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Planar-supported lipid bilayers have attracted enormous attention because of their properties as model
cell membranes, which can be employed in a variety of fundamental biological studies and medical devices.
Furthermore, the development of patterned biological interfaces is of great practical and scientific interest
because of their potential applications in the field of biosensors, drug screening, tissue engineering, and
medical implants. In this study, mica-supported membranes were constructed from biomimetic peptide-
amphiphiles and their mixtures with lipidated poly(ethylene glycol) (PEG120) molecules or 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) phospholipids using the Langmuir—Blodgett technique. The two
peptide-amphiphiles used in this study were a fibronectin-mimetic with the PHSRN(SG)sSGRGDSP
headgroup (referred to as PHSRN-GRGDSP) that contains both the primary (GRGDSP) and the synergy
(PHSRN) recognition sites for asf31 integrins and a peptide-amphiphile that mimics a fragment of the
N-terminus of the fractalkine receptor (referred to as NTFR). Compression isotherms of the peptide-
amphiphiles and their mixtures with PEG120 at the air/water interface were recorded and analyzed to
evaluate the extent of miscibility in the two-component LB films. Domain formation in mica-supported
bilayers constructed from mixtures of peptide-amphiphiles and lipidated PEG120 or DPPC was observed
using atomic force microscopy. In PHSRN-GRGDSP/PEG120 mixtures deposited from an aqueous subphase
at pH 7, concentration-dependent phase separation was observed on the AFM images. The NTFR/PEG120
and NTFR/DPPC mixtures deposited at pH 10 exhibited extensive lateral phase separation at all mixture
compositions, whereas at deposition pH 7 the concentrations of NTFR/DPPC examined here were well

mixed.

Introduction

The ability to engineer bioactive surfaces and to control
their interactions with cells is essential for a variety of
fundamental biological studies and medical applications.!
Furthermore, the development of patterned biomaterials
with regions of different functionalities provides an
opportunity to create truly bioactive systems for a large
variety of applications, including biosensors,?>3 “lab-on-
a-chip” bioanalytical systems,* drug screening devices,>®
tissue engineering,” and medical implants.®

Various methods can be applied to pattern and modify
surface functionality and topography to promote controlled
attachment of desired cell populations and to study
different cell functions such as adhesion, morphology,
proliferation, and migration. Photolithography®1° and soft
lithography!'~13 are the most commonly utilized tech-
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niques, which are extremely useful in creating high-
resolution micrometer and submicrometer scale patterns.
Other methods for fabricating functionalized templates
for cell recognition include interference lithography, ! dip-
pen nanolithography,!® polymer demixing,'® and phase
separation of block copolymers.'”1® Recently, colloidal
particles have been used to produce chemically patterned
interfaces for biological applications.’?® Such an ap-
proach provides a convenient way to alter surface chem-
istry and topography over large areas by simply changing
particle functionality, size, and packing density.
Self-assembled monolayers (SAMs) and Langmuir—
Blodgett (LB) films have also been exploited intensively
as surface coatings for nanofabrication techniques because
of such useful properties as their small weight, ease of
tailoring with functional groups, processability, and
flexibility.2425 Moreover, supported LB bilayers con-
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structed from phospholipids serve as valuable biomem-
brane models that allow the study of specific biological
phenomena occurring at the cell membrane that can be
employed in the development of applications such as
biosensors, information storage and delivery devices, and
surface-modified implants.?673% In LB biomimetic mem-
branes, there is control over composition and functionality
that can be adjusted by incorporating specific proteins,
peptide sequences, or carbohydrates into the lipid mem-
brane structures. The nature and the packing of the lipid
molecules, the composition of the subphase, and the
temperature can be varied without limitation in the
monolayer system. As a result, supported phospholipid
LB membranes have been used widely to study, for
example, the formation and structure of lipid micro-
domains of rafts3'~34 and peptide/lipid interactions,35~537
to measure forces that govern cell adhesion processes,3839
and to create patterned surfaces.?’ In the last example,
authors used the LB technique to create monolayers from
a mixture of palmitic acid and thiolipids and to deposit
them onto gold substrate. An appropriate solvent was then
used to remove the physisorbed palmitic acid domains,
leaving covalently bound thiolipid domains on the surface.
This allowed other organic sulfur-bearing molecules
present in the solvent (peptides with N-terminal cysteine
and hydroxythiols) to chemisorb onto the newly exposed
gold areas and to form self-assembled monolayers, thus
creating patterned surfaces.*°

Of particular relevance to the phospholipid membrane
studies is the role of phase equilibria in lipid mixtures.
Therefore, a better understanding of domain formation
in mixed lipid monolayers and bilayers is essential for
designing successful biomimetic supported membranes.
Most of the information regarding phase behavior in lipid
mixtures comes primarily from the phase diagrams
constructed from calorimetric studies of the melting
properties of aqueous lipid dispersions.**2 The degree of
lipid miscibility can be extracted from these equilibrium
phase diagrams, however, no information can be obtained
on the morphology and dynamics of the lipid phase
domains themselves. To visualize phase domains in mixed
lipid monolayers, several surface analysis techniques have
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been used recently, including epifluorescence microscopy,
Brewster angle microscopy, or scanning probe micro-
scopy. 4347

