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Evaluation of Young’s Modulus of Tethered 1-Palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine Membranes Using Atomic Force

Spectroscopy
Xi Wang,T’§ Robert N. Sanderson,”® and Regina Ragan*’Jr

"Department of Chemical Engineering and Materials Science and *Department of Physics and Astronomy, University of

California—Irvine, Irvine, California 92697-2575, United States

ABSTRACT: Unilamellar vesicles composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) with varying 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate] (DSPE-PEG-PDP) con-
centration between 0 mol % and 24 mol % were assembled on atomically flat template-
stripped gold (TS Au) surfaces. Force spectroscopy, using an atomic force microscope
(AFM), of the resulting tethered lipid bilayer membranes (tLBMs) in buffer provided
information regarding mechanical response as a function of tethering molecule, DSPE-
PEG-PDP, concentration. Young’s modulus was determined by fitting the force—
indentation curve with a recently modified Sneddon model that corrects for contributions
from the substrate underneath. At low concentrations, Young’s modulus is lower than that
of a supported POPC LBM, i.e., directly sitting on a solid substrate. The decrease in
modulus is attributed to increased membrane fluidity as coupling between the tLBM and
solid substrate is reduced by the incorporation of DSPE-PEG-PDP tethering groups. From
the determined Young’s modulus values, the PEG chain conformation is found to
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dominate tLBM rigidity at concentrations above 6 mol %. Analysis of AFM force spectroscopy data indicates that the
poly(ethylene glycol) (PEG) mushroom to brush transition occurs near 6 mol %, and this leads to first softening and then abrupt
stiffening of tLBMs at higher DSPE-PEG-PDP concentration associated with the transition. When DSPE-PEG-PDP
concentration is increased to 24 mol %, AFM topography and Young’s modulus appear correlated with another phase transition;
AFM topography images are consistent with a bilayer disk structure with DSPE-PEG-PDP segregated at the rim of the disk.

B INTRODUCTION

dyldithio) propionate] (DSPE-PEG-PDP) molecules into 1-

Lipid bilayer membranes (LBMs) are a system of considerable
research interest since early work showing their formation on
solid supports' and the ability to probe systems electrically” and
to study molecular events during membrane—membrane
interactions. Incorporation of a polymer cushion layer between
LBMs and substrates has been shown to alleviate both
immobility of transmembrane proteins and reduced lipid
diffusion rates that are observed in solid supported LBMs"
providing a platform for studying biological processes in
controlled systems.>® The tethered lipid bilayer membrane
(tLBM) is one type of hybrid bilayer membrane whose
chemical affinity between the LBM and the solid substrate
stabilizes the system and can provide a hydrated spacer layer
between the LBM and substrate. Poly(ethylene glycol) (PEG)
has been commonly used as a polymer cushion layer as it
produces fluidic and stable LBMs.”~"" LBMs have become an
important tool to understand biological mechanisms such as a
function of photosynthetic membrane proteins,12 intercellular
signalin, 13 and small-molecule interactions with membrane
surfaces * and to create single virus sensors."

Here we investigate the mechanical properties of the tLBM
on gold (Au) electrodes assembled using vesicle fusion. tLBMs
are formed by incorporating 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-poly(ethylene glycol)-2000-N-[3-(2-pyri-
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palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
vesicles to affect vesicle substrate interactions in order to
facilitate vesicle fusion.""'® The concentration of DSPE-PEG-
PDP tethering molecules is varied, and we investigate the
resulting changes in morphology and mechanical properties
using atomic force spectroscopy and analysis of force—
separation data with analytical models. Understanding the
mechanical properties of LBMs is important as this parameter
plays a role in several membrane-mediated biological processes.
Molecular dynamics simulations have shown that lateral
pressure in membranes affects protein function,"’™'® and
protein binding produces an asymmetrical mechanical response
in the membrane.”® Nonspecific interactions with surrounding
lipids and proteins such as membrane curvature and elastic
moduli affect the function of ATP-binding cassette (ABC)
proteins,21 mechanosensitive ion channels important in
bacterial membrane defense against lysis,”> and mechano-
transduction was found to initiate ATP release in urothelial
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cells.”®

between malignant cancer cells and normal cells.

