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ABSTRACT

Polymerization enhances the stability of a planar supported lipid bilayer (PSLB) but it also
changes its chemical and mechanical properties, attenuates lipid diffusion, and may affect
the activity of integral membrane proteins. Mixed bilayers composed of fluid lipids and
poly(lipids) may provide an appropriate combination of polymeric stability coupled with
the fluidity and elasticity needed to maintain the bioactivity of reconstituted receptors.
Previously (Langmuir, 2019, 35, 12483-12491) we showed that binary mixtures of the
polymerizable lipid bis-SorbPC and the fluid lipid DPhPC form phase-segregated PSLBs
composed of nanoscale fluid and poly(lipid) domains. Here we used atomic force
microscopy (AFM) to compare the nanoscale mechanical properties of these binary PSLBs
with single component PSLBs. The elastic (Young’s) modulus, area compressibility
modulus and bending modulus of bis-SorbPC PSLBs increased upon polymerization.
Before polymerization, breakthrough events at forces below 5 nN were observed but after
polymerization, the AFM tip could not penetrate the PSLB up to an applied force of 20 nN.
These results are attributed to the polymeric network in poly(bis-SorbPC), which increases
the bilayer stiffness and resists compression and bending. In binary DPhPC/poly(bis-
SorbPC) PSLBs, the DPhPC domains are less stiff, more compressible, and are less
resistant to rupture and bending compared to pure DPhPC bilayers. These differences are
attributed to bis-SorbPC monomers and oligomers present in DPhPC domains that disrupt
the packing of DPhPC molecules. In contrast, the poly(bis-SorbPC) domains are stiffer
and less compressible relative to pure PSLBs; this difference is attributed to DPhPC filling
the nm-scale pores in the polymerized domains that are created during bis-SorbPC

polymerization. Thus, incomplete phase segregation increases the stability of poly(bis-



SorbPC) but has the opposite, detrimental effect for DPhPC. Overall, these results provide

guidance for design of partially polymerized bilayers for technological uses.

INTRODUCTION

Artificial lipid bilayers have many applications in biotechnology, including drug delivery,
separations science, chemical sensing, and as biocompatible coatings.!”” Planar lipid
bilayers are an artificial lipid bilayer geometry that has been widely explored for receptor-
based biosensing because this type of construct provides a suitable environment for
incorporating and maintaining the bioactivity of membrane-associated proteins and
peptides.*> 89 Bilayer material/mechanical properties such as elasticity, curvature, and
thickness influence the structure and activity of membrane-associated proteins and

peptides.!*!!

Examples include stretch-activated cation channels, G proteins,
phospholipase A, and voltage-dependent ion channels.!*!® Protein and peptide binding to
lipid bilayers, partitioning of exogenous molecules, and raft formation in cell membranes
also have been shown to be influenced by membrane material/mechanical properties.!® 16
These properties depend on the structure of the constituent lipids, including the type of
headgroup, the length of the tails, and functional groups on the tails.!”?> Measuring the
material/mechanical properties of lipid bilayers and correlating them with studies of the
structure and activity of membrane-associated proteins and peptides should advance

development of sensors and related technologies based on protein/peptide-functionalized

membranes. '’



Continued development of these technologies also will be advanced by enhancing
membrane stability. The weak, non-covalent intermolecular interactions among the lipids
in a fluid-phase bilayer may be disrupted by chemical and mechanical stresses such as
exposure to solvents/surfactants, extended storage time, drying/rehydration, and vibration,
leading to partial or complete loss of the bilayer structure.'-?*** Consequently, considerable
research has been devoted to the development of techniques to stabilize planar lipid
bilayers.!> 227 Polymerization of reactive lipid monomers is one approach that greatly
increases bilayer stability;!: 23-2* 2829 however, it can alter important properties such as

lateral lipid diffusion and membrane material and mechanical properties.!®- 2323, 30-33

Although polymerized lipid bilayers have been studied extensively for decades, to our
knowledge, only three papers addressing the effect of lipid polymerization on bilayer
mechanical properties have been published: a) Evans and Needham used micropipette
aspiration to study several lipids;** they reported relatively low values of elastic
compressibility modulus for “polymerizable lipids” for which the chemical structure was

not provided. b) Binder et al.*?

reported that polymerization of diene-functionalized planar
lipid multilayers resulted in a very large increase in their lateral compressibility modulus.
¢) El Zein et al."” used AFM force spectroscopy to study the nanomechanical properties of
supported monolayers of a bis-diacetylene lipid; they observed that polymerization resulted

in ca. 14-fold and 100-fold increases in breakthrough force and Young’s modulus,

respectively.