Up tonow, much has been learned from previous studies
on single phospholipid component monolayers or on binary
phospholipid/cholesterol and phospholipid/phospholipid
mixtures.324448-5¢ However, most of these studies involved
monolayers created at low surface pressures, correspond-
ing to gaseous/liquid-expanded (LE) or LE/liquid con-
densed (LC) phase coexistence regions on LB isotherms.5®
Thus, phase behavior of binary lipid mixtures at high
surface pressures, corresponding to LC or solid regions
on LB isotherms, needs further investigation. Moreover,
mimicking cell membranes generally requires a higher
monolayer surface pressure,’® and up to date, very few
studies have investigated binary lipid mixtures at surface
pressures greater than LE—LC coexisting region.5”

The focus of our work is to engineer biomimetic LB
membranes from mixtures of peptide-amphiphiles with
bioactive headgroups that mimic the cell adhesion domains
of different proteins and DPPC (1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine) or phospholipids decorated with
short poly(ethylene glycol) (PEG120) molecules. Here, we
study the effects of composition and pH on the formation
of patterned monolayers using surface pressure—area
isotherm measurements and atomic force microscopy
(AFM) imaging.

Two different peptide-amphiphiles were used in this
study: one containing a fibronectin-mimetic peptide
sequence PHSRN(SG);SGRGDSP (PHSRN-GRGDSP pep-
tide-amphiphile)®® and the other one with the QFPES-
VTENFEYDDLAEA peptide sequence that corresponds
to residues 3—20 of the N-terminus of the fractalkine
receptor (NTFR peptide-amphiphile).>®

PHSRN-GRGDSP peptide-amphiphiles have been used
to design a fibronectin-mimetic membrane to probe specific
receptor (o531 integrin)—ligand (PHSRN-GRGDSP pep-
tide-amphiphile) interactions at the molecular level.>® The
two peptide sequences used in this study are found in
fibronectin: the 10th type III module, GRGDSP (the
primary recognition site for o;f; integrins), and the 9th
type III module, PHSRN (the synergy binding site for
a5B1 ). The distance between these two sequences in
fibronectin (approximately 30—40 A%) was mimicked by
an (SG)3S spacer in the PHSRN-GRGDSP peptide-
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amphiphile.”® The theoretical length of the PHSRN-
GRGDSP headgroup was calculated to be 7.3 nm?® (18
amino acids x 0.37 nm/amino acid®® plus 0.7 nm for the
length of the (Glu) linker and (CHy); spacer®?). The results
of our previous work on PHSRN-GRGDSP—o;(3; integrins
interaction indicated that to attain an effect from the
PHSRN synergy site on the specific receptor—ligand
adhesion, the entire sequence had to be exposed at the
interface.’® This was achieved by mixing peptide-am-
phiphiles with PEG120 at various concentrations. The
length of the PEG120 headgroup was approximately 1.6
nm,%? which is much smaller than the 7.3 nm theoretical
length of the PHSRN-GRGDSP headgroup, and thus
provided extra space for the peptide headgroup to be
exposed at the interface. In the current study, to inves-
tigate the mixing behavior of different concentrations of
peptide-amphiphiles and lipidated PEG120 at the air/
water interface, thermodynamic analysis of the surface
pressure—area isotherms was performed. AFM was then
used to image the morphology and formation of patterns
in peptide-amphiphile/PEG120 mixtures deposited onto
hydrophobized mica disks using the LB technique. The
effect of monolayer composition on the miscibility of the
two molecules was investigated for these mixtures.

Another peptide-amphiphile used in this study, NTFR,
contains a peptide sequence that corresponds to residues
3—20 of the N-terminus of the fractalkine receptor and
was designed to recognize and specifically bind to frac-
talkine. The theoretical length of the NTFR headgroup
was calculated to be approximately 7.3 nm®® (18 amino
acids x 0.37 nm/amino acid,®! plus 0.7 nm for the length
of the (Glu) linker and (CHs)s spacer®?). Fractalkine is a
recently discovered chemokine®? that is present at sites
of inflammation. Because of its unique molecular struc-
ture, fractalkine exhibits all the chemokine activities as
well as acts as an adhesion molecule for leukocytes. As a
result, fractalkine can be used as a target site and the
NTFR peptide-amphiphile as the bullet for developing
targeted delivery systems for anti-inflammatory agents.5°
Our previous results show that the receptor-mimicking
NTFR peptide-amphiphile self-assembles with phospho-
lipids and gives strong and specific interaction with
fractalkine.® In this work, the effect of mixture composi-
tion and pH on the miscibility of the NTFR peptide-
amphiphiles with lipidated PEG120 and DPPC phospho-
lipid was investigated using the analysis of the LB
isotherms and the AFM imaging.

The results presented here demonstrate that function-
alizing surfaces with mixtures of two components, one of
which is a peptide-amphiphile, may yield either well-mixed
or patterned interfaces depending on the concentrations
or the subphase pH used for the preparation of these films.
Formation of patterned interfaces because of phase
separation has been shown previously to take place in
lipid mixtures. However, in this work, we extend such an
approach to peptide-amphiphiles with different headgroup
functionalities and their mixtures with phospholipids or
lipidated PEG120. Thus, biomimetic patterned interfaces
with areas of one functionality within a continuous matrix
of a different functionality can be created via this approach
using different peptide headgroups as well as various
amphiphilic molecules.

(61) Idiris, A.; Alam, M. T.; Ikai, A. Protein Eng. 2000, 13, 763.

(62) Dori, Y.; Bianco-Peled, H.; Satija, S. K.; Fields, G. B.; McCarthy,
J. B.; Tirrell, M. J. Biomed. Mater. Res. 2000, 50, 75.

