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ABSTRACT: Atomic force microscopy (AFM) studies under
aqueous buffer probed the role of chemical affinity between
liposomes, consisting of large unilamellar vesicles, and
substrate surfaces in driving vesicle rupture and tethered
lipid bilayer membrane (tLBM) formation on Au surfaces. 1,2-
Distearoyl-sn-glycero-3-phosphoethanolamine-N-poly-
(ethylene glycol)-2000-N-[3-(2-pyridyldithio) propionate]
(DSPE-PEG-PDP) was added to 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) vesicles to promote interactions via Au−thiolate bond formation. Forces induced by an
AFM tip leading to vesicle rupture on Au were quantified as a function of DSPE-PEG-PDP composition with and without
osmotic pressure. The critical forces needed to initiate rupture of vesicles with 2.5, 5, and 10 mol % DSPE-PEG-PDP are
approximately 1.1, 0.8, and 0.5 nN, respectively. The critical force needed for tLBM formation decreases from 1.1 nN (without
osmotic pressure) to 0.6 nN (with an osmotic pressure due to 5 mM of CaCl2) for vesicles having 2.5 mol % DSPE-PEG-PDP.
Forces as high as 5 nN did not lead to LBM formation from pure POPC vesicles on Au. DSPE-PEG-PDP appears to be
important to anchor and deform vesicles on Au surfaces. This study demonstrates how functional lipids can be used to tune
vesicle−surface interactions and elucidates the role of vesicle−substrate interactions in vesicle rupture.

■ INTRODUCTION
Phospholipid bilayer membranes (LBMs), since their intro-
duction by McConnell’s group,1 have attracted great interest as
model cell membranes,2−4 which can be used to study cell
surface properties or cell surface interactions,5−8 T-cell receptor
and antigen presentation,9,10 and membrane phase behavior.11

There is a significant body of literature investigating the
mechanical stability of solid supported LBMs1,6 and engineer-
ing lipid lateral mobility using polymer cushions2,3,12,13 and
lipopolymer tethers to LBMs14−19 to mimic cell behavior.
When LBMs are assembled on conducting substrates such as
Au, they have applications as biosensors for measuring
protein−lipid interactions and protein−protein recognition
via a change in electrical20,21 or optical response.21−24

Potassium or calcium ion transport across membranes
containing gramicidin25 or valinomycin17,19 ion channels has
been probed with impedance spectroscopy using the
conductive substrate as a counter electrode. These LBM
systems can also be used to measure light-activated proton
transport26 for energy applications.27,28 Thus, LBM assembly
on metal surfaces yields a high degree of functionality.
Although vesicle fusion on insulating, hydrophilic surfaces29

such as mica30,31 or glass32,33 has been widely reported to lead
to LBMs, vesicle fusion does not occur on Au surfaces in the
absence of chemical functional groups.34 Vesicle fusion has
been performed on chemically functionalized Au using
multistep processing methods such as self-assembled mono-
layer formation35−38 and Langmuir−Blodgett transfer39−41

prior to vesicle fusion. Recently, Wang et al. reported a

simplified protocol utilizing 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-poly(ethylene glycol)-2000-N-[3-(2-pyri-
dyldithio) propionate] (DSPE-PEG-PDP) in 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) vesicles to pro-
mote tethered LBMs (tLBMs) formation on bare template-
stripped (TS) Au surfaces42 where the functional group, PDP,
was incorporated in POPC vesicles to form Au−thiolate bonds
at the surface.36,42 In this study, atomic force microscopy
(AFM) force spectroscopy that has piconewton force
sensitivity43−45 is performed to examine the role of functional
groups incorporated in vesicles to promote increased vesicle−
substrate interactions and to understand how this affects the
initiation of tLBM formation. Vesicle fusion and the resulting
LBM formation generally involve three stages: (i) adsorption of
vesicle on substrate surfaces; (ii) fusion of neighboring
adsorbed vesicles to form larger vesicles; (iii) vesicle rupture
for the formation of LBM domains, where stage (ii) and (iii)
may take place independently, consecutively, or simultane-
ously.30,34,46−48 LBM formation via vesicle fusion has been
heavily examined in terms of a critical vesicle concentration or a
critical size needed for fusion and rupture. Yet it has also been
observed that the critical concentration and size varies for
different material systems,34,47,49−53 and thus the vesicle−
substrate interaction clearly plays a role. There have been some
theoretical studies indicating the importance of vesicle−
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substrate interactions,54 yet systematic experimental studies
varying this parameter are rare.55

