1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

fg)%
S

O

R HE

,NS

N4

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Small. 2014 February 12; 10(3): 500-505. doi:10.1002/smll.201300254.

Electrostatic Control of Structure in Self-Assembled Membranes

Dr. Ronit Bitton’,
Institute for BioNanotechnology in Medicine, Northwestern University, Chicago, IL, 60611, United
States

Dr. Lesley W. Chow,
Department of Materials Science and Engineering, Northwestern University, Evanston, IL, 60208,
United States

R. Helen Zha,
Department of Materials Science and Engineering, Northwestern University, Evanston, IL, 60208,
United States

Dr. Yuri S. Velichko,
Department of Materials Science and Engineering, Northwestern University, Evanston, IL, 60208,
United States

Dr. E. Thomas Pashuck, and
Department of Materials Science and Engineering, Northwestern University, Evanston, IL, 60208,
United States

Prof. Samuel I. Stupp

Department of Materials Science and Engineering, Northwestern University, Evanston, IL 60208,
United States; Department of Chemistry, Northwestern University, Evanston, IL 60208, United
States; Department of Medicine, Northwestern University, Chicago, IL, 60611, United States;
Institute for BioNanotechnology in Medicine, Northwestern University, Chicago, IL, 60611, United
States

Samuel I. Stupp: s-stupp@northwestern.edu

Abstract

Self-assembling peptide amphiphiles (PAs) can form hierarchically ordered membranes when
brought in contact with aqueous polyelectrolytes of the opposite charge by rapidly creating a
diffusion barrier composed of filamentous nanostructures parallel to the plane of the incipient
membrane. Following this event, osmotic forces and charge complexation template nanofiber
growth perpendicular to the plane of the membrane in a dynamic self-assembly process. In this
work, we show that this hierarchical structure requires strong interactions between PA molecules
and polyelectrolyte molecules, suggesting the importance of rapid diffusion barrier formation.
Strong interactions are introduced here through the use of heparin-binding PAs with heparin and
also with polyelectrolytes of varying charge density. Small angle x-ray scattering shows that in the
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case of weak PA-polyelectrolyte interaction, membranes formed display a cubic phase ordering on
the nanoscale that likely results from clusters of PA nanostructures surrounded by polyelectrolyte

chains.

Keywords

self-assembly; peptide amphiphiles; ordered membranes; SAXS; polyelectrolyte-supramolecular
polymer complex

1. Introduction

Over the past several decades, electrostatically-driven self-assembly has been demonstrated
as a powerful tool to prepare novel and complex nanostructured materials from various
molecular building blocks.[1-10] Controlled self-assembly of charged nanostructures into
hierarchically ordered materials similar to those found in biological systems, however,
remains an interesting challenge. Recently, our laboratory reported on a unique self-
assembly process at the interface of two aqueous solutions, one containing positively
charged peptide amphiphiles (PAs) and the other containing negatively charged high
molecular weight hyaluronic acid (HA).[®] The PAs used in the study consist of an alky! tail
covalently bound to an amino acid sequence with the propensity for f-sheet formation
adjacent to a charged peptide sequence.l®: 6 11-14] These PA molecules can self-assemble
into high aspect ratio cylindrical nanofibers due to hydrophobic collapse of the alky! tails
and p-sheet formation,[13] especially in the presence of electrolytes that can screen charged
residues. When a solution of the positively charged PA molecules comes in contact with a
solution of negatively charged HA, a dense fibrous layer forms in millisecond time scales in
the plane of the liquid-liquid interface that acts as a diffusion barrier to prevent mixing of
the two solutions.[®: 151 An imbalance in ionic osmotic pressure between the PA and HA
solution compartments prevents diffusion of PA supramolecular aggregates and instead
promotes reptation of long HA chains through the diffusion barrier into the PA solution over
time. As a result, the hierarchical structure of the HA/PA membrane has been shown to
include three zones (Figure 1):[% 131 An amorphous gel layer, a region of nanofibers parallel
to the interface that make up the diffusion barrier, and a third zone that thickens in time.
This latter zone contains nanofibers that consist of electrostatically-complexed PA and HA
and are oriented perpendicular to the interface (Figure 1A). Because electrostatic
complexation between simple surfactants and polyelectrolytes typically results in
particulates and precipitates,[16: 17 formation of membrane-like materials from these
components generally relies on post complexation processes such as solvent evaporation or
casting to form cohesive films.[18 19. 201 The membranes discussed here, however, exhibit
ordered microstructures solely due to molecular interactions between PA nanostructures and
polyelectrolytes without additional processing.