(63) Bazan, J. F.; Bacon, K. B.; Hardiman, G.; Wang, W.; Soo, K.;
Rossi, D.; Greaves, D. R.; Zlotnik, A.; Schall, T. J. Nature 1997, 385,
640.

Mardilovich and Kokkoli

Materials and Methods

Preparation of Bioartificial Membranes. 1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine (DSPE), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-/N-[amino(polyethylene glycol)120] (PEG120)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
(C16)2-Glu-Co-PHSRN(SG)sSGRGDSP and (C16)2-Glu-Co-QFPES-
VTENFEYDDLAEA were synthesized according to a method
described elsewhere.®* These peptide-amphiphiles will be referred
as PHSRN-GRGDSP and NTFR, respectively, in the remaining
of the text.

Pure peptide-amphiphiles were dissolved at approximately 1
mg/mL in a 99:1 chloroform: methanol solution and were stored
at 4 °C. The solution was heated to room temperature prior to
use.

The Langmuir—Blodgett (LB) technique was used to record
compression isotherms and to create supported bioactive bilayer
membranes. Compression isotherms and film depositions were
done on a KSV 5000 LB system (KSV Instruments, Helsinki,
Finland) on DI water subphase at pH around 7 and at room
temperature. A MilliQ Biocell system (Millipore, Bedford, MA)
was used to produce DI pure water. The pH of the DI water from
the MilliQ Biocell system was measured on the day of each
experiment to be in the range of 6.5—7. Whenever necessary, the
pH of the water subphase was adjusted to 10 by adding 30%
NH4OH. After spreading the peptide-amphiphile solution on the
air—water interface, chloroform was let to evaporate for 10 min.
The depositions were done at 41 or 45 mN/m, which is well below
the collapse pressure of the amphiphilic molecules. Upon reaching
the deposition pressure, compressed monolayers were let to
equilibrate for 10 min prior to deposition. Deposition speed for
both the up and down strokes was 1 mm/min. Freshly cleaved
mica disks of radius 7.5 mm were used as substrates for the
supported bilayer membranes. DSPE layer was deposited first
at the upstroke to make mica surfaces hydrophobic. The second
layer with mixtures of peptide-amphiphiles and PEG120 or DPPC
was deposited in the down stroke. Transfer ratios for both layers
were calculated to be in the range 0.8—1, indicating that
monolayers were deposited on mica surfaces with minimal
disruption. The resulting supported bilayer membranes were
transferred into glass vials under water and were kept in DI
water, pH around 6.5—7 as collected from the MilliQ Biocell water
purification system, prior to imaging. Care was taken to avoid
exposing the surface to air, as the peptide-amphiphiles rearrange
to form multilayers.%>

AFM Characterization of Supported Membranes. AFM
characterization of the LB films was done with a Digital
Instruments Nanoscope III system equipped with a fluid cell for
tapping mode (Digital Instruments, Santa Barbara, CA). All
images were obtained in tapping mode in DI water, pH 6.5—7
as collected from the MilliQ Biocell water purification system,
using standard 100-um V-shaped silicon nitride AFM cantilevers
with pyramidal tips (Digital Instruments) of nominal radius 5—40
nm and nominal spring constant 0.58 N/m. Reproducible images
were acquired within a maximum of 2 days from the day of
deposition, on several different surfaces of the same composition
and on different areas within the same surface. The amplitude
setpoint during tapping was kept as high as possible to minimize
the force exerted by the tip on the sample during imaging.®¢

Results and Discussion

Surface pressure (;7)—area compression isotherms for
PEG120, PHSRN-GRGDSP, and their mixtures at the
air/water interface and at room temperature and at pH
6.5—7 have been collected and the results are presented
in Figure 1 (for clarity, not all concentrations recorded
are shown). The shape of the isotherm for pure PEG120
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Figure 1. Surface pressure—area isotherms of mixtures of

PHSRN-GRGDSP/PEG120 amphiphilic molecules on a DI water

subphase at room temperature and pH 6.5—7 (as collected from

MilliQ Biocell system). Molar percentages of PHSRN-GRGDSP

in PHSRN-GRGDSP/PEG120 mixtures are shown for each
isotherm.

resembles that which was previously published.®” A
“hump”, present on the isotherm of the pure PHSRN-
GRGDSP peptide amphiphile, was observed previously
for GRGDSP peptide-amphiphiles and was attributed to
a secondary phase transition within the peptide-head-
group.®® The plateau observed at 7 ~ 5—7 mN/m in the
PEG120isotherm corresponds to a liquid expanded—liquid
condensed (LE-LC) coexisting region.®® Above 30 mN/m,
the PEG120 monolayer is in a solid-condensed phase and
collapses at approximately 64 mN/m with an area of 0.34
nm?/molecule, which corresponds to closely packed tails.™
In contrast, the PHSRN-GRGDSP isotherm exhibits a
more fluid behavior at all surface pressures below the
film collapse pressure of approximately 60 mN/m with
corresponding area per molecule of 0.33 nm?2. The iso-
therms for binary mixtures of PEG120 and PHSRN-
GRGDSP fall between those of the two pure monolayers,
and the mean molecular areas measured for mixed
monolayers increase with peptide-amphiphile concentra-
tion. The film collapse pressure for some mixtures remains
relatively constant with respect to composition, which is
an indication of possible phase separation.