Properties intermediate between those of a fully polymerized bilayer and a fluid bilayer
can be obtained by mixing nonpolymerizable and polymerizable lipids. For example, we

have shown that polymerization of binary mixtures of fluid-phase, nonpolymerizable lipids



and polymerizable dienoyl lipids generates planar lipid bilayers in which long-range lateral
diffusion is retained as well as the activity of peptides that require fluidity to reversibly
associate to form transmembrane ion channels.?®3* In addition, the stability of these binary

membranes is intermediate relative to the single-component bilayers.>

Binary planar supported lipid bilayers (PSLBs) composed of 1,2-diphytanoyl-sn-glycero-
3-phosphocholine ~ (DPhPC), a  fluid-phase lipid, and  1,2-bis[10-(2’,4’-
hexadienoloxy)decanoyl]-sn-glycero-3-phosphocholine (bis-SorbPC), a polymerizable
lipid are the subject of the present study (the molecular structures are shown in Figure S1).
In a previous publication,*® we showed that polymerization of DPhPC/bis-SorbPC PSLBs
induces phase segregation, resulting in the formation of sub-uym domains composed
predominately of poly(bis-SorbPC) surrounded by a semi-continuous phase composed
predominately of DPhPC;*° a typical AFM image is shown in Figure 1. The poly(bis-
SorbPC) domains are irregularly shaped islands, with areas of 3000-6000 nm?, and the
DPhPC domains are somewhat larger. The height difference between the domains, 0.3 -
0.4 nm, indicates that the lipids in the upper and lower leaflets of the bilayer are mostly in
registry.>® The present study extends the previous publication. Here we address the
questions: a) How do the mechanical properties of bis-SorbPC PSLBs change upon
polymerization? b) In mixed PSLBs, do the mechanical properties of the DPhPC and

poly(bis-SorbPC) domains differ from those of the pure (single-component) PSLBs?

Several techniques have been developed to study the mechanical properties of lipid bilayers,

34, 39 and

including X-ray scattering,>>*’ Langmuir isotherms,*® micropipette aspiration,
AFM force spectroscopy.'® 2! Although micropipette aspiration has been the most widely

used, it can only be applied to vesicles and it reports on macroscopic behavior averaged



over the entire vesicle; thus it cannot be used to examine the properties of individual
domains in phase-segregated membranes. To examine the mechanical properties of
domains in DPhPC/poly(bis-SorbPC) PSLBs, sub-um spatial resolution is needed, which
dictated the use of AFM force spectroscopy in the present study. Breakthrough force,
bilayer thickness and deformation, Young’s modulus, area compressibility modulus, and
bending modulus were determined for pure and binary PSLBs, enabling these properties to
be compared for DPhPC, bis-SorbPC, poly(bis-SorbPC) and the domains in mixed

DPhPC/poly(bis-SorbPC) bilayers.

m

Figure 1. A tapping mode AFM image of a PSLB of composed of 1:1 (mol/mol) DPhPC
and poly(bis-SorbPC). The higher regions are predominately DPhPC; the lower regions are
predominately poly(bis-SorbPC). The image was obtained in phosphate buffer at room
temperature. Domain sizes, heights, and other properties are described in a previous

publication.*



EXPERIMENTAL SECTION

Materials. DPhPC was purchased from Avanti Polar Lipids (Alabaster, AL). bis-SorbPC
was synthesized in-house as previously described.**4° Stock solutions of bis-SorbPC were
prepared in benzene. Prior to polymerization, bis-SorbPC was always handled under
yellow light or in dark conditions. Water was obtained from a Barnstead Nanopure system
(Thermolyne Corporation, Dubuque, IA) with a minimum resistivity of 18 MQ-cm.
Atomically smooth silicon wafers with [111] orientation were obtained from Wacker

Chemie (Munich, Germany).

Preparation of PSLBs for AFM. Small unilamellar vesicles (SUVs) were prepared as
previously described.>® Sonication was done at 35 °C to keep bis-SorbPC above its main
phase transition temperature of 28 °C.3° Si wafers were cleaned in piranha solution (7:3
concentrated H>SO4: 30% H20,) for 30 minutes, rinsed thoroughly with DI water, and dried
with a stream of nitrogen. PSLBs were formed by vesicle fusion on Si wafers at 35 °C, as

previously described.*°

To polymerize bis-SorbPC, a low-pressure mercury pen lamp (Pen-Ray Model 3SC-9,
UVP, Upland, CA) with a rated intensity of 4500 uW/cm? at 254 nm was directed through
a bandpass filter (325 nm, 140 nm FWHM; U330, Edmund Optics) for 30 minutes at room
temperature (2412 °C). The distance between the lamp and the PSLB was 7.5 cm. These
conditions were sufficient to photoreact >95% of the polymerizable groups in bis-SorbPC
(see Supporting Information (SI); Section 2). Subsequent experiments were performed at

room temperature (2412 °C).



AFM imaging. AFM images of lipid bilayers were obtained with a Cypher S AFM (Oxford
Instruments Asylum Research, Inc., Santa Barbara, CA) using Asylum Research Version
15 software running on an IGOR platform (Pro WaveMetrics, Lake Oswego, OR). All
imaging was performed using TR400 PSA tips (Olympus Corporation, Center Valley, PA)
ina~100 pL liquid droplet of 10 mM phosphate buffer (pH 7.0) using contact mode, unless
stated otherwise. Before use, the cantilevers were drift equilibrated and thermally stabilized
in phosphate buffer for ~30 min. Images were acquired at a scan rate of 2.44 lines per
second with 256 points per line. Successive scans were performed on all PSLBs and no
changes in morphology were observed, showing that the films were not altered by the
applied force. Images were analyzed using the Asylum Research software to remove the

polynomial background.

Force mapping. Force mapping was performed under similar conditions (Cypher S AFM,
10 mM phosphate buffer, and TR400 PSA tips). The cantilever deflection sensitivity was
obtained by indenting the cantilever on a clean Si wafer. The spring constants were
determined by the thermal noise method,*' implemented in the equipment software. The

average spring constant was 0.105 N/m (£0.006; n=6).