Since the mechanical force applied via an AFM tip was found
to affect tLBM formation dynamics on TS Au, tip-induced
forces can be used for selective LBM formation and for
examining critical forces for initiating rupture of vesicles. In our
investigation, the required external force associated with
promoting tLBM formation in aqueous buffer on Au was
quantified using AFM force spectroscopy for vesicles without
functional lipids and with three different concentrations of
functional lipids. The functional lipids play a critical role in
anchoring vesicles to the surface. Via AFM imaging and force
spectroscopy measurements, we also find that increasing the
number of functional groups in vesicles, and thereby increasing
the chemical affinity between vesicles and substrate surfaces,
lowers the required force to initiate tLBM formation. Increased
vesicle−substrate interactions are expected to lead to
deformation of vesicles and lower the activation energy for
rupture as predicted by fracture theory.49 While in the absence
of functional lipids, osmotic pressure does not lead to tLBM;51

here osmotic pressure was found to lower the critical force
leading to rupture of vesicles with functional lipids. In addition
to further understanding vesicle rupture mechanics on Au
surfaces, this investigation provides a means for comparing
vesicle rupture mechanics in a multitude of systems. For
example, exosomes and liposomes are potential vehicles for
gene delivery and drug delivery,56−58 and understanding
mechanisms for triggered release of the internal payload from
the vesicular structures under specific conditions such as
ultrasound59,60 and thermo sensitivity61 is critical. This study of
vesicle rupture mechanics also provides a means for elucidating
the nanomechanical properties of vesicles that are crucial for
biological activities such as cell membrane fusion and
endocytosis.56,62,63

■ MATERIALS AND METHODS
Materials. POPC and 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 and CaCl2 at >95.0% purity were from Fisher
Scientific Inc. (Pittsburgh, PA). Au pellets with 99.99% purity were
obtained from Kurt J. Lesker Company (Clairton, PA). Silicon wafers
were purchased from University Wafer (South Boston, MA). Two-
component epoxy glue, EPO-TEK 377H, was purchased from Epoxy
Technology, Inc. (Billerica, MA). Au pellets were used to deposit
continuous metal films on silicon wafers, and the epoxy was used for
bonding TS Au to Si substrates. All water used in this study was

purified with a Milli-Q water system (≥18.2 MΩ.cm, Millipore Corp.,
Billerica, MA). All chemicals were used as received.

Preparation of Unilamellar Vesicles. Large unilamellar vesicles
were prepared following an extrusion method.39,64 Vesicles with lipid
composition of (i) 0 mol % DSPE-PEG-PDP/100 mol % POPC, (ii)
2.5 mol % DSPE-PEG-PDP/97.5 mol % POPC, (iii) 5 mol % DSPE-
PEG-PDP/95 mol % POPC, and (iv) 10 mol % DSPE-PEG-PDP/90
mol % POPC were prepared. DSPE-PEG-PDP and POPC lipids were
dissolved in chloroform at 1 mg/mL for stock solutions. Lipids were
mixed at specified molar ratios for further use. The lipids in
chloroform mixture were dried on the bottom of a glass vial by a
gentle stream of nitrogen and desiccated in vacuum for at least 1 h.
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 5 mM. The resulting lipid suspensions were
then rigorously vortexed, 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,
Alabster, AL). The size of vesicles was characterized by dynamic light
scattering (Malvern Zetasizer ZS) to have an average diameter of 120
nm with a polydispersity index of less than 0.2.

Preparation of TS Au Substrate. TS Au substrates were
prepared following a simplified protocol established by Lee et al.65

Continuous Au films of 500 nm thick were deposited by electron beam
deposition (rate 0.1−2 Ǻ/s, 2.5 × 10−6 Torr) on silicon templates with
a thermally oxidized SiO2 layer of approximately 10 nm thick. Prior to
transfer, Au films on silicon template were annealed at 200 °C for 24 h
under ambient conditions to facilitate grain growth and decrease
surface roughness.66 Then, annealed Au films were glued to a silicon
substrate with EPO-TEK 377H epoxy and cured at 150 °C for 1 h to
form a sandwich structure. After cooling, silicon templates were
stripped off from silicon substrates to expose a pristine TS Au surface
with a root-mean-square roughness of less than 0.6 nm over a 2 μm ×
2 μm area as evaluated by AFM. TS Au surfaces were used
immediately after stripping to maintain a pristine surface for LBM
assembly.

Preparation of tLBMs. A 100 μL aliquot of vesicle suspension in
HEPES buffer with lipids composition of (i) 0% DSPE-PEG-PDP/
100% POPC, (ii) 2.5% DSPE-PEG-PDP/97.5% POPC, (iii) 5%
DSPE-PEG-PDP/95% POPC, or (iv) 10% DSPE-PEG-PDP/90%
POPC was deposited on an 8 mm × 8 mm TS Au substrate glued on a
glass slide. All samples were incubated at room temperature for 30
min. After room-temperature incubation, some samples were
immersed in 6 mL HEPES buffer preheated to 60 °C and incubated
at 60 °C for another 30 min in an EchoTherm programmable digital
chilling incubator (Torrey Pines Scientific, Inc., San Marcos, CA). All
samples were rinsed with 200 μL of HEPES buffer four times and
glued to a glass slide for AFM characterization after incubation. Sample
surfaces were kept hydrated in HEPES buffer during AFM
characterization.