Phase separation in mixed systems can, in general, be
predicted from surface pressure—area isotherms of pure
membrane components and may occur when amphiphilic
molecules differ in tendency to crystallize.®® In our study,
PEG120 amphiphiles have a higher tendency to crystallize
upon compression as observed from the surface pressure—
area isotherm (Figure 1). In contrast, the PHSRN-
GRGDSP peptide-amphiphiles remain in a more liquidlike
phase. Therefore, when mixing PHSRN-GRDGSP with
PEG120, the PHSRN-GRGDSP may get excluded from
the growing crystalline domains of PEG120 and as a result
form a continuous network around them.

To evaluate the extent of PHSRN-GRGDSP and PEG120
miscibility, the LB isotherms of their mixtures (Figure 1)
were analyzed using the additivity rule and the surface
phase rule. The area of the two-component monolayer at
the deposition surface pressure of 41 mN/m was com-
pared with that of the pure components at the same

(67) Dori, Y.; Bianco-Peled, H.; Satija, S. K.; Fields, G. B.; McCarthy,
dJ. B.; Tirrell, M. J. Biomed. Mater. Res. 2000, 50, 75.

(68) Dillow, A. K.; Ochsenhirt, S. E.; McCarthy, J. B.; Fields, G. B.;
Tirrell, M. Biomaterials 2001, 22, 1493.

(69) Mohwald, H. Annu Rev. Phys. Chem. 1990, 41, 441.

(70) Tanford, C. The hydrophobic effect: formation of micelles and
biological membranes; Wiley: New York, 1980.

Langmuir, Vol. 21, No. 16, 2005 7471

0.5

0.46 |
0.42 | .
0.38 ¢e & & -7 77

0.34 1

Area, nm #molecule
*
*

0.3

Xps

Figure 2. Mean molecular area of mixed PHSRN-GRGDSP/
PEG120 monolayers as a function of PHSRN-GRGDSP mol
fraction (Xp_g) at a surface pressure of 41 mN/m. The straight
line represents additivity rule values (ideal mixing).

surface pressure:’-72
A=xA +xA, (D

where A is the mean molecular area of the two-component
film, x; and xy are the molar fractions of components 1
(PHSRN-GRGDSP) and 2 (PEG120) in the mixed mono-
layers, and A; and A, are the mean molecular areas of the
pure monolayers of components 1 and 2, respectively. The
additivity rule predicts the molecular area in an ideal
binary mixture, assuming no chemical or physical inter-
actions between components. Both miscible components
with ideal behavior and nonideal immiscible systems obey
the above equation.” Interactions between components
can lead to molecular areas that are different from those
predicted by the additivity rule, and thus any deviation
from ideality on the plot of A versus molar fraction of one
of the components indicates that the mixture is expected
to be miscible and nonideal.”7? Figure 2 presents varia-
tions of the mean molecular areas of mixed PHSRN-
GRGDSP/PEG120 monolayers as a function of the peptide-
amphiphile molar fraction. A significant deviation from
the additivity rule (dotted line in Figure 2) is observed for
5,60, 75, 85, and 95 mol % of PHSRN-GRGDSP mixtures,
suggesting that the two amphiphiles should be miscible
and nonideal at these concentrations. However, for the
other concentrations the additivity rule cannot differenti-
ate between miscible ideal mixtures and nonideal im-
miscible ones, and therefore additional analysis of the
isotherms is required to draw a more definite conclusion
about miscibility in this system.

A more in depth analysis can be performed using the
surface phase rule developed by Crisp.”%> When the
temperature and the external pressure are kept constant,
the number of degrees of freedom F' of the monolayer is
given by the equation

F=C*+C°-P’-(@-1 2)
where CP is the number of components in the bulk, CS is
the number of components on the surface, P2 is the number
of bulk phases, and g is the number of monolayer phases
present in equilibrium with one another.”>” For a two-
component LB film at the air—water interface, C® = 2
(air and water), CS = 2 (PHSRN-GRGDSP and PEG120),
and P®2 = 2 (gas and liquid), and thus the above

(71) Gaines, G. L. Insoluble monolayers at the Liquid-Gas Interface;
Wiley-Interscience: New York, 1966.

(72) Petty, M. C. Langmuir-Blodgett Films: An Introduction; Cam-
bridge University Press: Cambridge, 1996.

(73) Adamson, A. W.; Gast, A. P. Physical chemistry of surfaces, 6th
ed.; Wiley: New York, 1997.
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Figure 3. Collapse surface pressure as a function of the

PHSRN-GRGDSP peptide-amphiphile molar fraction (Xp-¢) in
PHSRN-GRGDSP/PEG120 mixtures.

equation reduces to
F=3-gq 3)

Here, the phase rule is applied to the film collapse
pressure,’ although it can also be applied to a phase
transition pressure (LE—LC phase transition).” In gen-
eral, ifthe two components are miscible, two homogeneous
phases (either LE and LC or LC and collapsed state) will
be present at equilibrium with each other and thus ¢ =
2 and the system has one degree of freedom. Therefore,
either the collapse pressure or the transition pressure
will vary with the monolayer composition. On the other
hand, ifthe components are immiscible, three equilibrium
surface phases (¢ = 3) will coexist and there will be zero
independent variables. Thus, the collapse (or transition)
surface pressure will be independent of the monolayer
composition.” Figure 3 illustrates the variations of the
collapse surface pressure of the mixed monolayers as a
function of the peptide-amphiphile molar fraction. A large
variation occurs for 0 < xp_g < 0.1 and 0.35 <xp.g <1
(Figure 3), which suggests that the interaction between
PHSRN-GRGDSP and PEG120 is favored and the two
components are well mixed at these compositions. At
peptide-amphiphile molar fractions ranging from about
0.1 to 0.35, a constant value of the surface pressure is
observed, pointing to a possible phase separation of the
two components at these compositions.