Prior to force mapping, an overview scan of a 1 um? area was acquired to assess PSLB
morphology, then a 200 nm x 200 nm sub-area was selected for mapping. Each map
consisted of an array of 16 x 16 force curves (applied force vs. separation distance between
the AFM tip and the substrate; see example in Fig. 2A). The pixel area (12.5 nm x 12.5 nm)
and scan area were selected to enable analysis of the domains in 1:1 (mol/mol)
DPhPC/poly(bis-SorbPC) PSLBs that have sub-pm dimensions, as shown in Figure 1 and

described quantitatively in the previous publication.’® The tip radius was estimated as 10



nm. For a 10 nm tip radius, the contact radius with a 5 nm thick PSLB is estimated to be
6.6 nm. The lateral resolution of force mapping is estimated to be about 5 nm and 9 nm
for DPhPC and poly(bis-SorbPC) domains, respectively, in the 1:1 (mol/mol) PSLBs.

These estimates are based on calculations presented in Section 4 of the SI.

A relatively low vertical tip velocity of 397 nm/s was chosen to minimize the viscosity
force, which varies linearly with the tip velocity in liquid.** Comparable or lower velocities
have been frequently reported in the literature.'® ****® The tip was raised 200 nm above the
PSLB before each force curve, consisting of 1000 data points, was measured. The time
interval between successive contacts of the tip with the bilayer was approximately 1.08 s,
which included 0.07 s for the tip to move laterally to an adjacent pixel. This 1.08 s time
interval was sufficient for PSLBs to recover from tip indentation, as determined by
measuring force curves repeatedly at a single spot and obtaining topographic images of

PSLBs before and after force mapping (see Section 3 of the SI).

Force curve and force map analyses. Force curve and force map analyses were done
using custom code implemented in MATLAB R2017a (MathWorks, Natick, MA, USA).
Figure 2A shows labeled points and regions of a force curve corresponding to schematic
representations of a tip interacting with a PSLB in Figure 2B. The breakthrough point was
identified as the point in the contact region of the force curve (between point b in Fig. 2A
and the maximum force applied) at which the force between two successive data points did
not exceed a selected threshold (usually 0 nN). The bilayer thickness was calculated as the
distance from the point at which the tip first contacted the bilayer (point b in Fig. 2A) to
the position of tip-substrate contact (point d in Fig. 2A). In most force curves, tip jump-to-

contact was observed at distances greater than point b (see below). The force curves that
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gave unreasonable bilayer thicknesses (i.e., values <2 nm or >7 nm) were excluded from

the analysis.

The Hertz model assumes a linear deformation in an infinitely thick, elastic material

indented by a sphere,* and can be written as
o e 0
3

where F is the applied force, E* is the reduced elastic (Young’s) modulus, R is the AFM

tip radius and h is the indentation depth. E* can be calculated using,

i _ (1 - v?ip) + (1 — vhs1p) )
E* Etip Epsip

where v, and vpg; g are the Poisson’s ratios of the tip and the PSLB, respectively, and
Etip and Epg;p are the Young’s moduli of the tip and the PSLB, respectively. For an AFM
silicon nitride tip, vy, = 0.28 and Ey;;, = 165 GPa.”® Lipid bilayers are considered to

have limited surface compressibility or resistance to surface density changes, exhibiting
solid or liquid-like behavior.** Lipid bilayers are therefore considered as incompressible

materials, and a Poisson’s ratio (vpg;5) of 0.5 is assumed.’!%

The Dimitriadis extension to the Hertz model addresses the case of a linearly-deformed

elastic layer of finite thickness on a rigid substrate,’!

4
F= §E*x/§h3/2[1 +1.133y + 1.283x% + 0.7693+0.0975x*] (3)

where y = @ and d is the bilayer thickness.



11

The low force, elastic region of each force curve (region ¢ in Fig. 2A; typically 0.2 to 0.9
nN) was fit with the Dimitriadis model to obtain the elastic (Young’s) modulus.3»%31-3
For curves with breakthrough events, we selected the upper bound of region c (i.e., the
highest loading force) as 0.3 — 0.4 the value of the breakthrough force. This choice ensured
that a sufficient number of data points (at least 30 and typically 40 — 50) were used in the
curve fitting and, coupled with use of the Dimitriadis model, decreased the substrate
contributions to the Young’s modulus.>? At higher loading forces, the force curves often
deviated from elastic behavior. As shown in Figure 2A, the slight flattening of the curve
above region c suggests the onset of plastic deformation. For curves without breakthrough
events, we selected upper bounds of 0.9 nN for pure poly(bis-SorbPC) and 0.6 nN for

poly(bis-SorbPC) domains. The quality of the fits was assessed by calculating the R* and

visually examining the fitted curves and the residuals (see Section 5 of the SI).