As PAs can be designed to display bioactive peptide sequences on the surfaces of the
supramolecular nanofibers they form, the assembled membranes can also incorporate
bioactivity. Examples include our recent work on membranes incorporating PA displaying
an anti-cancer cytotoxic sequencel?!] or the heparin binding sequence LRKKLGKA to
promote angiogenesis.[14 221 This heparin-binding PA (HBPA; Figure1B) was designed to
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specifically bind the sulfated polysaccharide based on the Cardin-Weintraub consensus
sequence XBBBXXBX (where X is a hydrophobic amino acid and B is a basic amino
acid).[¥4] In our previous work, we found that the incorporation of heparin into the
membrane in conjunction with hyaluronic acid (Figure 1B) changes membrane
microstructure and mechanical properties.[22] It was found that a critical concentration of
heparin (between 0.25 wt% and 0.5 wt%) in solution with HA is required to achieve the
three-zone hierarchical membrane morphology. This observation resulting from the
inclusion of heparin motivated the current work, which utilizes small angle X-ray scattering
(SAXS) and electron microscopy to understand the mechanistic details involved in
hierarchical organization of these membranes formed through electrostatic interactions.

and Discussion

Membrane morphological differences using different compositions of HBPA, HA, and
heparin were obvious at macroscopic scales in closed membranes taking the form of
spherical sacs. The sac membrane is opaque in the absence of heparin and becomes more
transparent with increasing heparin concentration (Figure S1). The micron-scale structural
features shown in SEM micrographs (Figures 2 and S2) reveal that 0 wt%, 0.1 wt%, and
0.25 wt% heparin membranes are thicker and lack the three-zone hierarchical structure. As
seen previously,[22] only at a heparin concentration above a critical value between 0.25 wt%
- 0.5 wt% did the membrane organize into the three-zone hierarchical structure containing
perpendicular nanofibers.

Using SAXS, we found that the scattering pattern as a function of the wave vector q of
heparin-free membranes exhibits sharp Bragg peaks, which are characteristic of a well-
ordered structure, overlaying a broad form factor peak (Figure 2B). Upon increasing heparin
concentration, these Bragg peaks become smaller and eventually disappear, indicating loss
of nanoscale crystalline order. At 0.5 wt% heparin, only a broad form factor (qnax = 0.08
A1y was observed. In order to interpret the membrane scattering patterns, we analyzed the
scattering of HA and HBPA solutions alone (Figure 2C). The scattering pattern of 2 wt%
HBPA was fitted to a cylindrical core-shell form factor (Figure S3) given by Equation S3, as
the -1 slope in the Guinier (low ) region is indicative of a cylindrical shape. The best fit to
this model, represented by the dotted blue line in Figure S3, yielded a core radius of 16.3 A,
shell thickness of 44.5 A, and polydispersity of 0.3. These dimensions are approximately in
line with the total diameter of HBPA nanofibers seen in cryo-TEM (Figure S3A) and of PA
nanofibers seen previously in literature.[23] The fitted parameters are presented in the
caption of Figure S3. Interestingly, the scattering pattern of this 2 wt% HBPA solution is
similar to the scattering curve of the 0.5 wt% heparin sac membrane (Figure 2B). The
similarity between these two scattering curves indicates that HBPA cylindrical structures are
the dominant contributors in the membrane scattering profile of sacs made with HBPA
above the critical concentration.