Atomic force microscopy (AFM), since shortly after its
invention, has been an important tool to image cells with
nanometer resolution under ghzfsiological conditions”” with
pico-Newton force sensitivity,”>** and combined with fluo-
rescence microscopy nanoscale, imaging of cellular receptors is
possible.”® The nanoindentation function, where the AFM tip
compresses the sample and records the resulting force as a
function of indentation, allows for measurin§ local elastic
properties of membranes and vesicles.** 7231733 Uncertainties
in the tip—sample contact point, assumptions in theoretical
models, and instrument uncertainties can affect the accuracy of
determined moduli from force spectroscopy data.* Recently
Wagner et al. found that the calibration of the sensitivity of the
photodiode dominated instrument uncertainty rather than
uncertainties in the cantilever stiffness or Z-piezo calibration.*®
However, this can be minimized by calibrating on a clean
surface,*® and thus we address the latter two issues here.

The mechanical properties of untethered POPC LBM on
mica and tLBM of POPC with varying DSPE-PEG-PDP
concentration from 2.5 to 24 mol % on Au were studied and
compared using AFM force spectroscopy. Previously we found
that higher DSPE-PEG-PDP concentration in large unilamellar
vesicles (LUVs) facilitated vesicle fusion on TS Au surfaces."® It
was found that DSPE-PEG-PDP concentrations in LUV
required less force for tLBM formation, and this was attributed
to an increase in LUV—substrate interactions, and mechanical
properties were not studied. Here we compare the Sneddon®’
(semi-infinite sample contacted by a paraboloidal-shaped tip)
with a new modified model, Bottom Effect Cone Correction,>®
that corrects for the thickness-dependent influence of the
interaction of a sharp AFM tip with a hard substrate on
measured mechanical response® of LBMs. We also provide
new algorithms for determining the tip—sample contact point,
as misidentification of the contact point can lead to errors in
determined mechanical properties.**** Young’s modulus (E) of
tLBMs was determined by fitting experimental data to Sneddon
and Bottom Effect Cone Correction (BECC) models. E was
found to be directly correlated with PEG chain conformation.
Results show an initial decrease in tLBM elastic modulus with
respect to supported POPC LBM then an abrupt increase at
DSPE-PEG-PDP concentration of 8% after the mushroom to
brush transition has been reported to occur.*"** Incorporating
higher concentrations of DSPE-PEG-PDP, up to 24%, results in
a further increase in E, and a structural change, also associated
with a phase transition, is observed in AFM topography. AFM
topography data indicate that PEG chains segregate at the rim
of bilayer disks at 24% DSPE-PEG-PDP concentration. Analysis
of force spectroscopy data with the BECC model provides a
cleaner signature of the phase transition points than the
Sneddon model. These studies provide a systematic method to
probe local mechanical properties and phase transitions of thin
film polymers, biological membranes, and cellular structure
using sharp AFM tips while mitigating influence from the hard
substrate underneath and errors in determining the contact
point.

Variations of Young’s modulus have been found
24-26

B MATERIALS AND METHODS

Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-
line (POPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-poly(ethylene glycol)-2000-N-[3-(2-pyridyldithio)
propionate] (DSPE-PEG-PDP) were obtained from Avanti

Polar Lipids (Alabaster, AL). HEPES at >99.5% purity and
chloroform at >99.8% purity were purchased from Sigma-
Aldrich (St. Louis, MO). NaCl at >99.0% purity was from
Fisher Scientific Inc. (Pittsburgh, PA). Water used in this study
was purified with a Milli-Q water system (>18.2 MQ.cm,
Millipore Corp., Billerica, MA). All chemicals were used as
received.

Preparation of Unilamellar Vesicles. Large unilamellar
vesicles were prepared following an extrusion method.**
Vesicles composed primarily of POPC lipids with (i) 0% (ii)
2.5% (iii) 5% (iv) 6% (v) 8% (vi) 10% and (vii) 24% DSPE-
PEG-PDP were prepared. DSPE-PEG-PDP and POPC lipids
were dissolved at specified molar ratios in chloroform at 1 mg/
mL for stock solutions. Lipid—chloroform mixtures were dried
on the bottom of a glass vial by a gentle stream of nitrogen and
desiccated in vacuum for at least 1 h to completely remove
chloroform. Then, the dried lipid mixtures were rehydrated by
the addition of HEPES buffer (5 mM HEPES, pH 7.4, with 150
mM NaCl) to yield a final lipid concentration of S mM. The
resulting lipid suspensions were then subjected to five freeze—
thaw cycles and extruded 15 times through two polycarbonate
membranes with a pore size of 100 nm using a syringe-type
extruder (Avanti Polar Lipids, Alabaster, AL).