From the Dimitriadis-derived Young’s modulus, the area compressibility modulus (K,)
and the bending modulus (k) of the lipid bilayers were obtained. K4 was calculated using
Equation 4, >4

Epspd 4)

K, = —2M2
4 1- vI%SLB)

which is derived from thin shell theory, and k. was calculated using Equation 5.4

Epsipd® ©)

k,=—"———
¢ 24(1—vigp)
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Figure 2. A. A section of a representative force curve (applied force vs. separation distance between the AFM tip and the substrate)
measured on a DPhPC PSLB. The black circles are experimental data; the solid line connects the data points. B. Schematic illustrations
representing tip-PSLB interactions corresponding to the different regions and points labeled on the force curve in A. In region a, the tip
has not compressed the PSLB so the measured force is near zero. At point b, the tip begins to compress the PSLB. In region ¢, the tip
experiences repulsion as the PSLB is elastically compressed. The blue line is the fit of the Dimitriadis model®' to the experimental data
from which the Young’s modulus is calculated. The measured force increases until the breakthrough point is reached. At the
breakthrough point, the tip penetrates through the PSLB and contacts the underlying SiO: substrate (region d). In this region, the rate of
force increase is greater because the SiO; substrate is not compressible. The breakthrough force is a measure of the bilayer resistance
to rupture and thus its mechanical stability. From a molecular perspective, it represents the strength of the intermolecular interactions
between lipids, including hydrophobic interactions between the tails and electrostatic interactions, hydrogen bonding, and water cross-

bridges between the head groups.?® 3
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For each force map, the mechanical parameters obtained from the force curves
(breakthrough force, bilayer thickness or deformation, and elastic modulus) were plotted
as histograms. These histograms were assumed (and appeared) to have normal statistical
distributions. A Gaussian function was fit to the histogram for each parameter obtained
from each force map; examples are shown in Sections 6 and 7 of the SI. The mean of the
Gaussian fit from each force map was used to compute an overall mean and standard
deviation from a minimum of three force maps. Adhesion forces were analyzed and

adhesion force maps were generated using the Cypher S AFM software Version 15.
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RESULTS AND DISCUSSION

AFM Force spectroscopy on DPhPC PSLBs. A representative force curve measured on
a DPhPC PSLB, shown in Figure 3A, exhibits two apparent breakthrough events: a) a low
force event at F = 0.15 nN and a tip-to-substrate separation distance (D) = 6 nm,
respectively, and b) a higher force event at 7~ 3.3 nN and D = 2.7 nm. The lower force
event is assigned to the tip jumping to contact with the upper surface of the PSLB. Jump-
to-contact occurs when the van der Waals attraction between the tip and the underlying
surface exceeds the longer range repulsive forces and the cantilever spring constant;’-% it
is usually observed when an AFM force curve is measured in a low ionic strength solution,
which was the case in this study (p = 18 mM for 10 mM phosphate buffer, pH 7). The
higher force event is assigned to the tip penetrating through the PSLB and making contact
with the underlying SiO: substrate.?!* 4* Both the jump-to-contact and the lipid bilayer

breakthrough were routinely observed in DPhPC force curves.

The force curves were analyzed to obtain the breakthrough force, the bilayer thickness and
the Young’s modulus. Table 1 summarizes the breakthrough force obtained from 25 force
maps collected from five individually prepared DPhPC PSLBs and using different AFM
tips. The standard deviation was +1 nN, which was sufficiently small to distinguish
between the different types of PSLBs studied here (see below). It also shows that making
measurements on multiple samples and using several different AFM tips did not introduce
a large degree of uncertainty (see Section 7 in SI for a list of DPhPC samples and AFM
tips from which =1 nN was calculated; also presented are example histograms from

individual force maps measured on different areas of different samples using different tips).
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Figure 3. Representative force curves measured on pure PSLBs composed of DPhPC (A),
bis-SorbPC (C), and poly(bis-SorbPC) (E). The blue arrows mark the tip jump-to-contact

in each curve. The red arrows mark the lipid bilayer breakthrough, if present, in each curve.
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Table 1. Breakthrough force and the bilayer thickness measured for DPhPC and bis-
SorbPC PSLBs.

Parameter DPhPC bis-SorbPC "
Breakthrough force (nN) © 35+1" 1.5+ 0.4
Bilayer thickness (nm) ° 49+1 b 3.8+0.3

 Data obtained from five individually prepared samples, with more than 700 force curves
on each sample, and using six independently calibrated AFM tips. ® Data obtained from
three or more individually prepared samples, with more than 700 force curves on each
sample, and three or more independently calibrated AFM tips. ¢ Errors are +1 standard

deviation.

The mean breakthrough force for DPhPC PSLBs, 3.5 nN (Table 1), is comparable to
breakthrough forces reported in the literature for various types of fluid PSLBs (0.5 - 4 nN),
59:47,60.61.45.44.62.63 1yt Jower than breakthrough forces previously reported for DPhPC (8 —
12 nN).2%%* The difference between the DPhPC literature values and the value reported
here is attributed to the comparatively low ionic strength of 10 mM phosphate buffer and
the low velocity of the AFM tip approaching the surface. Cations promote more compact
bilayer structures, and thus higher ionic strength buffers increase the breakthrough force of
PSLBs.>® Furthermore, the AFM tip velocity used here (397 nm/s) was lower than the
velocity used in the previous studies (1000 nm/s).*+** A higher tip velocity is known to
increase the breakthrough force, because at higher force loading rates, the time interval in

which the rupture event can occur is shorter than at lower force loading rates.*%:60:44. 56

The bilayer thickness obtained for DPhPC was 4.9 nm (Table 1). This value is slightly

higher than the thickness of 4.0 nm obtained in our previous study® by topographical
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imaging of scratches made with an AFM tip, however, the agreement is reasonable given

the significant differences in how the measurements were made.