The contribution of free HA chains to the scattering pattern of the sac membranes is minimal
due to the complexation of HA with PA fibers. However, at the very beginning of the
complexation process (i.e. short incubation times), not all of the HA has complexed with the
PA and free HA thus can still contribute to the scattering. The scattering pattern of 1 wt%
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HA solution (Figure 2C) exhibits a correlation peak at qmax = 0.06 A1, which represents the
distance between polymer chains and is characteristic of polyelectrolyte solutions without
added salt.[24-26] A time dependence study of the heparin-free HA/HBPA membrane
nanostructure (Figure 2D) shows that the first minima in the form factor moves with
incubation time from smaller to larger momentum vectors. The change in minima position is
likely due to the overlap of the HA correlation peak at qmax = 0.06 A1, which disappears
with longer incubation time, with the PA form factor minima (Figure 2C).

The Bragg peaks in the scattering profile of membranes made with heparin below the critical
concentration indicate that an ordered nanoscale structure emerges as early as three minutes
after initiation of self-assembly among the components. This suggests that organization into
a crystalline structure occurs very rapidly after the initial complexation. The well-defined
ordering is clearly observed after 45 minutes and remains unchanged after four hours. Using
the Bragg diffraction equation (nA = 2dsiné), where @is indicated by the wave vector g, the
d-spacing calculated from the position of the first Bragg peak is 7.3 nm. The relative
positions of the Bragg peaks follow a spacing ratio of 1:v2:v3:V4:v5, which is the
characteristic scattering pattern of a cubic phase.[27-30] This spacing ratio does not fit with
Pm3n or la3d bicontinuous cubic phases typical for surfactant-polyelectrolyte
complexes.[27: 29, 31, 32] ynfortunately, the exact ordering (e.g. simple cubic or body
centered cubic) could not be determined since there are not enough peaks in the scattering
scan. The size scales of ordered domains were estimated from Bragg peaks in the scattering
patterns by fitting them to Gaussian profiles. The crystallite size calculated according to
equation S4 was found to be 0.5-1.0 pm.

As SAXS and cryo-TEM (Figure S3) of 2 wt% HBPA solution shows cylindrical HBPA
aggregates, hexagonal or lamellar packing would be expected and organization within the
membrane into the observed cubic phase is therefore counterintuitive. However, a small
number of spherical and shorter cylindrical nanostructures were also found to coexist with
cylindrical nanofibers. Cubic phases containing spheres and short rods have been reported
for several polyelectrolyte-surfactant complexes.[33-35] It has been suggested that the
surfactants form small spherical or short rod-like micelles with polyelectrolyte chain loops
wrapped around the clusters.[3¢] A membrane made with HA and a PA designed to form
only spherical micelles also exhibited a cubic phase as seen by SAXS (Figure S4). The
scattering pattern of this membrane shows three Bragg peaks with a spacing ratio
characteristic of a face centered cubic (FCC) phasel3L: 371 with a lattice constant of 7 nm
(Figure S4). This result suggests that organization into the observed cubic phase is due to
wrapping of HA chains around smaller HBPA aggregates.

Interestingly, SEM shows development of the hierarchical three-zone microstructure only
with 0.5 wt% heparin, while SAXS data demonstrates nanoscale cubic phase ordering only
with heparin concentrations of 0.25 wt% or lower. This change in the membrane structure at
the nano- and micro-scales clearly points to variations in the mechanism of membrane
formation above and below a critical heparin concentration. As was previously suggested,
the three-zone hierarchical structure can only develop if a dense diffusion barrier is formed
immediately at the interface between the PA and HA solutions.[®] The lack of this
morphology in the absence of a critical heparin concentration suggests that heparin is
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essential for the formation of this barrier in this self-assembly system involving HPBA,
heparin, and HA. HBPA molecules are designed to bind specifically to heparin;[14. 38. 391 jt
is therefore reasonable to assume that the HBPA-heparin association should dominate over
the HBPA-HA association due to heparin specific binding. Additionally, heparin has a
charge density three times larger than HA, thus at lower heparin concentrations the HBPA-
heparin aggregation dominates over the HBPA-HA interactions. Such interactions with
heparin can facilitate massive aggregation of HBPA molecules, which exist in aqueous
solution as micelle or fiber-like nanostructures with a hydrophobic core and a highly
cationic surface, upon charge complexation with HA. Assuming that HBPA-heparin
interactions must be saturated for diffusion barrier formation, the HA-to-heparin charge ratio
(1:3) may suggest the critical heparin concentration to be equal to 0.33 wt %, which is in
good agreement with our experimental observations. We thus hypothesize that the nano-
scale aggregation state of HBPA at the onset of membrane self-assembly plays a crucial
role.