Sample Preparation. A tethered LBM refers to a
membrane that is linked to a substrate via chemical bonding,
while an untethered LBM indicates no chemical bond
formation between the LBM and substrate. Untethered
LBMs, or simply LBMs, were prepared by depositing a 100
uL aliquot of vesicle suspension composed of 0% DSPE-PEG-
PDP/100% POPC on mica. Mica was freshly cleaved with
scotch tape immediately prior to use. TLBMs with varied
DSPE-PEG-PDP concentration were prepared at room
temperature by depositing a 100 uL aliquot of vesicle
suspension with lipid composition of (i) 2.5% DSPE-PEG-
PDP/97.5% POPC, (ii) 5% DSPE-PEG-PDP/95% POPC, (iii)
6% DSPE-PEG-PDP/94% POPC, (iv) 8% DSPE-PEG-PDP/
92% POPC, (v) 10% DSPE-PEG-PDP/90% POPC, and (vi)
24% DSPE-PEG-PDP/76% POPC on an 8§ mm X 8 mm Au
substrate. Au substrates were prepared using the facile method
of the template stripping method to create a 4pristine and
atomically flat surface for membrane assembly.'"** All samples
were incubated at room temperature for 30 min. After
incubation, samples were rinsed with 200 yL of HEPES buffer
4 times and glued to a glass slide for AFM characterization.
Sample surfaces remained hydrated in HEPES buffer at all
times during sample preparation and AFM characterization.

Atomic Force Microscopy Imaging and Force Spec-
troscopy. Both AFM imaging and force spectroscopy were
performed using a MFP-3D-Bio AFM (Asylum Research, Santa
Barbara, CA) in an acoustic isolation enclosure. Commercial
silicon nitride AFM probes (OMCL-TR 400 PSA, Olympus)
with pyramid-shaped tips and Au coating on the reflective side
of the cantilever were used for all AFM measurements. The tip
radius of curvature is 20 = S5 nm as provided by the
manufacturer. Both AFM imaging and force spectroscopy
were carried out at a temperature of 23 + 1 °C in HEPES
bufter. AFM images were acquired under tapping mode with a
scan speed of 1.0 Hz. All topography images were rendered
with background slopes corrected using Igor Pro software v 6.0.

AFM force spectroscopy was performed in contact mode.
The nominal spring constant of the AFM cantilever specified by
manufacturer is 0.08 N/m. Before acquiring force measurement
data, the AFM cantilever spring constant was calibrated by
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Figure 1. Tapping mode AFM topography images of (a) bare TS Au; (b) mica after incubation with vesicles composed of 100% POPC; and TS Au
after incubation with vesicles composed of (c) 2.5% DSPE-PEG-PDP/97.5% POPC, (d) 5% DSPE-PEG-PDP/95% POPC, (e) 10% DSPE-PEG-

PDP/90% POPC, and (f) 24% DSPE-PEG-PDP/76% POPC.

measuring deflection against a freshly stripped TS Au substrate
to minimize surface contaminants and then calculated by the
thermal noise method.** Force measurements were obtained on
randomly chosen positions on tLBM covered substrates. Force
measurements were performed with an approaching speed of
1.8 um/s.

Analysis of Force—Separation Data. Force—separation
data obtained from AFM force spectroscopy were analyzed
using an algorithm developed within the framework of Wolfram
Mathematica 9.0. The algorithm was designed to import force
vs separation data and to output LBM and tLBM thickness and
Young’s modulus using the two models, Sneddon and Bottom
Effect Cone Correction (BECC). Identification of the AFM
tip/LBM contact point was achieved by determining the change
in force—separation behavior from a polynomial (predicted by
the above two models) to an exponential decay that is related
to long-range electrostatic interactions and interactions with the
polymer brush. The contact point was iterated until the
theoretically expected fit to the experimental curves was within
one standard deviation. Data points near this contact point
were then fitted to Sneddon and BECC models of tip—LBM
interaction using least-squares methods to find the elastic
modulus of the tLBM.