The Young’s modulus of DPhPC determined using the Dimitriadis model was 50 MPa
(Table 2) which, to our knowledge, is the first reported Young’s modulus for DPhPC. Our
value is within the range of published Young’s moduli, 5 — 64 MPa, measured by AFM on
fluid phase bilayers composed of PC lipids.!”- 46-48:52.65-66 ) these studies, several different
models were used to calculate the Young’s modulus which is a likely contributor to the

spread in the values. Other contributing factors are discussed below.

Table 2. Moduli of DPhPC, bis-SorbPC, and poly(bis-SorbPC) PSLBs.

Parameter DPhPC bis-SorbPC gg:'}ll)(ll’)g;
giﬁiﬁ:ﬁﬁﬂﬁ %S/Ir;a) ab S0£40 20+9 6020
Dimiriadis model (N/m)- 033 0.13 039
giﬁ?ﬁﬁfﬁ rflr(())(lil;l ¢ 33 % 107 0.78 x 10" 1.6 x 107"

 Data obtained from three or more individually prepared samples with more than 700 force
curves on each sample, and using three or more independently calibrated AFM tips. Errors
are + one standard deviation. ® Calculated using Equation 3. ¢ Calculated using Equation

4. 9 Calculated using Equation 5.

The calculated value for the area compressibility modulus (K4) 1s 0.33 N/m (Table 2). This
value is about 3-fold higher than the lateral compressibility modulus of 0.122 N/m obtained
from the pressure-area isotherm of a DPhPC monolayer spread at the air-water interface

(at the monolayer-bilayer equivalence pressure for DPhPC, which is 40 mN/m).” K4 values
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for other types of fluid phase, PC lipid bilayers have been published: a) 0.22 — 0.26 N/m
was measured for 12 different lipids using micropipette aspiration on giant vesicles;** and

b) AFM force spectroscopy on supported DOPC bilayers yielded K4 = 0.11 N/m.*6-47- 68

The estimated bending modulus (k) obtained using the Dimitriadis model is 3.3 x 10'° J
(Table 2). This value is a factor of 2-6 greater than than published data: a) k. values of
0.52 x 107" J and 0.74 x 10'” J were measured by X-ray scattering on unilamellar DPhPC
and DOPC vesicles, respectively;?’ b) a more recent X-ray scattering of multilamellar lipid
films yielded k. = 0.61 x 10" J for DPhPC and 0.67 x 10'? J for DOPC;* ¢) Table 2 in
Et-Thakafy, et al.!” lists k. values for DOPC PSLBs and liposomes, obtained using AFM
methods, in the range 0f 0.88 - 1.69 x 10 J; d) k.= 1.56 x 10" ] was measured for DOPC
PSLBs, also using AFM;* and e) k. values of 0.38 - 1.2 x 10"" J were measured for 12

different lipids using micropipette aspiration on giant vesicles.>

Our value for the Young’s modulus of DPhPC, 50 MPa, is near the upper bound of the
range of published moduli, 5 — 64 MPa. Given that K4 and k. are calculated from Epsip in
equations 4 and 5, our estimated values for these moduli are also expected to be high
relative to the range of the published values. This in part explains the differences between
our K4 and k. estimates and the published data cited above. The inherent uncertainties in
AFM force spectroscopy are probably a more important contributor. As discussed

elsewhere,>!> 66 6

numerous factors can influence the accuracy of moduli obtained from
force spectroscopy measurements, including inaccuracies in determining the deflection
sensitivity, the spring constant, and the tip geometry, uncertainties in identifying the tip-

sample contact point and the regions of elastic vs. plastic deformation, and the use of

different theoretical models that vary in their underlying assumptions. Despite these
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uncertainties, we point out that within this study, moduli for different lipids and bilayer
compositions can be quantitatively compared; e.g., the moduli of DPhPC and poly(bis-

SorbPC) in pure and binary PSLBs.

AFM force spectroscopy on bis-SorbPC and poly(bis-SorbPC) PSLBs. Force
spectroscopy studies on bis-SorbPC PSLBs were performed at room temperature which is
below the Tm of 28 °C.3° Similar to DPhPC, both a jump-to-contact and a lipid bilayer
breakthrough were routinely observed in bis-SorbPC force curves. A representative force
curve, shown in Figure 3B, exhibits the jump-to-contact at ' = 0.17 nN and D = 5.1 nm

and the bilayer breakthrough at = 1.5 nN and D = 2.2 nm.

Quantitative analysis of bis-SorbPC force maps yielded an average PSLB thickness of 3.8
nm (Table 1), about 1 nm less than that of DPhPC. This value is somewhat lower than the
thickness of 4.4 nm obtained in a previous study’® by topographical imaging of scratches
in a bis-SorbPC PSLB with an AFM tip but, as noted above, the agreement is reasonable

given the significant differences in how the measurements were made.

The average breakthrough force of bis-SorbPC PSLBs was 1.5 nN (Table 1), which is less
than half of the value observed for DPhPC PSLBs. DPhPC contains saturated 16-carbon
tails with four methyl braches per tail, whereas the tails in bis-SorbPC contain sorbyl esters
and are longer than the DPhPC tails by about the length of a C-O bond (see structures in
Section 1 of the SI). Force spectroscopy studies of PC lipids have shown that increasing
the chain length causes an increase in the breakthrough force, whereas chain branching has
the opposite effect due to the branches causing distortions in molecular packing.?’