Polyelectrolyte-surfactant complexation has been studied extensively experimentally and
theoretically over the past few decades.[33 40. 411 However, the structure of the membrane
studied here develops dynamically, wherein both PA and HA components complex upon
contact and further self-assembly is governed by balance between directional diffusion and
aggregation.[42] The polyelectrolyte electrostatic charge (i.e. zeta potential) could
significantly affect aggregation at the interface and, consequently, the structure of the
membrane. To examine how the electrostatic charge of the polyelectrolyte component
affects the self-assembly, we formed membranes using HBPA and several polyelectrolytes
of different charge density (Figure 3) but without addition of heparin. We used A-
carrageenan that has a similar chemical composition and charge density to that of heparin
and is thus expected to interact with HBPA in a similar manner. We also formed two other
heparin-free HBPA sacs with alginate (twice as charged as HA) and poly(acrylic acid)
(PAA). The difference in total electrostatic charge between polyelectrolytes is also evident
from the zeta potential () measurements of their aqueous solutions (Figure S5).1] As
expected, the highest € was of alginate in water and the £ of PAA in water was similar to that
of HA. The SAXS patterns of both the HBPA/A-carrageenan and HBPA/alginate membranes
show a similar structure to that of the 0.5 wt% heparin/HBPA/HA sac (Figure 3B). At the
same time, the SAXS pattern of the HBPA/PAA sac exhibits Bragg peaks similar to that of
the heparin-free HBPA/HA sac. The spacing ratio of these peaks is also characteristic of a
cubic phase with a lattice parameter (calculated for a simple cubic) of 6 nm for the
HBPA/PAA sac. These results suggest that formation of the nano-ordered heparin-free HA/
HBPA and PAA/HBPA membranes is supported by diffusion of small HBPA aggregates
into the polyelectrolyte compartment. On the other hand, addition of heparin to HBPA or
use of highly anionic alginate and A-carrageenan as the polyelectrolyte promotes the rapid
assembly of HBPA into a large network of cylindrical fibers. These results suggest that the
polyelectrolyte charge density can control the micro- and nanostructure of the membrane by
affecting diffusion barrier formation during electrostatically-driven self-assembly of HBPA
and polyelectrolyte.
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3. Conclusions

We conclude that remarkable differences in the structure of membranes formed by
oppositely charged polyelectrolytes and HBPA in water are dependent on the aggregation
process at the interface (Figure 4). Systems that promote massive self-assembly of PA into a
nanofibrous network results in hierarchically ordered membranes with orthogonally aligned
nanofibers. Without such aggregation, membranes formed are non-fibrous and contain a
phase with cubic symmetry and nanoscale periodicities. These differences in structured
membranes could lead to profound changes in their physical properties and potential
functions.

4. Experimental Section

HBPA Synthesis/Purification

The heparin-binding peptide amphiphile (HBPA) was synthesized using standard fluoren-9-
ylmethoxycarbonyl (Fmoc) solid phase peptide synthesis as previously reported!!4] and
purified using reversed phase high performance liquid chromatography (HPLC) in an
acetonitrile/water gradient under acidic conditions with trifluoroacetic acetate (TFA, 0.1%).
To improve biocompatibility of the purified HBPA, residual TFA counter ions were
exchanged by sublimation from HCI (0.01M). After lyophilization from the HCI solution,
HBPA was resolubilized in deionized water and sodium hydroxide to raise the pH to 7.2.
The HBPA was lyophilized again and stored at -20°C until needed.