B RESULTS AND DISCUSSION

Formation of LBMs as a Function of DSPE-PEG-PDP
Concentration. Large unilamellar vesicles of POPC with
DSPE-PEG-PDP concentration ranging from 0% to 24% were
prepared in HEPES buffer. In the case of pure POPC vesicles,
these were deposited on mica since POPC vesicles do not
spontaneously fuse to form LBM on plasma-treated TS Au but
simply adsorb.'" POPC vesicles with varied DSPE-PEG-PDP
tethering molecule concentration, ranging from 2.5% to 24%,

were incubated on TS Au surfaces as described above and in
our previous work."" It was found that tLBMs form on TS Au
via Au—thiolate interactions between the disulfide bond in the
PDP group and the Au substrate; the process can be assisted
with an external force of an AFM probe.'® In this prior work
higher DSPE-PEG-PDP concentrations in vesicles required less
force for tLBM formation that was attributed to increased
vesicle substrate interactions, and mechanical properties were
not evaluated. Here we examine how the morphology and
mechanical properties are affected by increasing the concen-
tration of the tethering molecule. Figure 1 shows 2 ym X 2 pum
AFM topography images of (a) TS Au, (b) POPC LBM on on
mica, and (c—f) tLBM on TS Au with varying DSPE-PEG-PDP
concentration.

Subtle changes in topography can be observed in the AFM
images of Figure 1. In Figure la, the surface topography of a
typical TS Au substrate is shown having low root-mean-square
roughness, less than 0.6 nm over 2 ym X 2 um. An AFM
topography image of mica after 30 min incubation of POPC
vesicles and rinsing with HEPES buffer is shown in Figure 1b.
This image exhibits flat featureless regions corresponding to a
POPC LBM and a few bright regions, indicating unruptured
vesicles incorporated in the LBM. Figure lc—f shows AFM
topography images of TS Au after 30 min incubation with
POPC vesicles containing 2.5%, 5%, 10%, and 24% DSPE-
PEG-PDP, respectively. AFM images after vesicle fusion with
vesicles having DSPE-PEG-PDP concentration from 2.5% to
10% are consistent with large area tLBM formation. Yet when
further increasing DSPE-PEG-PDP concentration to 24% in
POPC vesicles, domain boundaries are observed in the AFM
image of Figure 1f. These domains vary in size from
approximately S0 nm up to 400 nm in diameter, and the
domain boundaries exhibit high, local curvature and are
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different from the domain boundaries of bare TS Au (shown in
Figure 1a) and thus are not attributable to the TS Au surface
morphology. For reference, Figure 1d provides an example of
how Au defects interrupt tLBMs when the TS Au surface
preparation is not optimized, and one can observe that the
features differ from those in Figure 1f. (Note that Au domains
can be increased by annealing such that large defect-free areas
can be obtained.***)

AFM force spectroscopy measurements were also performed
on samples shown in Figure 1 to gain insight into the origin of
different observed surface morphology. Representative force—
separation curves obtained from tLBMs with DSPE-PEG-PDP
concentration varying from 0% to 24% are shown in Figure 2.
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Figure 2. Representative force—separation curves in semilog scale
obtained from (a) 100% POPC LBM on mica and tLBM with (b)
2.5% DPSE-PEG-PDP/97.5% POPC, (c) 8% DSPE-PEG-PDP/92%
POPC, (d) 10% DSPE-PEG-PDP/90% POPC, and (e) 24% DSPE-
PEG-PDP/76% POPC. Each force—separation plot in b—f includes
ten curves from each sample. The insets are histograms of the
breakthrough distance (in nm) determined from force—separation
curves.

The AFM tip interaction with a hard wall (TS Au surface) is
used as the reference point.*® All the curves show the
characteristic breakthrough events attributed to an AFM tip
penetrating a membrane on a hard surface.*® The breakthrough
distance measures the thickness of a compressed LBM under
the force applied by the AFM tip.*” Average measured distances

from breakthrough events from force—separation data are listed
in Table 1. Histograms of measured breakthrough distances
from n > 150 curves are shown as insets in Figure 2. The
average breakthrough distance of the LBM composed of pure
POPC is 2.9 + 0.4 nm (n = 150) in agreement with values
previously observed.'' From these curves, the average break-
through distance for DSPE-PEG-PDP concentration between
2.5% and 10% was determined to be approximately the same,
approximately 4.5 nm as observed previously.'"*' At DSPE-
PEG-PDP concentration of 24%, the breakthrough distance
decreases to 3.5 + 0.5 nm.

