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Abstract

Lipid bilayer membranes found in nature are heterogeneous mixtures of lipids and proteins. Model
systems, such as supported lipid bilayers (SLBs) are often employed to simplify experimental
systems while mimicking the properties of natural lipid bilayers. Here we demonstrate a new
method to form SLB arrays by first forming spherical supported lipid bilayers (SSLBs) on sub-
micron-diameter SiO, beads. The SSLBs are then arrayed into microwells using a simple physical
assembly method that requires no chemical modification of the substrate, nor modification of the
lipid membrane with recognition moieties. The resulting arrays have sub-micron SSLBs with 3
pm periodicity where > 75 % of the microwells are occupied by an individual SSLB. Because the
arrays have high density, fluorescence from > 1000 discrete SSLBs can be acquired with a single
image capture. We show that 2-component random arrays can be formed and we also use the
arrays to determine the equilibrium dissociation constant for cholera toxin binding to ganglioside
GML1. SSLB arrays are robust and are stable for at least one week in buffer.
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INTRODUCTION

Lipid bilayer membranes are ubiquitous in biology. They define the cytoplasmic boundaries
of cells, as well as subcellular organelles. Natural lipid bilayer membranes are mixtures of
lipids and proteins with heterogeneous spatial features and diverse chemical and physical
properties. In order to simplify experimental systems, synthetic model membrane structures
such as giant vesicles? and supported lipid bilayers® (SLBs) have been used to mimic the
chemical and physical properties of natural membranes. SLBs are a convenient model
system because they can be prepared by simple methods, such as Langmuir-Blodgett
methods* or spontaneous rupture,® and their physicochemical properties can be interrogated
by a variety of analytical techniques such as fluorescence microscopy,* scanning probe
microscopy,8 Raman spectroscopy’ or mass spectrometry.® SLBs can also be readily
integrated into a variety of optical,210 electrical,11:12 and electrochemicall3 biosensors.

"witt0092@umn.edu; sang@umn.edu.

SUPPORTING INFORMATION AVAILABLE

Histogram of SSLB array fluorescence intensity, SEM image of multiple SSLBs in microwells with larger diameters, and fluorescence
images of CTX binding to SSLB arrays. This material is available free of charge via the Internet at http://pubs.acs.org.
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Arrays of SLBs are of particular interest for applications in sensing# and for modeling cell-
cell interactions.1>16 There are many methods to form SLB patterns and arrays.1”18 Linear
arrays of SLBs can be formed in microfluidic channels and be used for immunoassays.1®
Alternatively, substrates can be patterned with materials that prevent lipid diffusion, thereby
making partitions between adjacent SLB patches.2? Photochemical patterning of SLBs can
also be used to define arrays.2122 SLB patterns can be transferred by microcontact?® or non-
contact pzrt_inting24 and patterned self-assembled monolayers can define patterned hybrid lipid
bilayers.

Here we demonstrate a new method to form high-density SLB arrays by periodic assembly
of spherical supported lipid bilayers (SSLBs) in size-tunable microwell array substrates.
SSLBs have been previously used by Groves and coworkers for sensing lipid-protein
interactions via colloidal assembly.26 However, by immobilizing SSLBs in microwell
arrays, this method combines the features of SLB arrays with the advantages of bead array
assays,27:28 which include improved signal to noise ratios and the opportunity to generate
color-coded random arrays of multiple components, eliminating the need for serial spotting.
Serial spotting can be advantageous, however. By using serial deposition in separate arrays
on a single chip we show that SSLBs can be coded by their fluorescence emission color (i.e.
chemical identity) as well as their position. Akin to bead assays, our method also requires no
post-fabrication surface patterning or chemical modification of the substrate, and the SSLBs
need no recognition or binding moieties (e.g. streptavidin/biotin). Another advantage of
SSLBs is that because they are spherical, there are no exposed lipid bilayer edges which
exhibit altered physicochemical properties.2? The motivation for this work stems from a
desire to create highly uniform sub-micron lipid bilayer arrays. In earlier work we showed
that unilamellar vesicles and natural membrane particles could be arrayed into micro- and
nanowells using a simple physical assembly method.3? However, there was no control over
the amount of membrane material in each well. By size-matching the SSLB and the
microwell we ensure that one and only one SSLB is immobilized in each well. This results
in arrays where the amount of lipid membrane is uniform from well-to-well. In fact, since
the coefficient of variation of SiO, bead diameter is smaller than for extruded vesicles,3! the
amount of lipid in each well is more uniform than if individual vesicles were immobilized in
the wells. With this method we can form arrays with nearly 100,000 discrete SSLBs per
mm?,