AFM was used to characterize surface topography of
the supported bioartificial membranes constructed from
PEG120/PHSRN-GRGDSP mixtures and to verify mis-
cibility of these amphiphilic molecules. Figure 4 presents
typical topography and phase AFM images of mixtures at
different peptide-amphiphile concentrations, acquired at
room temperature in tapping mode in DI water, pH 6.5—7
as collected from the MilliQ Biocell system. Images shown
arerepresentative of the images taken over different areas
on the same surface as well as of different surfaces. Images
of different sizes are shown for different mixtures to
provide detailed information of topography and pattern
formation at various concentrations. Smaller image sizes
were chosen for homogeneous surfaces to show details of
their topography, whereas bigger areas were imaged on
patterned surfaces to capture the presence of domains of
larger size. Phase imaging provides clearer observation
of fine features often not revealed by topography and can
also act as a real-time contrast enhancement technique.
Additionally, phase imaging can detect variations in

(74) Maget-Dana, R. Biochim. Biophys. Acta 1999, 1462, 109.
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Figure 4. Height (left) and phase (right) images (tapping mode
AFM in DI water at pH 6.5—7, as collected from the MilliQ
Biocell system) of PHSRN-GRGDSP/PEG120 mixtures, de-
posited at room temperature and subphase pH 7. Third-order
flattening was applied to all the images and a low pass filter
to 50 and 75 mol % PHSRN-GRGDSP phase images to remove
the noise. The bar corresponds to 5 um. (A) 100% PEG120, 8
x 8 um; (B) 10 mol % PHSRN-GRGDSP and 90 mol % PEG120,
40 x 40 um; (C) 15 mol % PHSRN-GRGDSP and 85 mol %
PEG120, 40 x 40 um; (D) 25 mol % PHSRN-GRGDSP and 75
mol % PEG120, 40 x 40 um; (E) 35 mol % PHSRN-GRGDSP
and 65 mol % PEG120, 25 x 25 um; (F) 40 mol % PHSRN-
GRGDSP and 60 mol % PEG120, 10 x 10 um; (G) 50 mol %
PHSRN-GRGDSP and 50 mol % PEG120, 10 x 10 um; (H) 75
mol % PHSRN-GRGDSP and 25 mol % PEG120, 10 x 10 um;
(I) 100% PHSRN-GRGDSP, 15 x 15 um; (J) scale bars for height
and phase images.

composition, friction, viscoelasticity, and other properties
within the sample, but it cannot provide accurate infor-
mation about the height of the objects. The presence of
height differences of 2.1 + 0.56 nm on the image of the
100% PHSRN-GRGDSP surface (Figure 41) suggests that
some of the headgroups of peptide-amphiphiles are bent
(the fully extended headgroup length of PHSRN-GRGDSP
is calculated to be 7.3 nm®®). Cross-sectional analysis of
the images of 75 mol % (Figure 4H), 50 mol % (Figure 4G),
and 40 mol % (Figure 4F) PHSRN-GRGDSP surfaces
indicated that the height differences between darker and
lighter domains are in the range of 1.5—5.5 nm, which is
within the upper limit of the 5.7-nm height difference
between the PHSRN-GRGDSP and PEG120 headgroups
for fully extended headgroups (the PEG120 headgroup
length used here is 1.6 nm®7). The phase images of 40, 50,
and 75 mol % PHSRN-GRGDSP mixtures (Figure 4F—H)
are similar to the one of the pure PHSRN-GRGDSP surface
(Figure 41) in that there are no significant color variations
throughout the image. Thus, taking into account the
topography of the 100% PHSRN-GRGDSP (Figure 41),
mixtures at 40, 50, and 75 mol % PHSRN-GRGDSP (Figure
4F—H) are considered to be mixed compared to phase-
separated ones (10, 15, 25, and 35 mol % PHSRN-
GRGDSP, Figure 4B—E).

The AFM images of the surfaces with PHSRN-GRGDSP
content below 40 mol % show domain formation (Figure
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4B—E). Cross-sectional height analysis of the AFM image
of the 25 mol % PHSRN-GRGDSP membrane (Figure 4D)
provided a height difference of approximately 2 + 0.4 nm
between the discrete darker flower shape domains and
the continuous phase. Although compression of the
membranes by the AFM tip and forces between the tip
and sample may affect the measurements (the more fluid
matrix can be compressed at a greater extent than the
solid domains), the 2 + 0.4 nm height difference is within
the range difference between the theoretical length of the
PHSRN-GRGDSP and PEG120 fully stretched head-
groups. This observation along with the phase difference
between the isolated domains and the surrounding matrix
(phase image in Figure 4D) suggests that the isolated
flowerlike domains consist primarily of the PEG120
amphiphiles in condensed state, whereas the PHSRN-
GRGDSP amphiphiles in a more fluid state constitute the
continuous network. Additional features on the AFM
image of 25 mol % PHSRN-GRGDSP—75 mol % PEG120
mixture can also be seen in Figure 4D. First, the
continuous phase (PHSRN-GRGDSP) has smaller dark
domains that appear to be PEG120 on the basis of the
height difference of approximately 5 nm compared to the
surrounding matrix. Second, in the middle of most of the
dark flower shape domains on the height image, one can
see very tall features (bright color on the height image).
This is also evident on the phase image of Figure 4D as
dark spots in the middle of the bright flower shape
domains, which implies that there is a difference in the
surface physical characteristics of the bright flower and
the dark center, such as for example elasticity, and may
be attributed to impurities trapped in the middle of the
PEG120 crystalline domains. These impurities are also
observed on the height and phase images of 100% PEG120
(Figure 4A).