It is well-known that the breakthrou%h distance under-
estimates the total thickness of LBM.***° For example, the
thickness for the pure POPC membrane is calculated to be 3.9
nm,* "% whereas the compressed LBM thickness measured via
a breakthrough event is 2.9 nm. The total LBM thickness with
hydration and spacer layer can be determined from the force—
separation curve between the onset compression point and the
hard wall contact point.*"*® To obtain a statistically
representative view of the samples, more than 150 force curves
were analyzed for each data set in this study, necessitating the
use of computational algorithms for data analysis. For each
force curve, tLBM thickness was calculated using an iterative
method. The batches of force—separation curves were analyzed
using an algorithm implemented with Wolfram Mathematica
9.0. The hardwall (point A) and breakthrough (point B)
locations were located by looking for the slope changes
associated with the characteristic large jump in tip—sample
separation as illustrated in Figure 3a between points “A” and
“B”. The contact point (point C) was found by first performing
a quadratic fit, as per the Sneddon Model,”” representing the
force on the AFM tip, on the data points to the right of point B
(see Figure 3b). This is the first estimate of the location of the
contact point that underestimates the LBM/tLBM thickness.
The points immediately to the right of this first iteration of the
contact point were then fitted to an exponential decay
representing the longer-range interaction, such as electrostatic
forces®® and interaction with the polymer brush,> between the
AFM tip and the LBM surface. The contact point was then
iterated if the data to the right of the contact point deviated
from an exponential fit by more than a standard deviation. The
iteration continued until the fit beyond the contact point was
within one standard deviation of an exponential fit. This
provides a more accurate method to examine relative
thicknesses of tLBMs as a function of DSPE-PEG-PDP
concentration which is important to determine accurate values
of elastic moduli.

As listed in Table 1, the total LBM thickness estimated for
100% POPC LBM determined from the onset compression
point to the hard wall contact point is 8.8 + 1.1 nm, which is
consistent with small-angle neutron scattering measurements™*
for determination of POPC thickness and considering that an
approximate 2 nm water layer is present between the
hydrophilic substrate and the inner leaflet of the LBM.>**°

Table 1. List of tLBM Breakthrough Distances and Onset Compression Distances Using the Hard Wall Substrate Contact for
Reference As Measured from AFM Force—Separation As a Function of DSPE-PEG-PDP Concentration®

0% 2.5%
breakthrough distance (nm) 29 + 04 5.0+03
onset compression distance (nm) 88 + 1.1 11.0 + 0.6

5% 6% 8% 10% 24%
4.6 + 0.5 4.1+ 0.7 44 + 0.8 4.8 + 0.6 3.5+ 0.5
9.2 + 0.9 9.6 + 1.4 100 + 1.2 9.4 + 1.03 82 + 1.0

“Each listed value is the average mean determined from 150 different force—separation curves with the standard deviation also listed.
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Figure 3. (a) Characteristic force—separation curve. (b) Semilog
force—separation curve with an overlay of a quadratic fit used to find
the contact point.

The force—separation curves for tLBMs with DSPE-PEG-PDP
concentration ranging from 2.5% to 8% are not clearly
distinguishable considering uncertainty in the thickness
estimation. The estimated thickness is approximately 10 nm
indicating an additional 2 nm hydration layer due to the
tethering molecules. A slight decrease in thickness is observed
at 10% (the estimated thickness of tLBMs formed from 10%
DSPE-PEG-PDP/90% POPC vesicles is 9.4 + 1.0 nm), and

then a large decrease to 8.2 + 1.0 nm for tLBMs formed from
24% DSPE-PEG-PDP/76% POPC vesicles. The latter has an
estimated thickness significantly smaller than those of lower
DSPE-PEG-PDP concentrations and overlaps that of pure
POPC. This abrupt thickness decrease indicates a structure
change in the membrane at vesicle composition between 10%
and 24% DSPE-PEG-PDP concentration.