EXPERIMENTAL SECTION

Formation of phospholipid vesicles and SSLBs

Phospholipid vesicles were prepared by drying and rehydration followed by extrusion. All
lipids were obtained from Avanti Polar Lipids, Inc. Lipid mixtures containing the
appropriate amounts of egg PC, rhodamine PE (1,2-dimyristoyl-sr-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt), NBD-PE (1,2-
dimyristoyl-sr-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
ammonium salt) or ganglioside GM1 in chloroform were dried under vacuum for at least 6
hours. All lipid compositions are reported as mole percent. Then the dried lipid films were
rehydrated with 0.1 M NaCl to a lipid concentration of 1 mg/mL and allowed to stand
overnight. The following day the vesicles were dispersed into solution by vortex mixing and
bath sonication. The vesicles were then extruded through 100 nm pore size polycarbonate
filters using an Avanti Mini-Extruder. The vesicles were then diluted to 0.1 mg/mL in 0.1 M
NaCl. The 700 nm diameter SiO, beads (Bangs Laboratories) were suspended in 0.1 M
NaCl at a concentration of 1.5 x 1010 beads/mL. To form the SSLBs, 25 pL of the SiO5
bead solution was added to 200 L of the vesicle solution, the mixture was vortex mixed
and allowed to rest at room temperature for 1 hour. The SSLBs were separated from
unruptured vesicles by three rounds of centrifugation and then resuspended in PBS, pH 7.4.
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Assuming no loss of SSLBs during the washing steps, the final concentration of SSLBs was
1.7 x 10° SSLBs/mL.

Fabrication of microwell array substrates

The microwell arrays were prepared using photolithography.3® MEGAPOSIT SPR-955
photoresist (Rohm and Haas) was spin-coated on silicon wafers with a 100 nm-thick thermal
oxide and exposed with an i-line stepper (Canon 2500 i3) using a mask with 5 wm holes in a
hexagonal array with periodicity 15 wm over a 10 mm x 10 mm area. This was reduced 5x
resulting in 1 pm holes with 3 wm center-to-center spacing over a 2 mm x 2 mm area and
stepped across an entire wafer with 5 mm steps, leaving 3 mm spacing between the
microwell arrays. The wafer was developed for 90 seconds in MF CD 26 (Rohm and Haas)
using a CEE 200X (Brewer Science) spray developer. Using the resist as an etch mask, the
thermal oxide layer was etched using RIE (STS model 320) with CF4 and Ar gases at 100 W
for 6 minutes. The silicon was etched to a depth of approximately 500 nm in a deep trench
silicon etcher (Plasma Therm SLR-770) using the oxide and resist as a mask. The
microwells were soaked in acetone for 5 minutes to remove the resist, cleaned in piranha
solution, a 1:1 mixture of sulfuric acid and hydrogen peroxide, for 5 minutes, and then the
oxide mask was removed in a BOE bath. Piranha solution is a strong oxidizing agent and
extreme caution should be exercised in its use and disposal. Then the microwell surface was
covered with a conformal 100 nm-thick layer of Al,O3 by ALD. ALD was carried out at 250
°C, and the deposition rate was about 1.1 A per cycle.

