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Single-experiment analysis of phospholipid compositional
gradients reveals diffusion coefficients, phase separation
parameters, and binding densities as a function of localized
lipid mixture. Compositional gradients are formed by
directed self assembly where rapid-prototyping techniques
(i.e., additive manufacturing or laser-cutting) prescribe lipid
geometries that self-spread, heal and mix by diffusion.

Phospholipid membranes adhering to solid substrates are
widely used to study thin-film material properties and as sim-
plified model systems for biological membranes!=>. Solid sup-
ported lipid bilayers (SSLB) retain aspects of biological mem-
branes, they are molecularly thick and can have a broad
range of functionalities and compositions3. Other aspects are
impinged; for example, lateral diffusion is typically reduced
compared to free-membranes®, and some membrane proteins
will not functionally insert in SSLB. However, SSLBs also en-
able capabilities such as array-based interfacing by photolitho-
graphic/microcontact/microfluidic patterning’-8.  Their scal-
able lateral extent allows applications such as tunable lubrica-
tion layers®, filtration devices!®, and as part of lab-on-a-chip
healthcare/environmental-monitoring biosensors11:12, Addition-
ally, their substrates can incorporate functionalities such as teth-
ering to enable greater trans-membrane protein insertion!! and
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conductivity for direct electrical measurements 3.

Both the material science and biomimetic aspects of mel.
branes are strongly influenced by the composition of phospho
lipids 1416, and would benefit from greater compositional and
spatial control capabilities. Typically, to systematically vary th:
composition of SSLBs requires separate lipid depositions in dis
tinct experiments or bins17-19. An appealing alternative woulc
be to characterize a single membrane compositional gradient as
it equilibrates.

Membrane gradients of a broad range of lipid compositioi..
can be formed by adapting a lipid spreadingt membrane depc-
sition approach. Lipid spreading occurs spontaneously when =
multilayer lipid stack on a hydrophilic2%-21 or hydrophobic22 sur-
face is hydrated at a temperature above its fluid phase transitio.
temperature (see Fig. 1BC). A membrane extends from the lipic
stack with a rate proportional to the square-root of time, ener-
getically driven by substrate interactions and phospholipid reor-
ganization3. On hydrophilic surfaces the extending membran-
is a molecular bilayer, as confirmed by imaging ellipsometry2224.
When two such bilayers meet they self-heal into one contiguor's
membrane?® and mix (Fig. 1B).

Here, we use equilibrating membrane gradients to measure dif-
fusion coefficients, phase separations and binding densities as a
function of lipid composition. We report configurable methods
to produce membrane collisions that self-assemble into phospho-
lipid gradients. The directed self-assembly methods do not re-
quire micro-machining and are rapidly configurable. We char-

tLipid spreading is sometimes used to describe membrane deposition by vesicle-
fusion. Here we use it to describe lipids spreading from a surface-adhering stack.
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acterize post-collision mixing to generate convenient experimen-
tal parameters, and we apply the system to perform preliminary
studies on non-equilibrated membranes. We find that the equili-
bration is nominally diffusive, and occurs on experimentally ac-
cessible time- and length- scales.
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Fig. 1 (A, top to bottom) Diagram of 3D printed mold; molding a PDMS
stamp; stamping lipid geometry (B) Diagram of lipids from apposed
multilayer sources spreading, colliding/self-healing and mixing. (C)
Selected false-color fluorescence images from a video of collision of
POPC bilayers with sources 0.85 mm apart, both doped with 3%
NBD-DHPE. Frames are 65, 91, and 121 minutes after sample
immersion in buffer. Full video in Sli.