Figure 1. 5 μm × 5 μm AFM topography images of TS Au after exposure to (a) 2.5% DSPE-PEG-PDP/97.5% POPC vesicles for 30 min incubation
at room temperature, (b) 10% DSPE-PEG-PDP/90% POPC vesicles for 30 min incubation at room temperature, and (c) 2.5% DSPE-PEG-PDP/
97.5% POPC vesicles for 30 min incubation at room temperature followed by 30 min incubation at 60 °C. The inset in panel a is a 1 μm × 1 μm
AFM topography image obtained after a 30 min incubation period at room temperature with 2.5% DSPE-PEG-PDP/97.5% POPC vesicles. The line
profile corresponding to the red dashed line in the inset is shown in Supporting Information Figure S1b.
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AFM Imaging and Force Spectroscopy. Both AFM imaging and
force spectroscopy were performed using a MFP-3D-Bio AFM
(Asylum Research, Santa Barbara, CA). Commercial AFM tips with
a pyramid-shaped Si3N4 cantilever, Au coating on the reflective side of
the tips (OMCL-TR 400 PSA, Olympus), and a nominal spring
constant of 0.08 N/m were used for all AFM measurements. Both
AFM imaging and force spectroscopy were carried out at room
temperature in HEPES buffer. AFM images were acquired under
tapping mode with a scan speed of 1.0 Hz. All topography images
contain 512 × 512 pixels and were rendered with background slopes
corrected using Igor Pro software v 6.0.
AFM force spectroscopy was performed under contact mode.

Before each force map, AFM cantilever spring constants were
calibrated by measuring deflection against a hard reference substrate
and then by the thermal noise method.67 Force spectroscopy maps
were performed in a 1 μm × 1 μm region. At each pixel location, an
individual force−distance curve composed of an extension-retraction
cycle was acquired. In each force−distance measurement cycle, AFM
tip retraction was initiated at a specified maximum force, referred to as
the trigger force. This allows for control of the applied force by the

AFM tip. The breakthrough distance, the discontinuity in the force−
distance curve as the tip penetrates the membrane or vesicle surface,
was measured from the data in the extension part of the force−
distance curves. Histograms of breakthrough distance data extracted
from force maps on similar sample surfaces with a trigger force of 5 nN
were generated.

■ RESULTS AND DISCUSSION

tLBM Formation on TS Au. Figure 1a shows a 5 μm × 5
μm AFM topography image of a TS Au surface after room-
temperature incubation with 2.5% DSPE-PEG-PDP/97.5%
POPC vesicle suspension. AFM imaging was performed
immediately after incubation. The inset is a 1 μm × 1 μm
AFM topography image that highlights the surface features. A
reference AFM topography image of bare TS Au is shown in
Supporting Information Figure S1a. A line profile along the
region highlighted with a dashed line in Figure 1a, shown in
Supporting Information Figure S1b, has features with a relative

Figure 2. (a) 1 μm × 1 μm AFM topography images of TS Au after exposure to 2.5% DSPE-PEG-PDP/97.5% POPC vesicles for 30 min at room
temperature and after 20 min of continuous AFM scanning. (b) 5 μm × 5 μm AFM topography image where the scan region of panel a is highlighted
with a black square. (c,d) 1 μm × 1 μm AFM topography images of 100% POPC on oxygen plasma treated TS Au after a 30 min incubation period
at room temperature and after 20 min of continuous tapping mode scanning, respectively. (e) Higher resolution AFM topography image of POPC/
TS Au obtained after 20 min of continuous tapping-mode scanning. (f) Force−distance curves corresponding to two areas shown in panel (e).
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height of 5.1 nm, indicating partial coverage of tLBM in this
region.42,68 Adsorbed vesicles have larger feature heights, in the
range of the thickness of a double bilayer. Thus in Figure 1a, a
mixture of features is observed on the surface: bare Au regions,
adsorbed vesicles, and tLBM patches. Spontaneous tLBM
formation with vesicles in the absence of chemical functional
groups is not observed on Au surfaces, and vesicles do not
adsorb or remain intact on native and oxidized Au surfaces.34,51

Wang et al. have shown previously that tLBMs will form on
native Au upon exposure to vesicles with functional lipids,
DSPE-PEG-PDP, and will not form when exposed to pure
POPC vesicles.42 However, here we see that at short incubation
times the formation is incomplete for vesicles containing
DSPE-PEG-PDP, and this can be observed during the first
AFM scan immediately after incubation. Longer incubation
times generally result in more continuous coverage. Further-
more, AFM scanning can lead to further tLBM formation, vide
inf ra, that is observed in subsequent scans. By increasing the
concentration of DSPE-PEG-PDP in POPC vesicles to 10%, we
find a larger coverage of tLBM on the surface when prepared
and imaged under similar conditions as in the 5 μm × 5 μm
AFM topography image of Figure 1b.
In order to promote continuous tLBM coverage, a TS Au

