suspended in
an acidic solution (4% HCI), followed by slow centrifugation and rinsing with Millipore
water 5 times.*3 Cleaned beads were suspended in PBS. The silica beads were coated with a
lipid bilayer as previously described, with some modifications.#3 Briefly, the silica beads
(1.5 pL of suspended beads) were added to the LUVs (1 mM lipid concentration) to a final
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concentration ~10% beads/mL in 0.5 mL final volume. The mixture of LUVs and
microspheres was vortexed on high speed at room temperature for 10 minutes and on low
speed for 45 minutes at 37 °C. Under these conditions, liposomes fuse to the surface,
forming a uniform supported lipid bilayer.*6 As a precaution to minimize non-specific
binding, BSA was then added to samples at a concentration of 0.5 mg/mL and the samples
were vortexed on low speed at room temperature for 45 minutes. Beads were then washed 4—
5X to remove unbound liposomes by cycles of centrifugation at 10,000 rpm for 45 seconds,
followed by removing the supernatant, always leaving at least 50 L in the tube to keep the
lipid coated beads hydrated. Beads were re-suspended in fresh PBS to bring the samples
back up to volume. A multiplexed set was formed by mixing beads coated with different
membrane compositions in a BSA-passivated tube. Following rinsing, resuspension, and
addition of analyte solution (see below), the final bead concentration for analysis was ~10°
beads/mL.

Protein Binding Assays.

Cholera Toxin B subunit (recombinant) — Alexa Fluor 647 (CTxB-Alexa 647) purchased
from ThermoFisher at a concentration of 175 nM was diluted to a stock concentration of 75
nM in PBS and stored in aliquots at —20°C until use. Streptavidin-PE/Cy5 (SAv-Cy5) diluted
in PBS purchased from Biolegend at a concentration of 421 nM was diluted in PBS to a
stock concentration of 4.21 nM and stored in aliquots at —20°C until use. Concentrations of
GM1, CTxB-Alexa 647, biotin-DOPE and SAv-Cy5 were chosen based on previous
literature.1323.44 POPC membrane bilayers containing specific amounts of GM1 (0 to 0.5
mol%) or biotin-DOPE (0 to 0.5 mol%), and as appropriate, NBD-DOPE (0 to 2.0 mol%) as
a fluorescent indexing label, were prepared on silica microspheres as single samples or, by
mixing the single samples, as multiplexed sets. From microsphere size, concentration and
the membrane compositions, the maximum concentration of protein binding sites is
estimated to be of order 1071 Molar. Different amounts of CTxB-Alexa 647 (0 to 20 nM)
and/or SAv-Cy5 (0 to 2.5 nM) were added in solution to both single samples and
multiplexed samples and incubated for 10 minutes before analysis. A multiplexed cross-
reactivity assay was also performed on silica microspheres coated with the following lipid
compositions: 1) 100 mol% POPC; 2) 0.5 mol% GM1, 0.2 mol% NBD-DOPE and 99.7 mol
% POPC; 3) 0.5 mol% biotin-DOPE, 2 mol% NBD-DOPE and 97.5 mol% POPC. Different
proteins (2.5 nM SAv-Cy5; 20 nM CTxB-Alexa Fluor 647; or the combination of 2.5 nM
SAv-Cy5 and 20 nM CTxB-Alexa) were added in solution to the multiplexed beads and
incubated for 10 minutes before analysis.

Flow Cytometry.

Flow cytometric studies were done as previously described using an Accuri C6 flow
cytometer, with minor modifications to the protocol.#’ This instrument has two lasers with
independent optical paths (488 nm and 640 nm) and four fluorescence detectors (three from
the 488 nm excitation line — FL-1: 533 nm center wavelength/30 nm bandpass, FL-2: 585
nm center wavelength/40 nm bandpass, and FL-3: 670 nm longpass emission; and one from
the 640 nm excitation line — FL-4: 675 nm center wavelength/25 nm bandpass emission).
For convenience, we sometimes describe filters using the center wavelength and bandpass,
so for example, FL-1 corresponds to 533/30. For each event, data were collected for forward
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scatter (FSC) and side scatter (SSC) (from the 488 nm laser) and all four fluorescence
channels. The Accuri C6 was calibrated with eight-peak rainbow beads (Spherotech, Inc.)
and fluorescence data were quite stable over time, as gauged by coefficient of variation (CV)
values. The instrument was back-flushed between sample types and the system was cleaned
and decontaminated after each use. Collected data were analyzed, gated, and compensated as
necessary using FlowJoV10 software. Bivariate flow cytometry data are presented as 10%
contour levels of the probability density of events, with additional points representing
(outlying) events that occur outside the lowest 10% probability contour. Red lines indicate
gates that show populations selected for quantitative analysis. Median fluorescence intensity
measurements were obtained using FlowJoV10 and data were analyzed and plotted using
Microsoft Excel, Matlab or Igor Pro software.