We collide our membranes by lipid spreading as the approach
is not limited to charged lipids2® or by lipid headgroup-drag con-
siderations27-28, Additionally, lipid stacks can be configured in
geometries without the need for microfabrication techniques?®.
We prescribed the membrane collisions by adapting rapid proto-
typing approaches. Molds were digitally designed with depressed
features where lipid deposition was desired (e.g., Fig 1A), and
manufactured with either a consumer-grade 3D printer (Afinia
H480) or a consumer-grade laser-cutter (Full Spectrum Engineer-
ing H-series). Printing and cutting parameters are included in SIf.
Stamps were formed by curing poly(dimethylsiloxane) (PDMS,
Dow Corning Sylgard 184) in the molds for two hours at 80°C,
and then rinsed with ethanol. 1-5 uL of ethanol/phospholipid
(Avanti Polar Lipids) solutions (7.5 mg/mL) were manually de-
posited on each raised surface of the stamp by syringe (Hamilton
1701 RN), and placed in dark vacuum for at least two hours
prior to use. Stamps were manually pressed onto plasma-etched
(Harrick, PDC-32G, 4 minutes in air/vacuum) glass cover-slips
to transfer phospholipid stacks in the geometries prescribed
by the molds. Samples were subsequently hydrated in petri
dishes with 3-4 mL of Phosphate Buffered Saline (PBS, 10mM
phosphate buffer, 2.7mM KCl, 137mM NaCl, pH 7.4, Bioland
Scientific LLC). Samples were imaged with a custom fluorescence
microscope, and labeled with N-(7-Nitrobenz-2-oxa-1,3-diazol-
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4-yl)-1,2-dihexadecanoyl-snglycero-3-phosphoethanolamine,
triethylammonium salt (NBD-DHPE, Biotium), N-(Texas Red
sulfonyl)-1,2-dihexadecanoyl-snglycero-3-phosphoethanolamin,
triethylammonium salt (Texas Red-DHPE, Biotium) and/or
Streptavidin Texas-Red conjugate (Life Technologies). Data
analysis was performed with Fiji3® and Octave3!.

Intensity profiles of an asymmetrical collision where only one
side fluoresces can be analyzed to determine the diffusion coeffi-
cient (Fig. 2). We fit intensity profiles to a model of phospholipid
diffusion per Fick’s second law 32 (D‘?;Tf = %—f, where D is the dif-
fusion coefficient, C is the concentration of fluorophores, and x/t
are the spatial/temporal extents). At the moment of collision,
the initial condition of fluorescence intensity is approximated as
a step function® (see SI}). Solving the fluorophore concentra-
tion and including intensity-offset and scaling terms produces a
fit function3? for our data:

X —Xp
2VDt

We fit the intensity profile at each time-point to equation 1 by
non-linear least-squares fitting3* (Fig. 2A) to determine the fit
parameters of amplitude (A), offset, diffusion coefficient (D), col-
lision midpoint (x0) and fit time (t). The D and t fit variables
are not independent, and they are often combined in a single
fit term, the diffusion length (v/Dr). The slope of the diffusion-
length squared (D*t) versus the known sampling time is the dif-
fusion coefficient (Fig 2B).

For a collision of 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and POPC with 3% NBD-DHPE, we
measured a diffusion coefficient of 2.4um?/s. The line was mea-
surable and linear, thus consistent with diffusion at time-scales
of over an hour. The diffusion value is in rough agreement with
literature values of POPC on glass3®, though a broad range of
literature diffusion values are reported possibly due to variations
in glass surface roughness and cleaning techniques3®. This
approach to measure diffusion coefficients is relatively insensitive
to variations in the angle and placement of the intensity profile
in a single sample (see SIY).