Although these factors suggest that a DPhPC PSLB should have a lower breakthrough force

than a bis-SorbPC PSLB, our results suggest that the sorbyl esters have a stronger influence.
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The same study? showed that introducing a cis unsaturation in one tail of the lipid
decreased the breakthrough force due to the inherent packing distortions. The two trans
double bonds and the ester group in the bis-SorbPC tails should also cause significant
packing disruptions relative to saturated tails, with a consequently lower breakthrough
force. Another study from our laboratory showed that suspended bis-SorbPC bilayers are
significantly more porous to K than suspended DPhPC bilayers,?® which also suggests that
the tails in bis-SorbPC PSLBs are packed less densely and less organized relative to the

tails in DPhPC PSLBs.

The Young’s modulus of bis-SorbPC determined using the Dimitriadis model was 20 MPa
from which K4 = 0.13 N/m and k. = 7.8 x 102° ] were calculated (Table 2). These data
show that bis-SorbPC bilayers are less stiff, more compressible, and have a lower resistance

to bending compared to DPhPC bilayers.

The nanomechanical properties of bis-SorbPC PSLBs that were polymerized via UV
irradiation were found to be significantly different from those of unpolymerized bis-
SorbPC PSLBs. An example force curve is shown in Figure 3C. The tip jump-to-contact
occurs at /'~ 0.25 nN and D = 3.8 nm and, similar to DPhPC and bis-SorbPC, was routinely
observed in poly(bis-SorbPC) force curves (see histogram in Figure S12). However, in
contrast to the DPhPC and bis-SorbPC results, lipid bilayer breakthrough is not present in
Figure 3C. (Note: The D = 3.8 nm for the jump-to-contact is apparent because the tip did
not make contact with the substrate). In 85% of the poly(bis-SorbPC) force curves that
were analyzed, no bilayer breakthrough events were observed with applied forces up to 20
nN. The absence of bilayer breakthrough shows that poly(bis-SorbPC) is much more

resistant to rupture compared to unpolymerized bis-SorbPC, which is attributed to the
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presence of the polymeric network near the center of the bilayer. Figure 4 shows a
schematic illustration of an AFM tip deforming but not penetrating a poly(bis-SorbPC)
bilayer. These results complement our previous studies which reported enhanced stability
of poly(bis-SorbPC) PSLBs, e.g., their resistance to desorption when treated with
surfactants,?* however this is the first study to examine the nanomechanical stability of

poly(bis-SorbPC).
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Figure 4. Schematic illustration of a poly(bis-SorbPC) PSLB during deformation by an
AFM tip. The black line in the center of the bilayer indicates the region where the
polymeric network is located. a. Before the tip contacts the PSLB contact. b. At contact.
¢ and d. The tip compresses the PSLB but even with application of a relatively high force
(~ 20 nN), breakthrough does not occur.
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The absence of AFM tip penetration into a supported lipid bilayer at relatively high force
has been observed previously. Zou and coworkers studied bilayers composed of DOPC,
sphingomyelin, cholesterol, and ceramide.’> 7° Ceramide-enriched domains were
inpenetrable at loading forces up to 70 nN, which was ascribed to very tight molecular

packing promoted by strong intermolecular interactions.

Due to the absence of a breakthrough event, the bilayer thickness of poly(bis-SorbPC)
could not be determined from force curves. The average deformation of poly(bis-SorbPC)
under a force of 10 nN was 2.2 (£0.1) nm. In our previous study, tapping mode AFM was
used to obtain an apparent thickness of 3.6 (£0.3) nm for poly(bis-SorbPC) PSLBs.*® The
ratio of these numbers indicates that at 10 nN, the bilayer deformation relative to its initial
thickness (i.e., the strain) is about 60%. In comparison, DPhPC deforms about 30% before
rupture occurs; in the case of bis-SorbPC, it is about about 40%. Therefore, poly(bis-
SorbPC) can resist greater strains and stresses without rupturing (i.e., it has more ductile

character as compared to DPhPC and bis-SorbPC).

Upon polymerization, the Young’s modulus of poly(bis-SorbPC) increased from 20 MPa
to 60 MPa (Table 2) which is indicative of a stiffer bilayer. A much larger increase was

reported by El Zein, et al."”

for supported monolayers of 1,2-bis(10,12-tricosadiynoyl)-sn-
glycero-3-phosphocholine (DC8,9PC); upon polymerization, the Young’s modulus
(determined using the Hertz model) increased from 2.0 MPa to 229 MPa.!® A larger
increase compared to bis-SorbPC is not surprising as bis-diacetylenic lipid polymerization

generates a highly cross-linked polymer in which lateral diffusion is eliminated on the

timescale of a FRAP measurement.>> 7! In addition, polymerization of bis-SorbPC creates
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a porous bilayer which likely produces a more compressible material relative to

poly(DCS8,9PC) (see discussion below).