Results and Discussion

Fluorescently Indexed Silica Microsphere Supported Lipid Bilayers.

Multiplexed flow cytometry allows researchers to include several different samples,
including controls, in each sample well prior to screening.*~10 This approach decreases
sample-to-sample variation and lowers reagent cost. In this proof-of-principle study, we use
fluorescently tagged lipids to provide different fluorescent intensity levels to index 3 um
silica microspheres. To test this approach, we coat silica microspheres in lipid mixtures
containing 100% POPC, 99.8% POPC + 0.2% NBD-DOPE, or 98% POPC + 2% NBD-
DOPE. Next, we rinse the microspheres and combine the three samples into a single tube to
build a fluorescently indexed multiplex set (Figure 1A).

Flow Cytometric Characterization.

We analyze fluorescently indexed microspheres by flow cytometry (Figures 1B and 1C). The
population of events is gated using side scatter (Figure 1B, y-axis) versus forward scatter
(Figure 1B, x-axis) and the automated gating function in FlowJoV10 (Figure 1B, red line).
Signals from the events selected in Figure 1B are plotted on a bivariate plot of side scatter
(Figure 1C, y-axis) versus green fluorescence (FL-1) (Figure 1C, x-axis), and the three
different microsphere populations in the multiplexed system are clearly identifiable. When
the fluorescence of the multiplexed silica microspheres is tracked over time, the signal
intensities are stable over sufficiently long times for typical assay measurements (in our
case, assay times up to 30 minutes were used), and the stability of the fluorescence
intensities is comparable to that of the individual samples used to generate the multiplexed
samples (Supporting Figure S1). These data show that we produce fluorescently indexed
silica microspheres bearing lipid bilayers by varying the amounts of NBD-DOPE lipids in
each single sample, and that a multiplexed sample is made when these microspheres are
combined.

Multiplexed Protein Binding Assays.

Fluorescently indexed microspheres coated with different concentrations of GM1 in POPC
membrane bilayers show differential binding of CTxB-Alexa 647, a protein with a multi-
valent association with the glycolipid GM1 ligand.12 Silica microspheres are coated with
increasing concentrations of GM1 and NBD-DOPE (100% POPC, 99.75 POPC
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+ 0.05%GM1 + 0.2% NBD-DOPE, or 97.5% POPC + 0.5% GM1 + 2% NBD-DOPE),
building a fluorescently multiplexed bead set to test the affinity of CTxB-Alexa 647 to
GM1-containing membranes. Next, different concentrations of CTxB-Alexa 647 ranging
from 0 nM to 20 nM are added to both the individual samples and the multiplexed sample
and analyzed after a 10 minute incubation. The event population is first gated using a
forward scatter versus side scatter plot, as in Figure 1B, which selects a population of
microspheres. Then, data from the selected events are shown on a bivariate plot of FL-4
channel intensity (excitation: 640nm, emission: 675/25nm; CTxB-Alexa 647 detection
channel; Figure 2, y-axis) versus FL-1 channel intensity (excitation: 488nm, emission:
533/30nm; NBD-DOPE multiplexing channel; Figure 2, x-axis). From this plot, gates are
further refined to include only well-coated microspheres, excluding other debris or particles
with poorly formed membranes (Figure 2, red gates). When no CTxB-Alexa 647 is added to
either the individual or multiplexed samples (0 nM CTxB-Alexa 647), the FL-4 fluorescence
intensity does not change (Figure 2A, E, I, and M), consistent with no CTxB-Alexa 647
binding.