substrate was incubated with 2.5% DSPE-PEG-PDP/97.5%
POPC vesicle suspension at room temperature and then
incubated at 60 °C51,69 while being hydrated in HEPES buffer.
A 5 μm × 5 μm AFM topography image of this sample is
shown in Figure 1c. The AFM image in Figure 1c has flat
regions coexisting with higher topographic features that appear
white. Other AFM images acquired on the sample surface
exhibit similar topography. Force spectroscopy was performed
on the flat regions, and consistent breakthrough events with
breakthrough distances of 4.2 ± 0.7 nm (1 σ, n = 1000) were
observed, indicating the presence of a tLBM on TS Au. A
representative force−distance curve is shown in the Supporting
Information, Figure S1c. The white features are consistent with
flattened adsorbed vesicles on a tLBM background when
evaluating the size and shape of the line profile of these
features. (See Supporting Information Figure S1d.) Thus, large
area formation of continuous tLBM is possible by sample
incubation at 60 °C. Increasing temperature to promote LBM
formation25,70 is hypothesized to be associated with increased
vesicle−vesicle interactions leading to vesicle fusion or
thermally activated vesicle rupture thereby reducing the critical
coverage required for tLBM.51 To clarify, here we differentiate
between vesicle fusion and LBM formation. Vesicle fusion is
used in the literal sense: the fusion of two or more vesicles.
tLBM formation over large areas under elevated temperature,
and not at room temperature, indicates that vesicle rupture on
Au has slow kinetics49,50 or is thermodynamically unfavorable at
room temperature. The data of Figure 1a,b showing tLBM
patches on the surface after room-temperature incubation
indicates that in this system vesicle rupture is kinetically
hindered and thermally activated.
Mechanically Induced tLBM Formation. The slow

vesicle rupture kinetics on TS Au at room temperature allows
for study of mechanisms inducing vesicle rupture using AFM.
Figure 2a shows 1 μm × 1 μm AFM topography images of TS
Au after exposure to vesicles composed of 2.5% DSPE-PEG-
PDP/97.5% POPC after 20 min of continuous AFM scanning
(two complete scans). In comparison to Figure 1a, where tLBM
patches and adsorbed vesicles are observed alongside bare TS
Au surfaces, a relatively uniform tLBM is observed in Figure 2a,

where the AFM tip has scanned the surface. When the scan size
on the same region is increased to 5 μm × 5 μm, as shown in
Figure 2b, only the 1 μm × 1 μm region near the center
(outlined with a black square) that had been scanned by the
AFM tip shows a continuous tLBM in the image and in force−
distance measurements. The neighboring regions, outside the
scan area, are predominantly covered by adsorbed vesicles
coexisting with small tLBM and bare Au regions. This indicates
that the external force applied by the AFM tip during imaging
induces rupture of adsorbed vesicles54 and thus facilitates tLBM
formation on Au that can be observed in subsequent scans.
Analogous measurements were performed on vesicles com-
posed of 100% POPC that were incubated on oxygen plasma-
treated TS Au. Au was plasma cleaned in this case since POPC
vesicles will not adsorb on untreated Au surfaces.42,51 AFM
topography images were acquired immediately after incubation
and after scanning for 20 min (two complete scans). These
images are shown in Figure 2c,d, respectively. Comparison of
these two images shows that the surface morphology did not
change significantly after interactions with the AFM tip during
scanning. A higher resolution image is shown in Figure 2e, and
representative force−distance curves on the labeled regions are
shown in Figure 2f. After AFM scanning, force−distance
measurements in region A show double breakthrough events
(absorbed vesicles), and in region B they show no break-
through events (bare Au regions). Thus the lack of LBM from
POPC demonstrates it is not the interaction between the
vesicles and the AFM tip alone that is responsible for tLBM
formation but that the functional lipids, DSPE-PEG-PDP, are
needed.
In order to monitor the evolution of features on the surface

in response to interactions with the AFM tip, force spectros-
copy was performed over a 1 μm × 1 μm region in 32 × 32
arrays with a trigger force of 5 nN. A force of 5 nN is known to
penetrate tLBMs, adsorbed vesicles, and multilayers, and the
measured breakthrough distance differentiates the features.42

Three consecutive 1 μm × 1 μm force maps were performed on
a sample after incubation with vesicles containing 2.5% DSPE-
PEG-PDP/97.5% POPC on TS Au; 1024 individual force−
distance curves were collected in the 32 × 32 arrays in the force
mapping region. The measured breakthrough distances from
the acquired force−distance curves are plotted as a histogram in
Figure 3a−c, corresponding to the first, second, and third force
map, respectively. Force−distance curves with a measured
breakthrough distance of zero represent the interaction of the
tip with a hard surface.71 The blue arrow marks the force−
distance curves with a measured breakthrough distance
between 4.4 ± 0.5 nm (1 σ, n = 2035), which is consistent
with the thickness of a tLBM. The black triangle marks the
force−distance curves having a measured breakthrough
distance of 9.3 ± 0.8 nm (1 σ, n = 519), indicating the
presence of adsorbed vesicles or multilayers.42,68 The histo-
grams show that from the first, to the second, to the third force
map, the percentage of force−distance curves having a mean
breakthrough distance of 4.4 nm (tLBM) increases from 25%,
37% to 48%, respectively, and the percentage of force−distance
curves having a mean breakthrough distance of 9.3 nm
(adsorbed vesicles) decreases from 19%, 7% to 4%, respectively.
Clearly, the interaction with the AFM tip during force
spectroscopy induces vesicle rupture/tLBM formation.
Breakthrough events with a distance of zero appear to occur