The fraction of the surface area of the 10, 15, 25, and
35 mol % PHSRN-GRGDSP images occupied by darker
domains decreases as PEG120 concentration is reduced
(Figure 4B—E). This observation along with the height
measurements and bearing analysis (which provides
information on the distribution of surface levels) suggests
that the darker domains on these images correspond to
the condensed PEG120 phase. Thus, mixtures at 10, 15,
25, and 35 mol % of PHSRN-GRGDSP exhibit phase
separation into the condensed PEG120 domains and an
expanded PHSRN-GRGDSP matrix (Figure 4B—E). How-
ever, the shape of the PEG120 domains and their size
vary with monolayer composition. The 90 mol % PEG120
mixture (Figure 4B) displays mostly round-shape domains
of PEG120 of varying size, with some of them being
interconnected. As the PEG120 concentration decreases
to 85 mol % (Figure 4C), the domains become smaller and
more evenly dispersed throughout the image. The 75 mol
% PEG120 image (Figure 4D) reveals larger flowerlike
domains of PEG120, which decrease in size as the
concentration of PEG120 decreases to 65 mol % (Figure
4E). Additional smaller dark areas of irregular shape are
visible on all the images but are more pronounced in Figure
4D-E.

The shape of the domains is thought to be controlled by
a combination of electrostatic repulsion and interfacial
line tension along the boundaries, which act in opposite
directions. Electrostatic repulsion and the presence of
impurities tend to favor elongated domains, whereas line
tension (solid—fluid interfacial free energy) favors more
circular domains.”™ In the initial steps of domain formation,

(75) Keller, D. J.; McConnell, H. M.; Moy, V. T. J. Phys. Chem. 1986,
90, 2311.
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Figure5. Surface pressure—areaisotherms of NTFR, PEG120,
and their mixtures on a DI water subphase at pH 10 and room
temperature. Molar percentages of NTFR in NTFR/PEG120
mixtures are shown for each isotherm.

which in general can be understood as a diffusion-limited
aggregation process, a rough domain boundary is favored.5°
During the growth period, the line tension tends to smooth
the boundary, leading to the formation of regular shape
domains such as disks, lamellae, or spirals.®® However, in
other cases, smoothing may not be complete over the
duration of the experiment, and as a result irregular-
shaped structures, such as flowers or clover leaves, are
formed.% In our study, such an effect was more pronounced
for the 75 mol % PEG120 mixture (Figure 4D), which
exhibits larger and more isolated flowerlike domains.

To investigate the effect of the concentration and
subphase pH on the miscibility of binary mixtures of
peptide-amphiphiles with a different bioactive headgroup
and lipidated PEG120, compression LB isotherms of NTFR
peptide-amphiphiles and their mixtures with PEG120 at
the air/water interface were recorded at room temperature
and pH 10 (Figure 5). Here, deposition was done from
water at pH 10, however, membranes were stored and
imaged in MilliQ Biocell water of pH around 7. For the
pure NTFR isotherm, an expanded phase was detectable
at 3.6 nm%*molecule that underwent a noticeable transition
at 1.6 nm?molecule (LE—LC coexisting region) and was
compressed into a condensed phase at surface pressures
greater than 25 mN/m before it collapsed above 60 mN/m.
The LE—LC coexisting region observed for the 100% NTFR
isotherm persists on the isotherms of the NTFR — PEG120
mixtures, although the range of the mean molecular areas
corresponding to this transition diminishes with increas-
ing PEG120 concentration. Additionally, Figure 5 shows
a “hump” on the isotherms of the peptide-amphiphile
mixtures with PEG120, similar to the one observed in
Figure 1, which is believed to be associated with a
transition of the long peptide headgroups from a globular
to an extended conformation at the air/water interface.>%58
For the NTFR—PEG120 mixtures, the surface pressure
gradually increased as the NTFR—PEG120 monolayers
were compressed, and at surface areas of 0.32—0.35 nm?/
molecule no further compression was possible and the
mixed monolayers collapsed at surface pressures of
approximately 60—62 mN/m. The shape of the pure
PEG120 isotherm recorded on a subphase at pH 10 is
similar to the one at pH 7 (Figure 1) with a well-pronounced
LE—LC coexisting region and collapse pressure at around
60 mN/m. However, the onset of the LE phase for the pure
PEG120 at pH 7 was detected at a higher mean molecular
area (1.3 nm?% molecule) versus the one at pH 10 (0.9 nm?%
molecule).
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Figure 6. Height (left) and phase (right) images (tapping mode
AFM in DI water at pH 6.5—7, as collected from the MilliQ
Biocell system) of NTFR—PEG120 mixtures, deposited at room
temperature and subphase pH 10. Third-order flattening was
applied to all the images and a low pass filter to the 100 and
75 mol % NTFR images to remove the noise. The bar corresponds
to 5 um. (A) Scale bars for height and phase images; (B) 100%
PEG120,10 x 10 um;(C) 25 mol % NTFR and 75 mol % PEG120,
50 x 50 um; (D) 25 mol % NTFR and 75 mol % PEG120, 15 x
15 um, zoom-in of the areas outlined on image C; (E) 35 mol %
NTFR and 65 mol % PEG120, 50 x 50 um; (F) 65 mol % NTFR
and 35 mol % PEG120, 50 x 50 um; (G) 75 mol % NTFR and
25 mol % PEG120, 50 x 50 um; (H) 100% NTFR, 10 x 10 um.