Results from the addition of increasing concentrations of CTxB-Alexa 647 to samples with
no GM1 (Figure 2A-D) indicate little non-specific binding of CTxB-Alexa 647 for the main
population of microspheres. However, a small sub-population of events does show an
increase in FL-4 signal, as would be observed for non-specific interactions of CTxB-Alexa
647 with microspheres containing no GM1. A likely origin of this sub-population is
apparent by inspection of the bivariate FL-4 versus FL-1 plots for the cases where DOPE-
NBD is present (0.2% or 2.0% GM1 columns, Figure 2E-H and 21-L, respectively). In these
cases, a broadening of the population distribution toward lower FL-1 intensity coinciding
with FL-4 intensity above background level is consistent with non-specific binding of
CTxB-Alexa 647 to a sub-population of microspheres that have non-uniform or incomplete
lipid coating. This result is also consistent with the observation (data not shown) that some
concentration-dependent non-specific binding of CTxB-Alexa 647 to bare silica
microspheres occurs. Gating of the bivariate data to retain only the main populations of
microspheres, those with well-formed lipid membranes, removes much of this complicating
non-specific interaction effect, illustrating a powerful aspect of multi-variate flow cytometry
analysis of interactions of proteins and membranes. An increase of fluorescence in FL-4 in
single composition beads with higher concentrations of GM1 indicates that CTxB-Alexa 647
interacts specifically with GM1 (Figure 2E-L). Separate control experiments confirm the
absence of concentration-dependent CTxB-Alexa 647 binding to NBD-DOPE on particles
with well-formed membranes when no GML1 is present (Supporting Figure S2).

In the multiplexed set with three fluorescently indexed bead populations in a single tube,
higher fluorescence in the multiplexing channel (FL-1; NBD-DOPE) is matched to
increasing GM1 content in the membrane (Figure 2M-P). Specifically, when increasing
concentrations of CTxB-Alexa 647 are added to multiplexed samples, the FL-4 signal
increases for beads with membranes that contain more GM1 (Figure 2M-P), consistent with
binding of CTxB-Alexa 647 to GM1. The bead population with no GM1 in its membranes
maintains low binding of CTxB-Alexa 647 (Figure 2M-P, red arrows). Overall, these data
indicate the specific binding of CTxB-Alexa 647 to GM1 in a multiplex format.
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The median FL-4 signal of the main bead populations (e.g., Figure 2 M-P, red gates) is used
to measure the amount of CTxB-Alexa 647 bound to microspheres. A multiplexed data set
thus consists of the median FL-4 signal of each microsphere population as a function of
CTxB-Alexa 647 concentration. Each microsphere population corresponds to a different
GM1 concentration, so a full multiplexed data set provides the amount of CTxB-Alexa 647
bound to microspheres as a function of both CTxB-Alexa 647 concentration (different
panels of Figure 2 M-P) and GM1 concentration (different populations within each panel).
For each GM1 concentration, the median FL-4 signal, S, as a function of CTxB-Alexa 647
concentration, [CTxB], is fit to a first-order Hill Equation including background, B:

S=B+(M-B)

K, ;/ICTxB] )
T+K,, ICTxB]

In Equation (1), Kggis an effective association constant and M is the maximum signal
predicted by the model. For each data set from a population of microspheres, this fit yields
values of B, Mand K#for the GM1 concentration of those microspheres. Then, using the
value of M obtained for the maximum GM1 concentration of 0.5 mol%, desighated My 5, a
normalized fractional signal for each data set is generated as:

s—-B _ K, ICTxB]
Mys—B ~ T+K, ICTxB]

@)

where fis the fraction of the maximum amount of CTxB-Alexa 647 binding that occurs for
GM1 membrane concentration of 0.5 mol%. This normalization process generates a family
of curves for each complete multiplexed and individual data set. Four complete replica
experiments are analyzed, and the fvalues are averaged and plotted to produce binding data
(Figure 3).