due to interaction of the tip with bare Au surface as well as due
to disruption of the tLBM caused by force−distance measure-
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ments at neighboring locations. Figure S2 in the Supporting
Information shows that the number of zero breakthrough
events decreases as the spacing between neighboring force−
distance measurements increases. While some of the zero
breakthrough events are due to disruption of the tLBM caused
by force−distance measurements in the 32 × 32 arrays force
maps, the monotonic decrease of zero breakthrough events
with consecutive force mapping observed in Figure 3 indicates
that there are less bare regions on the surface due to tip−
surface interactions. It is interesting to note that the pixel size in
the force map array is 31.3 nm × 31.3 nm, and the average
vesicle diameter as prepared is 100 nm; thus during force
mapping, vesicles have multiple interactions with the tip.
Although 5 nN is sufficient force to penetrate a vesicle, the
continued decrease of breakthrough events corresponding to
vesicles on the surface after the first force map shows that, in

some cases, multiple interactions between the tip and the
surface are needed for vesicle rupture. Thus, the evolution of
features on the surface observed in Figure 3 indicates that
vesicle rupture due to interaction with the tip is a statistical
event, and vesicles may heal after penetration.
Analogous experiments were performed on 100% POPC

vesicles on plasma-cleaned TS Au. After the first force map was
performed with a trigger force of 5 nN, a bare 1 μm × 1 μm
region remained in the force mapped region (see Supporting
Information Figure S3a-1). In a different region, the trigger
force was lowered to 1 nN, a 1 μm × 1 μm region was force
mapped, and again a bare Au surface remained in the force
mapped region (see Supporting Information Figure S3b-1).
Thus POPC vesicles are no longer evident on the surface after
applying force with the AFM tip that has been observed
previously when imaging with a high tapping-mode set point.54

Overall, without DSPE-PEG-PDP functional lipids, comparable
external force exerted on vesicles does not induce tLBM
formation on TS Au. The fact that POPC vesicles leave the
surface when subjected to forces comparable to those exerted
on 2.5% DSPE-PEG-PDP/97.5% POPC vesicles initiating
tLBM formation illustrates that the DSPE-PEG-PDP functional
groups clearly play a role in anchoring vesicles to the surface.
Furthermore, DSPE-PEG-PDP incorporation in vesicles may
additionally (i) increase vesicle-substrate interactions leading to
higher vesicle deformations54 required for vesicle rupture, (ii)
change vesicle−vesicle interactions due to the presence of
PEG,72,73 and/or (iii) change the bending rigidity of vesicles74

leading to a lower tolerable vesicle deformation and a higher
probability that tip penetration will lead to vesicle rupture and
tLBM formation.

Minimum Forces Inducing tLBM Formation as a
Function of DSPE-PEG-PDP Composition. From the
above results, it is clear that external force in the absence of
chemical functional groups on lipids in vesicles does not lead to
tLBM formation on TS Au. While it is difficult to quantify
forces exerted on the surface by the tip during AFM tapping-
mode scanning, force spectroscopy precisely controls the force
applied on a sample surface with an accuracy of a few
piconewtons. The trigger for tip retraction can be set to a user-
defined force, the trigger force, which the system measures
between tip and sample surface. Since an AFM tip retracts at
the user-defined trigger force, the trigger force is the maximum
force exerted by an AFM tip on sample surfaces. In order to
elucidate mechanisms, first we examine how DSPE-PEG-PDP
functional lipid concentration affects vesicle rupture/tLBM
formation on TS Au by performing AFM force spectroscopy
with variable trigger forces, 0.5−2.5 nN, for three different
DSPE-PEG-PDP compositions in vesicles incubated on TS Au.
Force maps were acquired in 32 × 32 arrays on 1 μm × 1 μm
regions on TS Au immediately after 30 min incubation. After
acquiring force maps, AFM topography images were acquired
in a 5 μm × 5 μm area with the 1 μm × 1 μm force mapped
region in the center. This allows for examination of how the
surface evolves as a result of the applied trigger force and
compare with regions that did not interact with the AFM tip.
Figure 4a−c shows 5 μm × 5 μm AFM topography images

after force spectroscopy with a trigger force of 1.2, 1.1, and 1.0
nN on TS Au after exposure to vesicles composed of 2.5%
DSPE-PEG-PDP/97.5% POPC. Note: these were acquired on
three different regions of the sample surface. Figure 4d−f shows
5 μm × 5 μm AFM topography images after force spectroscopy
with a trigger force of 0.9, 0.8, and 0.7 nN on TS Au after