AFM Tip—PEG Polymer Interaction. In order to further
understand tLBM structure evolution with DSPE-PEG-PDP
concentration, force—separation curves collected from tLBMs
with varied concentrations were plotted in log-scale to expand
the initial tip—sample interaction region. Note that in Figure
2a—e ten data sets are plotted in each image to show the trends
are reproducible. Backmann et al. studied conformational
changes in PEG layers using AFM force spectroscopy; they
observed an exponentially decaying long-range repulsive force
when PEG was in the brush phase and a shorter range repulsive
force when PEG was in the mushroom phase.>” For example, in
Figure 2a, pure POPC LBMs on mica show an abrupt slope
after the onset of the repulsive force as there are no PEG
groups on the surface. At low DSPE-PEG-PDP concentration
(2.5%), the force—separation curve shown in Figure 2b does
not differ significantly from pure POPC, indicating PEG
polymer chains on the tLBM surface are in the mushroom
phase. At higher DSPE-PEG-PDP concentration (8% and
10%), the long-range repulsive force increases in magnitude as
observed in Figure 2¢ and 2d, thus indicating the AFM tip is
interacting with a PEG polymer brush on tLBMs, though this is
not a clear signature of a transition. A reverse trend occurs at
DSPE-PEG-PDP concentration of 24%, and the overlaid force—
separation curves in Figure 2e have an exponential tail lower in
magnitude similar to pure POPC (Figure 2a). These data
suggest that PEG polymer brushes are of lower density at
DSPE-PEG-PDP concentration of 24% than 8% or 10%. This
interaction was consistently observed in force—separation
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Figure 4. Histograms of the determined values of Young’s modulus by fitting force—separation curves using the (a) Sneddon and (c) BECC models.
Plot of tLBM Young’s moduli as a function of DSPE-PEG-PDP concentration determined from force spectroscopy data by fitting the (b) Sneddon
and (d) BECC model. The error bars represent the deviation in the measurements and fits.
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curves of tLBMs with 24% DSPE-PEG-PDP as observed in the
overlaid data of Figure 2e; in addition all the curves at this
highest measured concentration showed onset compression
distance values similar to pure POPC on mica. Considering the
observed changes in AFM topography in Figure 1f, changes in
breakthrough distance, and total estimated thickness, a change
in structure of tLBMS with 24% DSPE-PEG-PDP occurs that
has not been observed before for tLBMs.

Determination of the Young’s Moduli of tLBMs with
Different DSPE-PEG-PDP Concentration. In order to
further understand differences in AFM data for tLBMs as a
function of DSPE-PEG-PDP concentration, Young’s modulus
(E) of tLBM was extracted by first fitting force—indentation
curves with the Sneddon model that assumes a conical shaped
tip.”” The relationship of the load (F..,.) versus indentation

cone

depth (8) using the Sneddon model is given by

2 2
FE = —tana 1)
wone g 1 - v? (1)

where «a is the opening angle of a conical tip (35° in this study);
E is the Young’s modulus of the film; and v is the Poisson’s
ratio of tLBMs equal to 0.5 assuming a perfectly incompressible
material in response to uniaxial strain.’*** With the contact
point identified, the exponential long-range interaction was
subtracted from the force data, and the data were then fit to the
Sneddon model. Figure 4a shows histograms of the values of
Young’s modulus as determined from the Sneddon model.
Figure 4b is the plot of E as a function of DSPE-PEG-PDP
concentration determined by fitting force spectroscopy data to
the Sneddon model. Each E value plotted in Figure 4b is an
average from those calculated from the slope of at least 150
force—indentation curves. For comparison, force spectroscopy
data were also fit to a model, using the same method described
above that is a modification of the Sneddon model called the
“bottom effect cone correction” (BECC) that accounts for
contribution of the substrate stiffness that leads to over-
estimation of E when fitting data acquired with a sharp AFM tip
for polymer thin films or cell membranes.>®

2tan9é

2
T

8
Fscc = 3—-E tan 952(1 + 17795

2
+ 16(1.7795)* tan® 95—2)
h )

Histograms of the value of Young’s modulus determined
from the BECC model and the resulting average value with
standard deviation are shown in Figure 4c and 4d, respectively.
Qualitatively, in Figure 4b and 4d, one can observe that fitting
of the data with both models shows an initial decrease in E with
the addition of DSPE-PEG-PDP and then an increase at the
highest concentrations. It is also immediately evident that E
values are higher when analyzed with the Sneddon model®’
versus BECC model.”® It is expected as the BECC model
utilizes the Betti—Rayleigh reciprocal theorem to correct for
finite thickness differences that influence analysis of force
spectroscopy data and lead to higher values of E. The influence
of the hard substrate on E values is expected to be greater as the
thickness of films/membranes decreases.’®* Notice that the
pure POPC data (onset compression distance of 8.8 nm) have
a greater overestimation of the mean value of E, 63 + 4.0 MPa
from the Sneddon model and 10.0 + 0.8 MPa from the BECC
model, than 2.5% DSPE-PEG-PDP (onset compression

distance of 11.0 nm), 38 + 2.5 MPa from the Sneddon
model and 8.1 + 0.7 MPa from the BECC model. The decrease
of E with the incorporation of DSPE-PEG-PDP is reflective of a
PEG polymer cushion separating LBMs from TS Au substrates
and is an indirect indication of increased membrane fluidity for
tLBM:s with respect to solid supported LBMs. Comparing the E
values for tLBMs of Figure 4 to published results, Picas et al.
reported E values of dioleoyl PC/dipalmitoyl PC (DOPC/
DPPC) LBM on mica with an E value of 19.3 and 28.1 MPa for
liquid and gel phases, respectively.’®