Two major results are found. First, the multiplexed approach agrees well with the results of
individual samples. In fact, fitting of the four data sets in Figure 3 that correspond to non-
zero values of GM1 concentration (red and blue curves of the upper and lower panels)
provides values of Kgwith 95% confidence intervals that all overlap. More detailed
analysis is unwarranted, given the small number of degrees of freedom in the nonlinear
regression models. Averaging the two values of Kgobtained from the multiplex fits yields a
value of K= 0.25 + 0.12 nM™1, corresponding to an effective or apparent affinity of 1/Kegf
=4.0 £ 1.9 nM, where the reported uncertainties are 95% confidence intervals. Second, the
multiplex results found here are also in agreement with previously published work. A
detailed study by Lauer et al. presented a complete analysis of the multi-valent interaction of
cholera toxin with GM1, describing both single-site binding interactions and enhancement
of apparent affinity through surface avidity.13 These authors report an effective affinity of
approximately 5 nM, which agrees with our result. They also report the single-site affinity of
GML1 for cholera toxin to be several hundred times weaker. Their model demonstrates that
observation of nanomolar effective affinity is consistent with multi-valent cholera-GM1
interaction arising from the presentation of GM1 in a laterally fluid membrane. Our results
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thus confirm that the important lateral fluidity function of natural membranes is maintained
in the multiplex assay.

To further validate the multiplexed detection approach, we also present protein binding
assays using biotin-DOPE lipids and Streptavidin-PE/Cy5 (abbreviated as SAv-Cy5). Silica
microspheres coated with lipid mixtures containing varying concentrations of biotinylated-
DOPE and NBD-DOPE (100% POPC, 99.75% POPC + 0.05% Biotin-DOPE + 0.2%
NBDDOPE, or 97.5% POPC + 0.5% Biotin-DOPE + 2.0% NBD-DOPE) are combined into
a multiplexed set. Different concentrations of SAvCy5 from 0 nM to 2.5 nM are added to the
multiplex, incubated for 10 minutes, and flow cytometry data are collected. For the
fluorophores used in this study, there is some spectral overlap in the FL-1 (NBD-DOPE
detection) and FL-3 (SAv-Cy5 detection) channels. Therefore, flow cytometric data
compensation methods are applied (Supporting Figure S3).48 Following compensation, bead
populations are plotted on bivariate plots of FL-3 versus FL-1 intensities, gates are drawn
around the main bead populations, and median fluorescence intensities in FL-3 are obtained
using FlowJoV10 (Supporting Figure S4, red gates). Analysis of the median fluorescence
FL-3 signal intensity is performed using a similar procedure to that outlined above for four
replicate. experiments.

Figure 4 presents results for both multiplexed and individual samples. In both cases, the
median FL-3 signal increases slightly at high concentrations of SAv-Cy5 even when no
biotin-DOPE is present, indicating some non-specific binding of SAv-Cy5 to the beads
(Figure 4, lowest curves). However, separate control experiments confirm the absence of any
additional specific interaction of SAv-Cy5 with the multiplexing label NBD-DOPE when no
biotin-DOPE is present (Supporting Figure S5). In this example, the appreciable non-
specific binding of SAVCy5 to beads with no biotin-DOPE and the increased specific
binding to beads containing biotin-DOPE in the multiplexed set demonstrates the power of
multiplexed analysis. The multiplexed sample contains all three biotin compositions and a
single SAv-Cy5 concentration, thus reducing sample-to-sample variability in quantitative
determination of specific and non-specific responses. As for the case of CTxB-Alexa 647
interaction with GM1, similar quantitative behavior in the individual and multiplex samples
confirms that fluorescently indexed membrane coated silica microspheres provide a reliable
alternative to individual bead-based measurements.

A similar analysis to that described above was carried out for the concentration dependent
binding data presented in Figure 4. The 95% confidence intervals of all the effective
affinities again overlap, and when averaged, the resulting effective affinity of the two
multiplexed results is 1/ K= 2.1 + 1.6 nM (reported uncertainty is the 95% confidence
interval). The apparent affinity of streptavidin association with biotin-presenting surfaces has
been treated in detail by several investigators.2344 Again, our goal is to demonstrate that the
multiplexed approach provides an accurate assessment of the effective affinity for the chosen
experimental conditions. To that end, our results are similar to previous reports of an
apparent affinity of ~2.3 nM by Nguyen et. al. or, for biotin covalently attached to surfaces,
of ~6 nM by Seto et. al., 2344 providing additional evidence that the mulitplexed approach
produces accurate assessments of effective interactions involving membrane components.
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Binding Specificity in Multiplexed Protein Binding Assays.