Figure 3. Histograms of measured breakthrough distances from
acquired force spectroscopy data using a trigger force of 5 nN on TS
Au after 30 min of room-temperature incubation with 2.5% DSPE-
PEG-PDP/97.5% POPC vesicles. Data shown in a, b, and c are from
three consecutive force maps that were performed in the same 1 μm ×
1 μm region on the sample surface. The blue arrows mark the peak
with an average breakthrough distance of 4.4 ± 0.5 nm (1 σ, n =
2035); black triangles mark the peak with an average breakthrough
distance of 9.3 ± 0.8 nm (1 σ, n = 519).
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exposure to vesicles composed of 5% DSPE-PEG-PDP/95%
POPC. These were also acquired in three different regions of
the sample surface. In the AFM images of Figure 4a,d, the
regions in the black squares exhibit a surface predominantly
covered with tLBM, while neighboring regions outside the
force mapped area are mainly covered with adsorbed vesicles.
When the trigger force was lowered by 0.1 nN, the force

mapped region only shows partial tLBM formation coexisting
with adsorbed vesicles, as observed in the AFM images of
Figure 4b,e. When the trigger force is further lowered by 0.1
nN, there is no significant difference observed in AFM images
between the force mapped region and the neighboring regions
shown in Figure 4c,f, indicating that 1.1 nN and 0.8 nN are
approximately the critical forces required for facilitating POPC

Figure 4. 5 μm × 5 μm AFM topography images of TS Au incubated with 2.5% DSPE-PEG-PDP/97.5% POPC vesicles acquired after 32 × 32
arrays force maps with a trigger force of (a) 1.2 nN, (b) 1.1 nN, and (c) 1.0 nN were obtained in the 1 μm × 1 μm region highlighted with a black
square. 5 μm × 5 μm AFM topography images of TS Au incubated with 5% DSPE-PEG-PDP/95% POPC acquired after 32 × 32 arrays force maps
with a trigger force of (d) 0.9 nN, (e) 0.8 nN, and (f) 0.7 nN were obtained in the 1 μm × 1 μm region highlighted with a black square.

Figure 5. Histograms of measured breakthrough distances from force spectroscopy data that was acquired with a trigger force of 5 nN after 30 min
incubation of vesicles composed of 10% DSPE-PEG-PDP/90% POPC on TS Au before (blue) (a) and after (red) a force map with a lower trigger
force was acquired. The lower trigger force was (b) 0.6 nN, (c) 0.5 nN and (d) 0.4 nN.
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vesicle rupture with 2.5% and 5% DSPE-PEG-PDP, respec-
tively, on TS Au. Note that the critical force does not change
when we decrease the array size to 16 × 16 (pixel area of 62.5 ×
62.5 nm2), and thus it only takes a few tip−surface interactions
to lead to the rupture of vesicles. (See Supporting Information
Figure S4.) Also it is important to note that the breakthrough
force for tLBMs composed of POPC and DSPE-PEG-PDP is
approximately 1.5 nN42 and even higher for vesicles, as
observed in Figure 2f, and thus vesicle rupture does not require
complete penetration of vesicles by the AFM tip.
In the case of 10% DSPE-PEG-PDP/90% POPC vesicles,

partial tLBM formation occurs over a considerable fraction of
the surface during 30 min incubation at room temperature (for
example, see Figure 1b). Thus we statistically monitored the
evolution of surface features due to applied AFM tip forces by
measuring breakthrough distances on 1 μm × 1 μm regions
before and after a variable trigger force was applied to the
surface by an AFM tip. These experiments were conducted by
first acquiring a force map with a 5 nN trigger force, sufficient
to measure breakthrough events and analyze surface coverage
of tLBM and adsorbed vesicle before AFM tip−surface
interactions. Then the AFM tip was translated to another
representative region on the sample surface, and another 1 μm
× 1 μm region was subjected to a smaller trigger force by the
AFM tip. The smaller trigger force was varied from 1.0 nN to
0.35 nN. A force map was acquired on this same region with a
trigger force of 5 nN, and breakthrough distances were
measured to see how surface features evolved due to tip−
surface interactions with the smaller trigger force.
Probabilities of observing breakthrough distances that

correspond to bare Au, tLBMs, and vesicles were calculated
from the force mapping data sets. For example, force−distance
curves exhibiting a breakthrough distance of 4.4 ± 0.5 nm are
classified as tLBM, and histograms provide information on the
probability of observing these features. In order to examine
sample uniformity before force mapping with the smaller
trigger force, a few regions were measured on the sample
surface with the 5 nN trigger force and were averaged from five
different samples. Histograms showing the frequency of
breakthrough events as a function of breakthrough distance
that were determined from force−distance curves are shown for
the initial 5 nN force map in Figure 5a. Features corresponding
to tLBMs after incubating vesicles containing 10% DSPE-PEG-
PDP on TS Au constituted 31% ± 6% (1 σ) of the observed
features in measured force−distance curves. Thus, on average,
the 30 min incubation period leads to approximately one-third
of the sample surface covered with tLBMs. Histograms showing
the frequency of breakthrough events as a function of
breakthrough distance that were determined from force−
distance curves are also shown for measurements acquired after
the 0.6 nN force map (Figure 5b), after the 0.5 nN force map
(Figure 5c), and after the 0.4 nN force map (Figure 5d). The
trigger force of 0.6 nN led to an increase in the percentage of
features corresponding to a tLBM from 31% to 65%. The
trigger force of 0.5 nN, shown in Figure 5c, led to an increase in
the percentage of features corresponding to a tLBM from 31%
to 43%. However, when the trigger force was lowered to 0.4
nN, the percentage of force−distance curves corresponding to
tLBMs had only a slight increase from 31% to 35% (Figure 5d),
which does not constitute a significant increase when
considering the standard deviation of the measurements.
Thus, the trigger force corresponding to a measurable change
in tLBM coverage due to force mapping was found to be