The spacing between the lipid stacks (d) is a key experimental
parameter. A wider spacing corresponds to a longer delay be-
fore collision and gradient formation (¢ «< d?/B, B is the kinetic
spreading coefficient2!). A closer spacing limits the time before
the width of the gradient is impinged by the stacks, which compli-
cates analysis (¢ > d2/D). These competing considerations benefit
from optimization for different lipid compositions (i.e., different

C(x,t):Axerf( )+0ffset 1)

§ Not all fluorophores approximate step-functions at the moment of collision, as par-
titioning can occur during spreading. For example, TR-DHPE accumulates during
spreading, though relaxes quickly after the collision. Strongly partitioning fluo-
rophores will require analysis with different initial conditions.
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B and D), which is more convenient with our rapid prototyping
techniques than with micro-fabrication. We found that a depo-
sition geometry of apposed lines 0.75-1 mm apart produces a
collision between spreading POPC bilayers approximately 60-120
minutes after hydration at room temperature. The configurable
delay between hydration and collision is convenient for position-
ing the system to image the collision and subsequent mixing. An
additional consideration is that the brightness of multilayer stacks
can obscure images of the area of collision, so the distance be-
tween apposed stacks was set to be larger than the microscope’s
field of view.

=) P 12 K f
s //'initial 10 ° .. ... °
) o ¢
: T e
g Ee
g Y4 . f D=24pms
3 a .
T8 2 . B
o 300 600 0 30 60
03 Position (um) Time (min.)
i | =
g — :.
c2 g
> 0o
® | 2
c | ‘ : : ‘ :
20 ‘ ' e g
nwno 2 4 6 8 10
Profile length (1//Dt) C

Fig. 2 (A) Fluorescence intensity profiles across a collision of unlabeled
POPC bilayer on the left with 97% POPC / 3% NBD-DHPE on the right
at select time points, along with fits to equation 1. Inset: image of
collision in progress, 200um scalebar. (B) The fit diffusion length
squared (Dt) vs. (t) along with a robust linear fit. (C) Fitting equation 1 to
synthetic data. Signal/noise is defined as amplitude (A) divided by
amplitude of added pseudorandom noise. Profile length is in units of
diffusion lengths. Fitting is by Nelder and Mead Simplex algorithm 34
(1500 maximum function evaluations, and an iteration tolerance of 1076)

The linearity of the measured diffusion length vs. time plot
(Fig. 2B) indicates a consistent diffusion coefficient over the
hour-long measurement, although 63% photobleaching occurred
in that time. This method’s resiliency to photobleaching is due to
the diffusion length term (1/Dr) being distinct from the amplitude
and offset terms in equation 1. We computationally tested the ro-
bustness of this method by generating an ideal dataset of profiles
of a known diffusion-length, but with varying amplitude/noise
ratios and profile lengths. The fit diffusion length is accurately
recovered for a broad range of amplitude-to-noise ratios greater
than one (see Fig. 2C). If the length of the measured profile rela-
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tive to the diffusion length is too small (< a factor of 4), then one
is fitting just the center of the erf function far from the “shoul-
ders", which can produce ambiguous fits. We can estimate the ex-
perimental timeframe by equating the field of view with 4 times
the diffusion length. For POPC (2.4um?/s) and an imaging width
of a 500 um, this suggests an experimental timeframe of measur-
able mixing of over an hour (6510s).

Gradients produced at this configuration have conveniently
long (>1 hour) equilibration times, with diffusion lengths on the
order of mm. In comparison, local lipid interactions are on the or-
der of um37, and diffusion is on the order of um?/s. That is, lipid-
locally quasi-equilibrate on the orders of seconds, while macro-
scopically the gradient dynamically equilibrates over thousand:
of seconds. We can thus treat snapshots along the equilibriun:
path of the gradient as quasi-equilibrated states. This approach
enables a powerful method of studying the effects of multiple
membrane compositions from a single image. The spatial exten:
along the axis of mixing is used to determine the compositior
of the membrane at that point. We demonstrate the versatilitv
of this approach with two compositionally-sensitive applicatior-:
domain formation and protein binding densities.