For realistic multiplexed applications, each sample should contain beads with different
membrane components, and not just different concentrations of a single component. To
verify that we can use silica microspheres with different membrane components in a single
well, we coat the particles with membranes of 100% POPC (negative control), 0.5% GM1
and 0.2% NBD-DOPE (to bind CTxB-Alexa 647), or 0.5% biotin-DOPE and 2% NBD-
DOPE (to bind SAv-Cy5). The three fluorescently indexed membrane-coated silica
microspheres are mixed into a single tube, and 20 nM CTxB-Alexa 647 and 2.5 nM SAv-
Cy5 are added to assess the binding specificity of each protein to membrane components.
Flow cytometry data is collected and analyzed as before, with compensation applied to
account for partial overlap of the FL-3 channel with both FL-1 and FL-4 signals (Supporting
Figure S6). The bead population of each multiplexed sample is gated as in Figure 1B and
plotted on bivariate plots of FL-4 (Figure 5A-D) or FL-3 (Figure 5E-H) versus FL-1. In
samples where neither protein is added, FL-3 and FL-4 signals are low (Figure 5A and 5E).
In the presence of 20 nM CTxB-Alexa 647, fluorescence is low on all bead populations in
the FL-3 channel (Figure 5F) but increases in the FL-4 channel on the bead population
containing 0.5% GM1 (Figure 5B). These results show specific binding of CTxB-Alexa 647
to GM1. When 2.5 nM SAv-Cy5 is added, the fluorescence intensity in the FL-3 channel
increases on the bead population containing 0.5% biotin-DOPE (Figure 5G). Fluorescence
also increases slightly on the other bead populations in the FL-3 channel (Figure 5G),
showing non-specific binding of SAv-Cy5 to other lipid compositions as discussed
previously. There is also a small increase in FL-4 fluorescence in the sample containing
SAv-Cy5 (Figure 5C), attributed to Cy5 fluorescence spillover into the FL-4 channel. When
both 20 nM CTxB- Alexa 647 and 2.5 nM SAv-Cy5 are added, FL-4 fluorescence increases
substantially on the bead population containing GM1, slightly on the population containing
biotin-DOPE (indicating non-specific binding), and not on the population containing 100%
POPC (Figure 5D), indicating the absence of any additional nonspecific binding beyond that
observed in Figure 5C. Additionally, fluorescence in the FL-3 channel increases similarly to
the sample containing only SAv-Cy5, indicating specific binding of the SAv-Cy5 to biotin-
DOPE (Figure 5H). The median intensities in FL-4 and FL-3 corresponding to the gated data
from Figure 5, averaged over four replicate experiments, are shown in Supporting Figure S7.

Conclusion

Our results demonstrate the use of multiplexed microsphere-based assays for differential
binding assays that involve membrane components. These methods are similar to those
required for screening applications. While we have presented a small multiplex, expansion
to large multiplexed sets (n ~ 100 or larger) should be possible using strategies similar to
those implemented for polymer-based indexed microspheres.’ To achieve that long-term
goal in a commercially viable implementation, one of two materials development paths can
be followed. Since supported membrane bilayers on silica microspheres are readily
produced, one approach is to develop reliable labeling strategies to index silica microspheres
without altering the surface chemistry needed for stable membrane assembly. An alternative
approach is to develop well-characterized model membranes on commercially available
highly multiplexed polymer microspheres. To conclude, our results show that fluorescently
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indexed membranes on silica microspheres enable multiplexed differential binding assays
using flow cytometry. For two test cases, the mulitplexed methods we present yield results in
good agreement with prior studies. Overall, this study provides an initial step to building
multiplexed high-throughput flow cytometry assays involving membrane-associated
components. Continued development of this multiplexed lipid membrane platform will occur
through investigation of methods to generate larger multiplexed sets of targets and controls,
and in applications of this technology to flow-cytometry-based interaction analysis or
screening studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
A) Schematic of supported lipid bilayers on non-porous silica microspheres. The