Further increases of DSPE-PEG-PDP concentration up to
6% show a further decrease of E to 5.0 + 0.5 MPa. (Note that
from this point on mean values of E from only the BECC
model will be referred to in the text.) The reduction in
membrane rigidity at 6% DSPE-PEG-PDP concentration that is
evident in both models suggests that a PEG mushroom to
brush transition occurs near this concentration due to an
increase in disorder in tLBMs at the phase transition. This is
further substantiated by the abrupt increase in E at 8% DSPE-
PEG-PDP, 11.0 = 0.5 MPa, which overlaps with that for tLBMs
containing 10% DSPE-PEG-PDP, 11.7 + 0.6 MPa. The
observed increase in E is consistent with incorporated PEG
chains in the brush conformation as the brush conformation is
less compressible than in the mushroom conformation.*' The
transition from the mushroom to brush above 6% DSPE-PEG-
PDP concentration is consistent with prior results. DSPE-PEG
in hydro soy PC (HSPC) vesicles was found to undergo the
mushroom to brush transition at a concentration of 6 mol %.*
Fluorescence recovery after photobleaching results of 8%
DOPE-PEG LBM showed no recovery.*' It is well-known
that PEG polymers undergo a mushroom-to-brush transition
when the surface density increases beyond the Flory radius.
The Flory radius of the polymer is given by’

Ry = a-N>/3 (3)

where a is the length of a subunit and N is the number of
subunits. The DSPE-PEG-PDP molecule used in this study has
45 PEG subunits with length of approximately 3.5 A% Thus,
Ry is calculated as 3.4 nm for PEG in DSPE-PEG-PDP. In order
to estimate the surface density as a function of DSPE-PEG-PDP
concentration in tLBMs, de Gennes theoryé1 is used where the
average distance between grafting sites (D) is governed by

o
D=|=
f (4)

A is the mean molecular area, and f is the mole fraction of
DSPE-PEG-PDP lipids in the tLBM. The mean molecular area
for a POPC lipid is approximately in the range of 50—70 A2
When D is greater than Rg, PEG chains are predicted to be in a
random coil conformation (mushroom phase) with PEG chain
length (L) equal to Ry (3.4 nm), while when D is less than Ry,
PEG groups are predicted to be in an extended conformation
(brush phase) due to lateral repulsion.”* From eq 3, the PEG
mushroom to brush transition would be expected to occur at
DSPE-PEG-PDP concentration of 4.3—6.1%. Therefore, at the
DSPE-PEG-PDP concentration less than or equal to approx-
imately 6%, one would expect the PEG chain to be in the
mushroom regime. The AFM force spectroscopy data clearly
reflect this transition and narrow down the composition where
it occurs as there is an abrupt increase in E above 6%
concentration. The consistent increased E values of tLBMs at
8% and 10% DSPE-PEG-PDP concentration indicate that the
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PEG polymer chain conformation can dominate tLBM stiffness.
Note that the values listed for the onset compression distance
do not include the polymer brush on the surface of tLBMs as
the characteristic interaction between an AFM tip and polymer
brush is in the exponential term of the repulsive interaction.>®
Thus, we would only expect small changes in onset
compression distance values with the mushroom to brush
transition that are within experimental and fitting error. We do
see a very slight increase in the breakthrough distance at 10%
DSPE-PEG-PDP (4.8 + 0.6 nm) than lower concentrations
such as 8% (4.4 + 0.8 nm) as the more closely packed PEG
groups may become constrained and exhibit a different
interaction with the AFM tip. Analysis of dense PEG brushes
on Au surfaces found an increase in stiffness within 5 nm of the
surface and a deviation from the exponential decay of the
repulsive force predicted in de Gennes theory to quadratic
behavior in this regime.>> This would explain why the onset
compression distances do not vary significantly. The semilog
plots of force—separation in Figure 2¢ and 2d, for 8% and 10%
DSPE-PEG-PDP concentration, clearly show an increase in the
magnitude of the long-range repulsive force as a signature of
PEG groups in the brush phase.>’