AFM images of the NTFR/PEG120 monolayers, depos-
ited on hydrophobized mica from a subphase at pH 10,
are presented in Figure 6. These monolayers were found
to exhibit extensive lateral separation into condensed
PEG120-rich domains and a liquidlike NTFR matrix at
all compositions (representative concentrations of mix-
tures are shown in Figure 6C—G).

Bearing and cross-sectional height analysis of the NTFR/
PEG120 mixtures was used to evaluate composition of
the domains observed on the AFM images. Following this
analysis, we assigned isolated domains to a condensed
PEG120-rich phase and the surrounding matrix to a more
expanded NTFR-rich phase (Figure 6) on the basis of the
following evidence. First, solidlike PEG120 domains are
expected to be 5.7 nm shorter than the more fluidlike
NTFR matrix (the fully extended NTFR headgroup is
calculated to be approximately 7.3 nm®® and the PEG120
headgroup is 1.6 nm®2). The height differences between
the darker domains and the continuous phase for the 25,
35, 65, and 75 mol % NTFR surfaces (Figure 6C, E—G)
were estimated using cross-sectional height analysis of
the AFM images to be 4.2 &+ 0.3 nm, 3.65 + 0.32 nm, 3.5
+0.75nm, and 3.9 £ 0.68 nm, respectively, which is within
the maximum 5.7 nm theoretical height difference between
the NTFR and PEG120. Additionally, the dark pinhole
domains, dispersed within the lighter NTFR matrix, for
example, on the 75% PEG120 mixture (Figure 6D), are of
the same 4.5 nm depth as the larger, dark round-shaped
domains (Figure 6D), which is within the 5.7 nm theo-
retical difference between NTFR and PEG120 fully
stretched headgroups. This observation suggests that some
of the PEG120 molecules are dispersed throughout the
liquid-expanded (LE) NTFR matrix. Second, bearing
analysis of the height images provided evidence that the
fraction of all the shorter (dark color) areas increased
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Figure 7. Area fraction of the shorter domains on the NTFR—
PEG120 LB films, measured using bearing analysis of the AFM
height images in Figure 6 versus the molar fraction of PEG120
in the mixture (Xpgci20). The line represents the linear fit to the
data with slope = 0.973 and correlation coefficient R% = 0.99.

linearly with increasing PEG120 mol fraction (for xpgg120
= 0.25—0.75), as would be expected if the shorter, dark
color areas were PEG120 (Figure 7). Additional features
observed on the 100% NTFR monolayer are small dark
areas of an average depth of 8.8 &+ 1 nm (Figure 6H),
suggesting that there could be missing peptide-amphiphile
molecules within the monolayer (total theoretical length
of the fully stretched NTFR peptide-amphiphile was
calculated to be approximately 8.9 nm®?).

The shape of the PEG120 domains changes as the
PEG120 concentration decreases from mostly round
(spherical or bean-shaped) for the 75% and 65% PEG120
(Figure 6C—E) to flowerlike for the 35% PEG120 (Figure
6F) and elongated flowers for the 25% PEG120 image
(Figure 6G). The round-shaped domains observed on the
75% PEG120 (Figure 6C and D) image seem to aggregate
into clusters on the image of the 65% PEG120 monolayer
(Figure 6E) and into flowerlike domains for the 35%
PEG120 (Figure 6F).

Interestingly, as can be seen in Figure 4B—E and in
Figure 6C—G, when the PEG120 concentration decreases
(to a different extent for these two systems), the shape of
the condensed PEG120 domains changes from mostly
round to flowerlike of varying size. Flowers usually form
when the boundaries of the domains are not smoothed by
the line tension (i.e., interfacial free energy between solid
domains and fluid matrix) during the experiment, which
suggests that most probably more time is required for the
line tension to give a smoother boundary when there is
less PEG120 present in the monolayer.

To investigate the effect of subphase pH on miscibility
and pattern formation in peptide-amphiphile/phospholipid
mixtures, NTFR peptide-amphiphiles were mixed with a
short phospholipid DPPC at 50 and 75 mol % NTFR. AFM
images of these surfaces were recorded and analyzed
similarly to the NTFR—PEG120 mixtures. Figure 8
presents topography and phase AFM images of NTFR-
DPPC mixtures deposited from water subphase at pH 7
and 10. All images were taken at room temperature in
tapping mode in DI water at pH 6.5—7 (as collected from
the MilliQ Biocell system). Absence of any pronounced
features on the phase images of the 50% NTFR—-50%
DPPC (Figure 8A) and 75% NTFR—25% DPPC (Figure
8B) surfaces deposited at pH 7 suggests that the NTFR
and DPPC formed mixed interfaces at these concentra-
tions. For comparison, AFM images of the 50% NTFR—
50% DPPC and 75% NTFR—25% DPPC surfaces deposited
at pH 10 are shown in Figure 8C—D, respectively.
Extensive lateral phase separation is observed for both
the NTFR/DPPC mixtures tested, similar to NTFR/
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Figure 8. Comparison of NTFR-DPPC membranes deposited
at neutral and alkaline pH. Height (left) and phase (right)
images (tapping mode AFM in DI water at pH 6.5—7, as collected
from the MilliQ Biocell system) of NTFR-DPPC mixtures,
deposited at room temperature from DI water subphase at
indicated pH. Allimages are 15 x 15 um. Third-order flattening
and a low pass filter was applied to all the images. (A) 50 mol
% NTFR and 50 mol % DPPC deposited at pH 7. (B) 75 mol %
NTFR and 25 mol % DPPC deposited at pH 7. (C) 50 mol %
NTFR and 50 mol % DPPC deposited at pH 10. (D) 75 mol %
NTFR and 25 mol % DPPC deposited at pH 10. (E) Scale bars
for height and phase images.