microspheres are fluorescently indexed by coating them with different concentrations of
fluorescently labeled lipids, 100% POPC, 99.8% POPC and 0.2% NBD-DOPE, and 98%
POPC and 2% NBD-DOPE. The coated microspheres are then rinsed and combined in a
microfuge tube to build a multiplexed set of lipid-coated microspheres. Multiplex systems
can be used for membrane-based assays such as membrane composition dependent protein
binding. B,C) Analysis and gating of fluorescently indexed membrane-coated microspheres
in a triplex system. Side scatter versus forward scatter data (Panel B) are used to gate or
select events that correspond to microspheres (red circle in Panel B, see text), and data from
the gated events are then plotted as side scatter versus FL-1 (excitation laser 488 nm,
emission filter 533/30) intensity in Panel C. Similar approaches are used in later experiments
to detect protein binding to surfaces of different lipid compositions.
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Figure2.

Bivariate contour plots (FL-4 vs. FL-1). Individual samples: 0 mol% GM1: A) Plus 0 nM
CTxB-Alexa 647. B) Plus 2 nM CTxB-Alexa 647. C) Plus 10 nM CTxB-Alexa 647. D) Plus
20 nM CTxB-Alexa 647. 0.05 mol% GM1: E) Plus 0 nM CTxB-Alexa 647. F) Plus 2 nM
CTxB-Alexa 647. G) Plus 10 nM CTxB-Alexa 647. H) Plus 20 nM CTxB-Alexa 647. 0.5
mol% GM1: 1) Plus 0 nM CTxB-Alexa 647. J) Plus 2 nM CTxB-Alexa 647. K) Plus 10 nM
CTxB-Alexa 647. L) Plus 20 nM CTxB-Alexa 647. Multiplexed samples: M) Plus 0 nM
CTxB-Alexa 647. N) Plus 2 nM CTxB-Alexa 647. O) Plus 10 nM CTxB-Alexa 647. P) Plus
20 nM CTxB-Alexa 647.
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Figure 3.
Fractional binding of cholera toxin (CTxBAlexa 647) after 10 minutes of incubation of

samples containing lipids with 100% POPC + 0% GM1 (black, triangles), 99.75% POPC

+ 0.2% NBD-DOPE + 0.05% GML (red, squares) and 97.5% POPC + 2% NBD- DOPE

+ 0.5% GML1 (blue, circles). The x-axis is concentration of CTxB-Alexa 647 added to the
system. Data shown are the average of four replicates, and error bars are plus/minus one
standard deviation. Solid lines are fits to the averaged data following the functional form of
Equation (2). The top panel presents results from individual samples, while the bottom panel
presents results from the multiplex system.
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Fractional binding of streptavidin (SAv-Cy5) after 10 minutes of incubation of samples
containing lipids with 100% POPC + 0% Biotin (black, triangles), 99.75% POPC + 0.2%
NBD-DOPE + 0.05% BiotinDOPE (red, squares) and 97.5% POPC + 2% NBD-DOPE

+ 0.5% Biotin-DOPE (blue, circles). The x-axis is increasing concentration of SAv-Cy5: 0
nM, 0.25 nM, 0.5 nM, and 2.5 nM. Data shown are the average of four replicates, and error
bars are plus/minus one standard deviation. Solid lines are fits to the averaged data following
the functional form of Equation (2), modified for streptavidin and biotin concentrations. The
top panel presents results from the individual samples, and the bottom panel presents results
from the multiplex system.
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Figureb5.

Bivariate contour plots (FL-3 or FL-4 vs. FL-1) of the multiplexed samples: A) Control on
FL-4. B) Plus 20 nM CTxB-Alexa 647 seen in FL-4. C) Plus 2.5 nM SAv-Cy5 seen in FL-4.
D) Plus 20 nM CTxB-Alexa 647 and 2.5 nM SAvCy5 seen in FL-4. E) Control on FL-3. F)
Plus 20 nM CTxB-Alexa 647 seen in FL-3. G) Plus 2.5 nM SAv-Cy5 seen in FL-3. H) Plus
20 nM CTxB-Alexa 647 and 2.5 nM SAv-Cy5 seen in FL-3.
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