Formation of SSLB arrays and GM1/cholera toxin binding

The SSLB arrays were prepared in a manner similar to previous work.30 Briefly, 5 L drops
of SSLB solution (1.7 x 10° SSLBs/mL) were placed upon 2 mm x 2 mm microwell arrays
and the SSLBs were allowed to settle for 30 minutes. Then array was gently washed with
PBS to remove loosely adherent SSLBs and then placed in shallow dish containing PBS. A
PDMS block was then gently pulled by hand across the surface at an angle 5 times to
remove SSLBs that were not immobilized in the recessed wells.32 The array was then rinsed
with PBS. For CTX binding experiments the SSLB arrays were first blocked by incubating
in 2 mg/mL BSA for 1 hour. Then the arrays were exposed to various concentrations of
CTX-Alexa 488 (Invitrogen) for 1 hour. After CTX exposure the SSLB arrays were rinsed
with copious amounts of PBS and imaged with either a Nikon Eclipse LV100 upright
microscope with a 50x objective or an Olympus FVV1000 upright confocal microscope with a
60x water immersion objective with N.A. = 0.9. Images were analyzed with ImageJ, version
1.44j.

RESULTS AND DISCUSSION

To form the SSLB arrays, SiO, beads (700 nm diameter) were first coated with lipid bilayer
membranes by vesicle rupture.33 Phospholipid vesicles containing phosphatidylcholine (egg
PC) and fluorescent lipids (rhodamine or NBD-tagged phosphatidylethanolamine; Rho-PE
or NBD-PE) and/or a lipid receptor (ganglioside GM1) were prepared by drying and
rehydration followed by extrusion. Then the vesicle solution was mixed with a solution
containing SiO, beads and allowed to rest for 1 hour. The resulting SSLBs were separated
from residual vesicles by centrifugation and resuspended in phosphate buffered saline (PBS,
pH = 7.4). Figure 1a shows a schematic illustration of a SSLB on SiO, bead.

The microwell array substrates were fabricated by photolithography of silicon wafers, and
the microwell diameter was precisely tuned by atomic layer deposition (ALD) of Al,O3. The
as-fabricated microwells had 1 wm diameter and ~500 nm depth and had 3 um center-to-
center spacing in a hexagonal array. Each array was 2 mm x 2 mm. Conformal ALD of 100
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nm of Al,O3 reduced the diameter to approximately 800 nm while the depth remained
constant. SSLB arrays were prepared by placing 5 b of the SSLB solution (1.7 x 10°
SSLBs/mL) on each microwell array, and the SSLBs were allowed to settle for 30 minutes.
(Figure 1b) After 30 minutes the substrates were gently washed with PBS and submerged in
a PBS bath. Then a PDMS block was used as a squeegee to remove SSLBs that were not
immobilized in the recessed microwells. (Figure 1c) This approach extends a previously
reported method by Wittenberg et al., where a PDMS squeegee was used to form natural
membrane microarrays, to assemble ordered arrays of single SSLBs on sub-micron beads.3°
After removing excess SSLBs the substrate was completely devoid of SSLBs on the top
surface, resulting in a high-density periodic SSLB array. (Figure 1d)

Figure 2a shows a scanning electron micrograph of SSLBs immobilized in a microwell
array. In this image it is clear that the microwells are either empty or occupied by an
individual SSLB. This is due to precise tuning of microwell dimensions via ALD. Figure 2b
shows a single bead occupying an individual microwell. The lighter color layer coating the
microwell is the 100 nm thick Al,O3 which facilitates the immobilization of single beads by
shrinking the microwell diameter. When the microwells had 1 wm diameter and depth, they
could accommodate one or two SSLBs, as shown in Figure S-1 in the supporting
information.

The SSLB arrays were characterized by fluorescence microscopy. Figure 3a shows a SSLB
array covering a 100 m x 100 pm area with 936 SSLBs. Each SSLB in the array is in
effect a discrete SLB. The distribution of fluorescence intensities from individual SSLBs can
be plotted in histograms as shown in Figure S-2 in the supporting information. Analyzing
large groups of individual SSLBs by their intensity distribution makes it possible to acquire
large sample numbers from single images. In general, SSLBs occupy greater than 75% of
the available microwells. Figure 2b shows an overlay of brightfield and fluorescence images
for an array that had 550 microwells and 416 immobilized SSLBs, giving an occupancy rate
of 76 %.