PEG120 mixtures (Figure 6). Cross-sectional analysis of
the height images of 75% NTFR—25% DPPC (Figure 8D)
and 50% NTFR—50% DPPC (Figure 8C) surfaces indicated
that the height differences between the shorter (DPPC)
domains, shown with a dark color, and the taller (NTFR)
domains, shown with a light color, are 3.06 + 0.50 nm,
which is within the upper limit of the 6.2-nm height
difference between the NTFR and DPPC for fully extended
headgroups. The NTFR headgroup was calculated to be
approximately 7.3 nm and the DPPC headgroup length
was 1.15 & 0.15 nm for solid-phase monolayers.®

The NTFR peptide has a negative charge at both pH 7
and pH 10. PEG120, on the other hand, is a nonionic
surfactant which has been shown to acquire a negative
charge at both pH 7 and 10 via preferential adsorption of
hydroxyl ions.””’® When mixed with NTFR at pH 10,
PEG120 separates into solidlike domains within the
continuous matrix of NTFR at all concentrations (Figure
6). Likewise, when NTFR is mixed with DPPC at pH 10,
which is neutral at this pH,” phase separation occurs for
both of the compositions tested (50 and 75 mol % NTFR,
Figure 8C—D). However, when NTFR/DPPC mixtures are
deposited from subphase at pH 7, well-mixed interfaces
are formed (Figure 8A—B). Additionally, when PHSRN-
GRGDSP, which has an overall positive charge at pH 7,
is mixed with lipidated PEG120 (with acquired negative

(76) Brumm, T.; Naumann, C.; Sackmann, E.; Rennie, Ar.; Thomas,
R. K,; Kanellas, D.; Penfold, J.; Bayerl, T. M. Eur. Biophys. J. 1994, 23,
289.

(77) Chan, Y.-H. M.; Schweiss, R.; Werner, C.; Grunze, M. Langmuir
2003, 19, 7380.

(78) Kreuzer, H. J.; Wang, R. L. C.; Grunze, M. JJ. Am. Chem. Soc.
2003, 125, 8384.

(79) Liu, h.; Lu, R. Z.; Turcotte, J. G.; Notter, R. H.J. Colloid Interface
Sci. 1994, 167, 378.
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charge at pH 7 in water) on the subphase at pH 7, phase
separation occurs in a concentration-dependent manner
(Figure 4). In all cases, however, when phase separation
occurs and patterns are formed, independent of whether
the peptide headgroup has a positive or a negative charge,
the PEG120 and DPPC form isolated solidlike domains
within a peptide-amphiphile fluidlike continuous matrix.

Thus, mixing behavior of peptide-amphiphile/phospho-
lipid mixtures and pattern formation can be controlled by
varying peptide-amphiphile concentration or subphase
pH. These parameters can be easily adjusted and thus
offer a convenient way for creating biomimetic patterned
membranes. Additionally, the shape and size of the
patterns seem to be influenced by line tension, diffusion,
and the time that these mixtures are let to equilibrate
before deposition. However, the effect of these parameters
was not investigated in detail in this study. Instead, time
intervals between spreading and compression as well as
time between compression and deposition were kept the
same for all the mixtures.

Conclusions

The focus of this study was to investigate the mixing
behavior in binary mixtures of peptide-amphiphiles and
lipidated PEG120 or phospholipids as well as to study the
morphology and pattern formation in supported LB
membranes. Thermodynamic analysis of surface pres-
sure—area LB isotherms for peptide-amphiphile/PEG120
mixtures on DI water subphase was performed to evaluate
the extent of miscibility of the two molecules. AFM was
used to obtain high-resolution images of supported LB
membranes and thus to characterize their surface topog-
raphy and pattern formation. The effect of monolayer
composition and subphase pH on surface morphology was
investigated.

Our results demonstrated that patterned interfaces can
be created and manipulated using peptide-amphiphiles
along with commonly studied phospholipids in a concen-
tration- or pH-dependent manner. Analysis of the AFM
images of the phase-separated membranes indicated that
the isolated domains consisted mainly of condensed
lipidated PEG120 or DPPC, whereas the continuous
matrix was attributed to a more fluidlike peptide-
amphiphile (PHSRN-GRGDSP or NTFR). The PHSRN-
GRGDSP peptide-amphiphile exhibited a concentration-
dependent phase separation at pH 7. Additionally, for the
NTFR peptide-amphiphile, the subphase pH at deposition
had a pronounced effect on the miscibility, thus providing
another way to control (or induce) phase separation in
phospholipid/peptide-amphiphile mixtures. These two
parameters, concentration and pH, are easy to control
and thus can be employed in creating bioactive surfaces
with desired patterns of differing functionalities.
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