approximately 0.5 nN for vesicles with 10% DSPE-PEG-PDP.
This is approximately half the value of the trigger force required
for 2.5% DSPE-PEG-PDP/97.5% POPC vesicles. A similar
force mapping analysis was conducted for samples with vesicles
composed of 2.5% DSPE-PEG-PDP/97.5% POPC on TS Au in
order to see whether this process gives the same results as our
analysis using AFM imaging to determine the critical force. The
critical force quantified by the force mapping method for
rupturing vesicles of 2.5% DSPE-PEG-PDP/97.5% POPC is 1.1
± 0.1 nN, which is the same as the AFM imaging results shown
in Figure 4a−c. (See Supporting Information Figure S5 for
histogram plots before and after applying smaller trigger
forces.)
Vesicles with 0% DSPE-PEG-PDP (pure POPC vesicles) do

not remain on TS Au under applied force, and the critical
trigger forces needed to rupture POPC vesicles containing
2.5%, 5% and 10% DSPE-PEG-PDP are 1.1, 0.8, and 0.5 nN,
respectively; thus, vesicles with higher concentrations of
functional lipids require a lower external force to facilitate
tLBM formation on TS Au. Table 1 summarizes the critical

trigger force for inducing vesicle rupture as a function of the
DSPE-PEG-PDP concentration. Increases in vesicle-substrate
interactions have previously been reported to lead to vesicle
rupture at lower vesicle concentrations on surfaces, and it was
hypothesized that the increased vesicle−substrate interactions
lead to larger deformation of vesicles.46,48,49 For vesicles of fixed
size, theoretical models have varied the degree of interaction
between vesicles and substrate and examined vesicle
deformation as a function of this interaction.55 Higher
vesicle−substrate interactions lead to larger vesicle deforma-
tions that can be quantified with a bending angle. Vesicles
having a large bending angle can minimize surface free energy
via pore formation since, as the bending angle increases, the
deformation energy becomes very high at the edges of
vesicles.49 This leads to an increase in the probability of vesicle
rupture in Monte Carlo simulations.54 Our results showing that
the critical force needed to initiate vesicle rupture decreases as
DSPE-PEG-PDP concentration increases are in agreement with
this hypothesis. Au−thiolate bond formation between DSPE-
PEG-PDP lipids and TS Au substrates increases the chemical
affinity between vesicles and the TS Au substrate; thus as more
functional groups are incorporated in vesicles, the vesicle−
substrate contact area is expected to increase leading to higher
deformation of vesicles. Specifically, when 10% DSPE-PEG-
PDP is incorporated in vesicles, vesicles are expected to have
larger deformation than when 2.5% DSPE-PEG-PDP is
incorporated in POPC vesicles on TS Au, since there are
more possible bonding sites between vesicles and TS Au. A
schematic illustrating the proposed relationship between vesicle
deformation and DSPE-PEG-PDP concentration is shown in
Figure 6. Larger vesicle deformations destabilize vesicles, and

Table 1. List of Vesicle Rupture Critical Force as a Function
of DSPE-PEG-PDP Concentration in POPC Vesicles

vesicle composition vesicle rupture critical force

0% DSPE-PEG-PDP/100% POPC no tLBM formation under
external force

2.5% DSPE-PEG-PDP/97.5% POPC 1.1 ± 0.1 nN
5% DSPE-PEG-PDP/95% POPC 0.8 ± 0.1 nN
10% DSPE-PEG-PDP/90% POPC 0.5 ± 0.1 nN
2.5% DSPE-PEG-PDP/97.5% POPC (5
mM CaCl2)