Immobilization of multiple populations of beads in microwells has been demonstrated for
multiplex optical biochemical assays, including single molecule studies.34-36 In an
analogous manner, random arrays of two types of SSLBs can be immobilized in microwells
by sequential deposition. One set of SSLBs contained egg PC and 1 % Rho-PE, while the
other contained egg PC, 1 % Rho-PE and 2 % GM1. The SSLBs were deposited with 100x
lower initial concentration (1.7 x 107 SSLBs/mL) which resulted in somewhat decreased
occupancy. The array was then exposed to a solution containing Alexa 488-tagged B-subunit
of cholera toxin (CTX), which binds GM1. (Figure 3c—e) All of the SSLBs fluoresce in the
red channel due to the presence of Rho-PE on all SSLBs. However, after CTX incubation
only a subset of the SSLBs in the array (those containing GM1) bound the CTX, indicated
by spots of red and green overlap in the merged image shown in Figure 3e. The blue circles
in Figure 3c-e surround three SSLBs that fluoresce in the red rhodamine channel, but not in
the green CTX channel. This indicates that these SSLBs do not contain GM1, demonstrating
that negative control binding sites can be co-immobilized with positive binders. Moreover,
there are very few spots that appear in the green channel (CTX) only, indicating that CTX
has minimal nonspecific adsorption to the substrate due to BSA passivation.

An alternative to mixing bead populations on individual arrays is to separately array
different SSLBs on the same chip. To demonstrate this experimental approach, SSLBs
containing Rho-PE and NBD-PE were immobilized in adjacent arrays on a single chip. This
allows SSLBs to be encoded optically as well as spatially. After 5 L droplets containing
the different SSLB types were deposited on 8 2 x 2 mm arrays by hand with an Eppendorf
pipette, the PDMS squeegee was passed over all of the arrays in a continuous motion to

Anal Chem. Author manuscript; available in PMC 2013 October 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wittenberg et al.

Page 5

remove excess SSLBs from the chip surface. Figure 4a shows the positions of the Rho-PE
and NBD-PE arrays, while Figure 4b shows fluorescence images from 8 separate arrays on a
single 10 x 20 mm chip. Even though the PDMS squeegee was pulled along the long axis of
the chip, there was no fluorescence overlap due to Rho-PE SSLBs being redeposited in
arrays that were initially filled with NBD-PE SSLBs, and vice-versa. With this sample
preparation method, it may be possible to perform array imaging with a high-resolution
microarray scanner to increase imaging throughput. To increase throughput, the array size
could be reduced which may require automated spotting equipment for sample deposition.
The key parameter, however, would be spacing the arrays such that there is no redeposition
of SSLBs during the squeegee process. In the current chip configuration the arrays are
spaced by 3 mm, but this could probably be reduced to 1 mm with minimal cross-talk
between arrays. Reducing the array size to 1 mm with 1 mm spacing between the arrays
would allow for a 4-fold increase of the number of arrays on a chip.

Each SSLB in the array can function as a discrete sensing element for detecting the binding
of CTX to GM1 on SSLBs. This allows us to collect large samples numbers (> 1000) in a
single image. To investigate the sensing capabilities of the SSLB array we made SSLBs with
0, 0.5, 1 and 2 % GML1. SSLBs with each different concentration of GM1 were immobilized
on separate arrays. The SSLB arrays were then incubated with 50 nM CTX and the
fluorescence from individual array spots was analyzed. The intensities from individual
SSLBs in the arrays were plotted as histograms, shown in Figure 5a. There is a clear shift in
the intensity distribution as the amount of GM1 increases, and the increase is linear as a
function of GM1 concentration. (Figure 5b) The images corresponding to these data can be
seen in Figure S-3 in the supporting information. Analyzing each SSLB as a discrete
supported lipid bilayer, then compiling the results into histogram form provides a convenient
method to analyze binding data from thousands of discrete binding sites.