Since the poly(bis-SorbPC) thickness could not be determined from the force-distance
curves, an estimated bis-SorbPC thickness, corrected for shrinkage during polymerization,
was used to calculate K4 and k. for poly(bis-SorbPC). Specifically, the ratio of the
thicknesses of poly(bis-SorbPC) to bis-SorbPC that were measured by AFM imaging of
scratches made in PSLBs was 0.82.3° Applying this ratio to the bis-SorbPC thickness
measured here (Table 1) yields an estimated poly(bis-SorbPC) thickness of 3.1 nm. Using
this value for d, K4 = 0.39 N/m and k. = 1.6 x 10™" were calculated for poly(bis-SorbPC).
These moduli are greater than the K4 and k. of unpolymerized bis-SorbPC, showing that

polymerization produces a stiffer bilayer.

Force spectroscopy studies on bilayers composed of equimolar DPhPC and poly(bis-
SorbPC). PSLBs composed of DPhPC and bis-SorbPC undergo polymerization-induced
phase segregation, forming DPhPC and poly(bis-SorbPC) domains.*® In the example AFM
image shown in Figure 1, the taller, semi-continuous DPhPC phase surrounds the shorter
islands of poly(bis-SorbPC). Here the nanomechanical properties of mixed PSLBs

composed of DPhPC and poly(bis-SorbPC) (1:1 mol/mol) were examined.

An example set of data is shown in Figure 5. A comparison of the AFM height image (Fig.
5A) and the corresponding breakthrough force map (Fig. 5B) shows that regions in which
breakthrough events were observed coincide with the taller DPhPC domains in the height
image. The regions in the force map in which breakthrough events were not observed
coincide with the lower poly(bis-SorbPC) domains in the height image. In the

corresponding thickness/deformation map (Fig. 5C), the high and low regions coincide
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with the DPhPC and poly(bis-SorbPC) domains, respectively, in the height image. These
observations are consistent with the results obtained from pure PSLBs of DPhPC and
poly(bis-SorbPC). The Young’s modulus (Fig. 5SD) map also correlates well with the

height image.

In the analysis of these maps, the criteria used to identify poly(bis-SorbPC) regions were
defined as the lack of a breakthrough event and a deformation < 2.2 nm. For the DPhPC
domains, the criteria were observation of a breakthrough event and a bilayer thickness
greater than 2.2 nm. Example force curves for poly(bis-SorbPC) and DPhPC domains are
shown in Figure 6; both show a tip jump-to-contact whereas a lipid bilayer breakthrough

is observed only for DPhPC, consistent with results for pure PSLBs.

The breakthrough force observed for DPhPC domains in mixed bilayers is 0.9 nN (Table
3), which is four-fold lower than the breakthrough force measured for pure DPhPC PSLBs
(Table 1). Similarly: a) The thickness of the DPhPC domains, 3.1 nm (Table 3), is lower
than the value of 4.9 nm (Table 1) observed for pure DPhPC bilayers. b) The Young’s
modulus of the DPhPC domains, 30 MPa, is lower than the 50 MPa (Table 2) obtained for
pure DPhPC bilayers. c¢) The K4 and k. values for the DPhPC domains are lower than the

corresponding values for pure DPhPC bilayers listed in Table 2.
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(C) Thickness/Deformation map (D) Young’s modulus map

Figure 5. Force spectroscopy on a 200 nm X 200 nm area of a mixed PSLB composed of
equimolar DPhPC/poly(bis-SorbPC). (A) A height image of a 200 nm x 200 nm area of
the PSLB containing both DPhPC and poly(bis-SorbPC) domains (the height scale is -2.50
—2.50 nm). (B) The breakthrough force map of the region shown in (A) (the force scale is
0 — 1.5 nN). White squares represent force curves where no breakthrough events were
observed. (C) The bilayer thickness/deformation map (the scale is 0 — 6 nm). (D) The
Young’s modulus map (the scale is 0 — 200 MPa). (E) The adhesion force map (the scale is
0.41 — 1.36 nN). White squares represent force curves that were eliminated from the
analysis.
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Figure 6. Representative force-distance curves measured on a DPhPC domain (A) and a
poly(bis-SorbPC) domain (B) in a mixed PSLB. The blue arrows mark the tip jump-to-

contact in each curve. The red arrow marks the lipid bilayer breakthrough in DPhPC.
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Table 3. Summary of the breakthrough force, bilayer thickness, bilayer deformation,

Young’s moduli, K4 and k. of DPhPC domains and poly(bis-SorbPC) domains in

equimolar PSLBs.
Parameter DPhPC Poly(bis-SorbPC)
Breakthrough force (nN) ? 0.9+0.3° -

Bilayer thickness/deformation (nm) ? 3.1+£0.3 0.710.1

Young’s modulus from a]%mntrladls model 30+10 170430
(MPa) *
K, estimated from Dimitriadis model (N/m) ¢ 0.12 0.70

k. estimated from Dimitriadis model (J) ¢ 0.50 x 107" 2.8 x 10"

2 Data obtained from three individually prepared samples, with a minimum of 256 force
curves measured on each sample, and using three independently calibrated AFM tips.
Errors are + one standard deviation. ® Calculated using Equation 3. ° Calculated using
Equation 4. 9 Calculated using Equation 5. ¢ Pooled standard deviation calculated from the

standard deviations of the Gaussian fits to the histrograms obtained from three force maps.