At DSPE-PEG-PDP concentration of 24%, E further
increases to 16.7 + 0.8 MPa indicating another phase transition.
This observed stiffening at 24% DSPE-PEG-PDP concentration
is consistent with a structural transition. The AFM topography
and force spectroscopy data where a change in the morphology
and breakthrough distance, respectively, of this membrane as
compared to other membranes with differing DSPE-PEG-PDP
concentrations is observed are also consistent with a structural
transition. Edwards et al, using transmission electron
microscopy (TEM), observed the structural transition of
PEG-grated vesicles from a lamellar (liposome) structure to a
disk-like structure, so-called bilayer disk, above 10 mol %
PEG.®® This transition from vesicles to micelles has been also
observed in vesicles composed of DSPE/PEG®* and DSPC/
PEG (2000)65 at PEG concentrations of 15—20% in solution.
Johnsson et al. using cryogenic TEM measured a transition
from vesicles to a discoidal micelle structure dominating near
20% PEG—Ilipid concentration.’® The authors determined by
correlating TEM and dynamic light scattering data with a
“mixed-disk” model®” that PEG appears to segregate to the
edges to stabilize the edges.“’67 The irregular boundaries of
POPC membranes with 24% DSPE-PEG-PDP concentration
observed in the AFM topography data of Figure 1f are
consistent with segregation of PEG chains to the boundary of
membrane domains. Thus, bilayer disk structures containing
24% DSPE-PEG-PDP molecules appear to attach on TS Au via
the Au—thiolate bonding. Consistent with prior models of
discoidal micelles®®®” and the AFM images of Figure 1 and
measured breakthrough distances for 24% DSPE-PEG-PDP,
PEG chains appear to segregate to the disk rims; the total
estimated membrane thickness with such a structure would be
7.3 nm which is consistent with the onset compression
thickness determined using AFM force spectroscopy.

Figure S is a schematic illustration of structures of (a)
untethered and (b—c) tethered LBM with varied DSPE-PEG-
PDP concentrations based on the above analysis. Figure Sa
illustrates a POPC LBM sitting on a mica substrate with a thin
water layer in between. The proposed structure of tLBMs with
DSPE-PEG-PDP concentration between 2.5% and 6% is shown
in Figure Sb where DSPE-PEG-PDP, with PEG chains in the
mushroom phase, is present on both sides of the tLBM. The
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Figure S. Schematic illustration of tLBM structures with lipid
composition of (a) 100% POPC; (b) 1—6% DSPE-PEG-PDP/99—
95% POPC; (c) 8—10% DSPE-PEG-PDP/92—90% POPC, and (d)
24% DSPE-PEG-PDP/76% POPC.

structure of tLBM composed of 8% DSPE-PEG-PDP/92%
POPC and 10% DSPE-PEG-PDP/90% POPC (Figure Sc) has
a similar structure as shown in Figure Sb, with the only
difference being that PEG chains are in the brush conformation.
When the DSPE-PEG-PDP concentration was increased to
24%, Figure 5d illustrates bilayer disks that attach to the TS Au
substrate from solution where the DSPE-PEG-PDP molecules
segregate to the rim of the disk. The proposed tLBM structures
are in good agreement with the topography, relative onset
compression thicknesses, and the fitted Young’s modulus.

B CONCLUSION

In this study, Young’s moduli (E) of tLBMs as a function of
DSPE-PEG-PDP tethering molecule concentration are deter-
mined using AFM topography and analysis of AFM force
spectroscopy data. Incorporating a polymer cushion layer, PEG,
between POPC LBM and the solid substrate significantly
decreases tLBM stiffness compared to the solid supported
POPC LBM. The lowest tLBM stiffness appears to be
correlated with disorder near the PEG mushroom to brush
phase transition at 6 mol %. There is an abrupt increase in E
after the mushroom to brush phase transition occurs due to
increased PEG grafting density. At 24% DSPE-PEG-PDP, the
tLBM structure appears to change to a flattened micelle disk on
the Au substrates, and this phase transition is also reflected in
an increase in E. The variation of E, determined from fitting the
Sneddon model and the BECC model, follows the same
qualitative trend. However, the BECC model yields lower
values for E, alleviating the contribution of the hard substrate
underneath the tLBM, and reflects the variation of E with the
phase transitions more clearly. In addition to providing a
systematic method to study local mechanical properties of
biological membranes with sharp AFM tips, this study also
provides a tLBM platform with controllable membrane rigidity,
which could be used as a cell model to study mechanosensitive
protein/peptide—membrane interactions as a function of
membrane mechanical properties. This study demonstrates
that AFM force spectroscopy alongside appropriate analysis can
be used to determine mechanical properties of biological
membranes. Methods to determine local mechanical properties
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will aid future studies such as understanding how this parameter
affects regulation of transmembrane proteins.
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