In an additional assay, we held the GM1 concentration in the SSLBs constant at 2 %, then
incubated the arrays with CTX concentrations ranging from 16 pM to 158 nM. After
subtraction of the fluorescence background, we fit the data to Langmuir isotherm and Hill-
Waud binding models. The equations for the Langmuir and Hill-Waud binding models are
shown in Eq. 1 and 2, respectively:

[CTX]

F=Fmaxm 1)

F=p, — LCIXI" @
(K,)"+[CTX]"

where Fis the measured fluorescence intensity, <y is the fluorescence intensity when the
binding is saturated, [ C7.X] is the concentration of CTX, Kpand Ky are the equilibrium
dissociation constants from the Langmuir and Hill-Waud binding models, respectively, and
nis the Hill cooperativity coefficient in the Hill-Waud model. The Langmuir isotherm
resulted in an apparent dissociation constant (Kp) of 1.6 £ 0.2 nM (mean + standard error of
the fit), while the Hill-Waud fit gave an apparent dissociation constant (Ky) of 1.4 £ 0.2 nM.
(Figure 5c¢) The dissociation constants for GM1-CTX binding reported in the literature vary
widely depending on the nature of the immobilized GM1, the buffer conditions and method
of analysis. Some groups have reported Kppas low as 4.55 pM,37 while other groups have
reported values as high as 370 nM.38 Shi and coworkers formed supported lipid bilayers
with 2 % GML1 in a microfluidic chip, analyzed CTX binding with total internal reflectance
fluorescence (TIRF) microscopy and calculated a K of 0.46 nM and a Ky of 0.39 nM.39
Winter et al. determined a Kp value of approximately 30 nM using colloidal phase transition
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analysis of lipid-coated beads.*0 In general, the dissociation constants determined with the
SSLB arrays agree well with literature values. The Hill-Waud binding model also tests for
binding cooperativity, which is commonly observed in CTX/GM1 interactions because CTX
is pentavalent. From the Hill-Waud fit, we determined a Hill coefficient of cooperativity of
1.3. A Hill coefficient of greater than 1 indicates cooperative binding, which agrees with
results from other groups, although it is somewhat lower than the 1.9 measured by Shi and
coworkers.3941 |t has been suggested that for multivalent CTX/GM1 binding to occur the
GM1 must be freely diffusible.#? Our observation of cooperative binding suggests that lipid
bilayers of the SSLB are in a fluid state, which has been shown in other reports where
fluorescence recovery after photobleaching (FRAP) was used to analyze bilayer fluidity on
larger (~5 pwm) beads.26 However, the lower Hill coefficient in this study suggests that the
lipid diffusion may be somewhat hindered. This may be due to the interactions of the outer
leaflet of the SSLB with the walls of the surrounding microwell. Alternatively, the apparent
hindrance of lipid diffusion may be due to the spherical nature of the bead substrate. While
the SSLBs in this study are too small to investigate with standard FRAP techniques, it would
be possible to determine the lipid diffusion coefficients with other methods. For applications
where lipid diffusion is an important parameter, the lipid diffusion coefficient could be
determined by NMR. In one study Kéchy and Bayerl used 2H-NMR to determine that the
lipid diffusion coefficient on 640 nm diameter SiO, beads was quite similar to the diffusion
coefficient on flat surfaces determined by FRAP.43 Thus it appears that the microwell walls
may influence lipid diffusion somewhat. The influence of the microwell substrate on lipid
diffusion could be probed by altering the surface chemistry of the walls. Making the walls
more repulsive to lipid interactions, for example by coating them with PEG, could make the
lipids more freely diffusible. The increased diffusion of lipids may result in more
cooperative binding in studies where multivalent interactions are investigated.

We also investigated the long-term stability of the SSLB arrays. SSLB arrays were prepared
as usual then imaged immediately after preparation. Then the arrays were submerged in PBS
and stored in a refrigerator between subsequent daily image acquisitions. Images of the
arrays were acquired for one week after initial preparation. After one week there was no
significant degradation of the arrays in terms of occupancy and fluorescence intensity.
(Figure 5d) The long-term stability of the SSLB arrays suggests that the arrays may be
prepared days in advance and used on-demand for binding assays.