Overall, comparing the DPhPC data in Tables 1, 2, and 3 shows that the DPhPC domains
in mixed PSLBs are thinner, less stiff, more compressible, and offer a lower resistance to
rupture and bending compared to pure DPhPC bilayers. These differences are likely due
to impurities, specifically bis-SorbPC monomers and oligomers, present in DPhPC
domains, which should disrupt the packing of DPhPC molecules. A contributing factor
may be differences in the properties of DPhPC domains at their edges relative to the center.
It has been shown that the lateral interactions of lipids are weaker at the edges of bilayer
islands, leading to a 1.3 to 2.8-fold regional difference in the breakthrough force, as well
as a greater degree of freedom for lipids, i.e., the packing density is lower at the edges

3

compared to the center.”® Similarly, the less ordered environment at DPhPC/poly(bis-
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SorbPC) domain boundaries may contribute to the lower breakthrough force of DPhPC in

mixed PSLBs.

The properties of poly(bis-SorbPC) domains in mixed PSLBs, listed in Table 3, differed
from the properties of pure poly(bis-SorbPC) bilayers listed in Table 2, but the trends were
mostly opposite to those observed for DPhPC: a) The Young’s modulus increased to 170
MPa from 60 MPa in pure PSLBs. b) K4 and k. values also were higher than the
corresponding values for pure poly(bis-SorbPC) bilayers listed in Table 2. c¢) The
deformation was 0.7 nm under a force of 10 nN, less than the 2.2 nm measured for pure

PSLBs.

Overall, comparing the poly(bis-SorbPC) data in Tables 2 and 3 shows that the poly(bis-
SorbPC) domains in mixed PSLBs are stiffer and less compressible compared to pure
poly(bis-SorbPC) bilayers. We hypothesize that these differences are due to a “filling
effect” provided by DPhPC. UV-initiated polymerization of a bis-SorbPC bilayer causes it
to shrink and form small pores.?*’? Previous work showed that the maximum pore diameter
formed in poly(bis-SorbPC) liposomes is 2.6 nm, and that binary vesicles composed of
DOPC and poly(bis-SorbPC) contained fewer pores as the DOPC mole fraction increased,
suggesting that the pores are occupied by DOPC molecules.”? In binary DPhPC/poly(bis-
SorbPC) PSLBs, these pores are likely filled by DPhPC molecules. This increase in
packing density would make the domain less compressible relative to pure poly(bis-

SorbPC), leading to the differences in properties described above.

The adhesion force map that corresponds to the AFM height image, shown in Figure SE,
also correlates well with the domain locations in the height image. Due to the breakthrough

that occurs in the DPhPC domains, the contact area of the AFM tip with DPhPC is larger
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than for poly(bis-SorbPC) for which breakthrough does not occur. This higher tip-lipid
contact area produces a higher adhesion force for DPhPC domains compared to poly(bis-

SorbPC) domains.

CONCLUSIONS

The nanomechanical properties of pure (single component) DPhPC and bis-SorbPC PSLBs
were compared. Bis-SorbPC bilayers have a lower resistance to rupture, a lower Young’s
modulus, and a lower resistance to bending compared to DPhPC bilayers. This suggests
that the sorbyl moieties disrupt the packing of bis-SorbPC lipids, reducing their

intermolecular interactions relative to the saturated, branched tails of DPhPC.

The resistance to rupture, the Young’s modulus, and the bending modulus of bis-SorbPC
increased upon polymerization, showing that polymerization generated a stiffer bilayer.
The absence of a breakthrough event was the most prominent difference between
unpolymerized and polymerized bis-SorbPC; this absence is attributed to the polymeric

network which prevents the AFM tip from fully penetrating the PSLB.

The nanomechanical properties of binary PSLBs of DPhPC and poly(bis-SorbPC) were
compared to those of the single component PSLBs. The DPhPC domains in mixed PSLBs
are thinner, less stiff, more compressible, and offer a lower resistance to rupture and
bending compared to pure DPhPC bilayers. These differences are attributed due to bis-
SorbPC monomers and oligomers present in DPhPC domains that disrupt the packing of
DPhPC molecules. In contrast, poly(bis-SorbPC) domains were stiffer and less

compressible in mixed PSLBs relative to pure PSLBs; this difference is attributed to
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DPhPC filling the nm-scale pores in the bis-SorbPC domains that are created during
polymerization. Incomplete phase segregation therefore increased the stability of poly(bis-

SorbPC) but had the opposite effect on DPhPC, decreasing its stability.

Overall, this work extends our knowledge of the properties of PSLBs composed of fluid
and polymerized lipids. These materials may be suitable platforms for protein-based
biosensors, where the DPhPC domains provide a fluid environment for protein
reconstitution and the polymerized domains provide for bilayer stability. However, the
presence of bis-SorbPC monomers and oligomers in DPhPC domains may be problematic
with respect to bilayer stability and biocompatibility. In a more optimal bilayer
composition, the oligomers and unreacted monomers would be excluded from the fluid
lipid domains while simultaneously the fluid lipids would fill the pores in the poly(lipid)

domains.

SUPPORTING INFORMATION AVAILABLE

Lipid structures, UV polymerization time, AFM images of DPhPC PSLBs before and
after force mapping, force curves measured repeatedly at one spot on a DPhPC PSLB,
SEM of AFM tips, lateral resolution and contact diameter estimates, error analysis for
Dimitriadis fits, histograms of parameters obtained from force maps, variability in force
mapping results due to the use of different AFM tips on different samples, histogram of
tip jump-to-contact events. This material is available free of charge via the Internet at

http://pubs.acs.org.
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