Galactosylceramide(GalCer.)/cholesterol(Chol.)/ POPC is a
model domain-forming lipid mixture of biological impor-
tance3839, Domains were formed on a compositional gradien*
(Fig. 3A) after a heating and slow-cooling cycle0 (see SI{). Us-
ing fluorescence intensity as an approximate proxy for membrane
composition, we quantified domain properties as a function of lo-
cal lipid composition. In particular, two distinct co-existing pop
ulations of domains were identified: a larger dendritic doma’
and a smaller circular domain. The dendritic domains correspond
to GalCer and cholesterol concentrations in excess of 24% anu
7% respectively. Increased cholesterol has been suggested to re-
duce domain line tension*!; we are currently exploring this ph~
nomenon further with gradients of each component. A symmetri-
cal collision between identical domain-forming compositions d.:
not produce a gradient in domain characteristics (see SIt).

Protein binding can also be sensitive to local lipid compe-
sitions, and is assayable with such membrane gradients. We
formed a gradient of a 93/7% mixture of POPC/ 1,2-Dipalmitoyl-
sn-Glycero-3-Phosphoethanolamine-N-(Biotinyl) to a 97/3% mu.:-
ture of POPC/NBD-DHPE. Biotin-streptavidin binding is a com-
mon linking motif in bioengineering. The gradient was incubated
in a 2ug/mL solution of fluorescent Texas-Red conjugated strep-
tavidin protein for 15 minutes before rinsing with PBS buffer
and imaging with a fluorescence microscope. Intensity profiles
from images filtered for NBD-DHPE are fit to equation 1 and
normalized to estimate the localized percentage of biotinylated
lipids. Intensity profiles filtered for Texas-Red estimate the local
irreversible binding of streptavidin. Plotting these two quanti-
ties against each other reveals streptavidin binding density as a
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function of biotin density (Fig. 3B). These data illustrate linear
loading that saturates at 1.5% biotinylated lipids, in rough agree-
ment with published data of biotinylated lipids in a 1,2-dilauroyl-
sn-glycero-3-phosphocholine (DLPC) membrane#2. Notably, the
previous study reported loading at 7 different biotin concentra-
tions from at least that many distinct membranes, whereas this
technique determined loading at 330 biotin concentrations from
a single sample.
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Fig. 3 Applications of lipid composition gradients. (A): Gradient of
domain-forming lipid compositions resulting from a collision of 97/3%
POPC/NBD-DHPE with 64/27/8/1% POPC/GalCer/Chol/TR-DHPE.
Listed compositions were determined by TR-DHPE intensity-fitting to
Equation 1. (B) Fluorescent streptavidin binding density as a function of
% biotinylated lipids in POPC, determined from a single gradient-binding
experiment. Peaks at 3 and 5% correspond to anomalous vesicles
adhered to the membrane (shown in black). Data is in agreement with a
similar multiple-experiment streptavidin binding assay to biotinylated
lipids, shown in red. (Adapted with permission from reference 34.
Copyright 2002 American Chemical Society. )

In summary, we find that membrane gradients produced by
spreading and colliding lipids equilibrate by diffusion. The ex-
perimentally accessible diffusion-lengths and equilibration-times
are amendable to quasi-equilibrium studies to quantify diffusion,
phase behavior and protein binding. For example, single exper-
iments determined that streptavidin loading begins saturating at
1.5% biotinylated lipids, and that distinct co-existing domains ex-
ist at concentrations above 24/7% GalCer/cholesterol, both in
POPC. Additionally, we introduce and characterize a simplified
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method for producing and analyzing configurable membrane gra-
dients. While we measured our gradients with fluorescence inten-
sities, this approach is not limited to fluorescence and can readily
be extended to a variety of approaches including imaging ellip-
sometry2*, imaging mass spectroscopy*?, and atomic force mi-
croscopy**. Also, we primarily studied one-dimensional gradi-
ents across a planar membrane collision. However, the rapid-
prototyping aspect of this approach facilitates a broad range of
collision geometries that enable studies such as three-way mixing
and radial self-healing. An exciting prospect of this platform is
that it could be used to study non-diffusive molecular transport
between dissimilar lipid bilayers.
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Tunable collisions between spreading phospholipid membranes form functional gradients.