CONCLUSION

In conclusion, we have demonstrated a new method for forming high-density SLB arrays in
size-tunable microwells. Random 2-component arrays can be prepared by serial
immobilization of SSLBs and arrays of separate SSLB populations can be encoded optically
and spatially on a single chip. Immobilization of single SSLBs in individual microwells
prevents aggregation or removal during washing, which could occur if SSLBs were
randomly dispersed on the surface without defined, recessed immobilization sites. The
arrays can be used for sensing CTX-GML1 interactions and the large number of array spots
per image results in large sample numbers from a single image acquisition. In the future, this
platform will be used with optically encoded SSLBs with more than a one type of receptor
to demonstrate truly multiplexed assays. Because the arrays patterns are defined by
photolithography there is a great deal of design flexibility afforded by this method. Beyond
their use in sensing, these arrays could be used as versatile cell culture substrates to
investigate focal adhesion and spatiotemporal signaling properties of cells*#:4° or curvature-
dependent binding of proteins to lipid bilayers.46 Furthermore, use of porous beads*’ could
allow the inclusion of transmembrane proteins, such as G-protein coupled receptors*® onto
the SSLBs for high-throughput drug screening studies.

Anal Chem. Author manuscript; available in PMC 2013 October 02.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wittenberg et al. Page 7

Supplementary Material

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

Spherical supported lipid bilayers (SSLBs) and periodic assembly. (a) Illustration of a SSLB
with egg PC (black), fluorescent rhodamine-tagged PE (red) and ganglioside GM1 (blue)
lipids. (b—d) Illustration showing the assembly process starting with SSLBs dispersed on a
microwell substrate (b), removal of SSLBs not immobilized in microwells with the use of a
PDMS block “squeegee” (c) and the resulting periodic assembly of SSLBs (d).
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Figure 2.

Scanning electron micrographs of SSLB arrays. (a) A SEM image of 700 nm diameter
SSLBs immobilized in microwells. (b) A cross-sectional SEM image of a single SSLB
immobilized in a microwell. The lighter coating on the substrate is the Al,03 layer.
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Figure 3.

High density SSLB arrays and 2-component arrays. (2) Rhodamine-labeled SSLBs
assembled into a 100 wm x 100 wm array. The area contains 936 SSLBs. (b) An overlay of
bright field and fluorescence images showing a rhodamine-labeled SSLB array with 76 %
occupancy. (c—e) A 2-component SSLB array where all SSLBs contain rhodamine-PE (c),
but only a subset contain GM1 and are able to bind CTX (d). (e) Merger of rhodamine and
CTX fluorescence showing fluorescence colocalization for SSLBs that contain GM1. The
blue circles surround three SSLBs that display fluorescence in the rhodamine channel but
not the CTX channel, indicating that they do not contain GM1.
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Figure4.

Two populations of SSLBs arrayed separately on a single chip. (a) Schematic illustration of
a chip with eight arrays showing the position of SSLB arrays that contain Rho-PE lipids
(red) and NBD-PE lipids (green). The actual dimensions of the chips were approximately 10
mm x 20 mm. (b) Fluorescence images of eight SSLB arrays from a single chip that were
laid out as shown in the illustration in (a). The numbers in (b) correspond to the positions
indicated by the numbers in (a).
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Binding assays with SSLB arrays and long-term array stability. (a) Histograms showing the
distribution of fluorescence intensity from individual SSLBs containing 0.5, 1 and 2 % GM1
after incubation with 50 nM CTX. The solid lines are Gaussian fits to the data. (b) Plot of
mean fluorescence intensity from all SSLBs in arrays exposed to 50 nM CTX as a function
of GM1 concentration. (¢) Binding curves showing mean fluorescence intensity from all
SSLBs in arrays containing 2 % GM1 SSLBs after incubation with varying concentrations
of CTX. Red and blue lines are fits to Langmuir isotherm and Hill-Waud binding models,

respectively. (d) Mean array occupancy (black circles) and fluorescence intensity (red

squares) for a SSLB array monitored over the course of one week. The error bars in (c—d)
represent the standard deviations of the distributions of fluorescence intensity corresponding

to each data point.
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