0.6 ± 0.1 nN
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thus lower external forces would be needed for vesicle rupture,
as is observed in force spectroscopy measurements. However,
as mentioned previously, it is also possible that the
incorporation of PEG functionalized lipids may modify
vesicle−vesicle interactions or change the bending rigidity of
vesicles. Thus we analyzed whether POPC vesicles with 2.5%
DSPE-PEG-PDP and 7.5% DSPE-PEG formed tLBMs at the
same or different critical forces as POPC vesicles with 2.5%
DSPE-PEG-PDP alone. We found that the additional
unfunctionalized DSPE-PEG groups actually hindered tLBM
formation (see Supporting Information Figure S6). Forces of
1.1 nN and 2.5 nN did not lead to significant tLBM formation
when 2.5% DSPE-PEG-PDP and 7.5% DSPE-PEG were
incorporated in vesicles. Therefore PEG did not appear to
play a role in tLBM formation here.
Effect of Osmotic Pressure. We also examined critical

forces needed to induce vesicle rupture under conditions of
osmotic pressure. Divalent ions, particularly calcium ions
(Ca2+),47 are known to facilitate vesicle fusion for zwitterionic
vesicles such as POPC48 and LBM formation by modifying
vesicle−vesicle interactions and direct interaction with lipids
and substrates.29,75−77 However, previous studies show that
osmotic pressure does not promote vesicle fusion on Au. For
example, Reimhult et al., found that vesicles adsorbed on

oxidized Au surfaces remained intact and did not form LBM51

under osmotic pressure created by 300 mM NaCl. Yet osmotic
pressure may affect vesicle rupture when functional lipids are
incorporated in vesicles on TS Au.
After the standard incubation process of 2.5% DSPE-PEG-

PDP/97.5% POPC vesicles on TS Au, the solution was
exchanged with HEPES buffer with Ca2+ (5 mM HEPES, pH
7.4, containing 150 mM NaCl and 5 mM CaCl2). Force
spectroscopy was performed with trigger forces between 0.5
and 1.0 nN over a 1 μm × 1 μm region immediately after
incubation. Again, 5 μm × 5 μm AFM topography images were
acquired after force mapping, and the regions where the force
maps were acquired were outlined with black squares. When
the trigger force was 0.75 nN, as shown in Figure 7a, tLBM
formation is observed. When reduced further to 0.6 nN, partial
tLBM formation is observed in the force mapped region, and
there is a slight difference from the neighboring region (Figure
7b). When the trigger force was further decreased to 0.5 nN,
the force mapped region and neighboring region did not exhibit
significant differences in morphology, as observed in the AFM
topography image of Figure 7c. Thus the critical trigger force to
promote vesicle fusion in the presence of osmotic pressure is
approximately 0.6 nN. This is a reduction from 1.1 nN for 2.5%
DSPE-PEG-PDP/97.5% POPC vesicles without osmotic

Figure 6. Scheme of TS Au after exposure to vesicles with lipid mixtures of POPC (gray) and DSPE-PEG-PDP (red).

Figure 7. 5 μm × 5 μm AFM topography images of TS Au after incubation with 2.5% DSPE-PEG-PDP/97.5% POPC and imaged in the presence of
5 mM Ca2+ in HEPES buffer. Images were acquired after force spectroscopy was performed in 32 × 32 arrays in 1 μm × 1 μm regions (outlined with
black squares). The trigger force was (a) 0.75 nN, (b) 0.6 nN, and (c) 0.5 nN.
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pressure (see Table 1). Though osmotic pressure does not
independently promote LBM on Au, as shown in previous
studies, here we demonstrate that it does decrease the external
force needed to promote vesicle rupture when functional lipids
are present. It has previously been reported that external
osmotic pressure leads to shrinkage and deformation of vesicles
that facilitates rupture.51 This is consistent with our hypothesis
that higher vesicle deformations lead to rupture, and thus the
force induced by the AFM tip leading to rupture is lower in the
presence of osmotic pressure than that for vesicles without an
osmotic gradient because vesicles are initially under a greater
deformation.

■ CONCLUSION
Incorporation of functional lipids (DSPE-PEG-PDP) in POPC
vesicles and resulting Au-thiolate bond formation is found to
lead to tLBM on TS Au surfaces. The surface coverage of tLBM
that spontaneously forms on Au after 30 min incubation is
dependent on the concentration of functional lipids in vesicles.
Critical forces initiating vesicle rupture as a function of the
functional lipids composition in vesicles and with osmotic
pressure were quantified using AFM force spectroscopy. We
determined that the required forces initiating vesicle rupture
monotonically decrease as functional lipid composition
increases. The functional lipids appear to increase vesicle−
substrate interactions, leading to a larger vesicle deformation
with an increase in DSPE-PEG-PDP concentration in vesicles.
Under osmotic pressure, the critical force for vesicle rupture
also decreases, presumably also due to increased vesicle
deformation. For applications where systems can withstand
elevated temperature, incubation of vesicles on TS Au at 60 °C
is a route to achieve large areas of uniform and continuous
tLBMs on TS Au over 25 μm2. In the case of room-temperature
incubation, external force via an AFM tip effectively produces
uniform tLBMs on TS Au. This strategy can be used to form
membrane arrays on selective regions of a sample surface with
varying lipid compositions and transmembrane proteins.
Surface patterning of membrane arrays could be used for
high-throughput analysis of membrane−protein interactions. In
addition, tailoring surface chemistry on vesicle surfaces is a
route for engineering specific vesicle−surface interactions that
can lead to localized rupture in the presence of external
perturbations. Combined with the method to quantify forces
necessary for vesicle rupture introduced here, the results have
potential for many applications such as designing and probing
external triggers for effective release of drug in liposome
carriers.
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