Membrane/Sac Formation

The molecular weight of HA used in all experiments had an average molar mass of 1.76
MDa and was purchased from Lifecore Biomedical, Inc (Chaska, MN). Porcine-derived
heparin sodium salt was purchased from Sigma. Four different HA/heparin biopolymer
formulations containing HA (1 wt%) with heparin (0 wt%, 0.1 wt%, 0.25 wt%, or 0.5 wt%)
were prepared by mixing HA and heparin as powders prior to solubilizing in nanopure water
unless otherwise noted. Biopolymer solutions were prepared at least 24 hours before use,
and lyophilized HBPA was solubilized in nanopure water at 2 wt% immediately prior to use.
For all experimental groups, a drop of polymer solution (10 pL) was immersed into PA
solution (50 pL) to form a spherical, enclosed sac as previously discussed.[15] PA solution
(30 uL) was added on top to seal the sac. Sacs were allowed to incubate at room temperature
for 8 hrs. Sac formation using drop shape analysis (DSA) used for optical images was
described previously.[1°]

SEM of Membrane Cross-Section

Sacs were removed from the PA solution and washed with water to remove excess PA.
Samples were fixed in glutaraldehyde (2%) with sucrose (3%) for 1 hr at 4°C then
dehydrated in an ethanol gradient from 20% to 100% ethanol in water. Critical point drying
was performed with a Tousimis SAMDRI-795 critical point dryer. Dried samples were
manually torn to expose the cross section then coated with 15 nm of osmium using an
osmium plasma coater (Structure Probe, Inc.). Samples were imaged using a Hitachi S-4800
field emission scanning electron microscopy using an accelerating voltage of 3 kV.
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Cryogenic transmission electron microscopy (cryo-TEM) was performed on a JEOL 1230
microscope with an accelerating voltage of 100kV. A Vitrobot Mark IV equipped with
controlled humidity and temperature was used for plunging samples. A small volume of the
sample (5-7 pL) was deposited on a copper TEM grid with holey carbon support film
(Electron Microscopy Sciences) and held in place with tweezers mounted to the Vitrobot.
The specimen was blotted in 90-95% humidity and plunged into a liquid ethane reservoir
that was cooled by liquid nitrogen. The vitrified samples were transferred in liquid nitrogen
to a Gatan 626 cryo-holder through a cryo-transfer stage and imaged using a Hamamatsu
ORCA CCD camera.

Small Angle X-ray Scattering

SAXS measurements were performed using beam line 5ID-D, in the DuPont-Northwestern-
Dow Collaborative Access team (DND-CAT) Synchrotron Research Center at the Advanced
Photon Source, Argonne National Laboratory. An energy of 15keV corresponding to a
wavelength A = 0.83 A was selected using a double-crystal monochromator. The data were
collected using a CCD detector (MAR) positioned 245 cm behind the sample. The scattering
intensity was recorded in the interval 0.008< q < 0.25 A-1. The wave vector defined as q = (4
w1 2) sin(@/ 2), where 0 is the scattering angle. The exposure times were between 2-8 s
depending on the sample.

Solution samples were placed in 1.5 mm quartz capillaries. Sac samples were placed in a
water-filled customized sample holder made from Aluminum and mica sheets. The 2-D
SAXS images were azimuthally averaged to produce one-dimensional profiles of intensity, |
Vs (, using the two-dimensional data reduction program FIT2D. The scattering of sample
holder (capillary or costumed cell) with and without solvent (water) were also collected and
subtracted from the corresponding data. No attempt was made to convert the data to an
absolute scale.

Data analysis was based on fitting the scattering curve to an appropriate model by a least-
squares method using software provided by NIST (NIST SANS analysis version 7.0 on
IGOR).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic representation of one hemisphere in a closed sac with a hierarchically

structured membrane of three zones, (1) a gel phase, (2) parallel nanofibers in the plane of
the membrane, and (3) nanofibers perpendicular to the plane of the membrane.(B) Chemical
structures of HBPA, HA, and heparin (B).
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Figure 2.
Scanning electron micrographs of membrane cross-sections of HA/HBPA sacs self-

assembled with 0 wt% heparin and 0.5 wt% heparin (A). Small angle X-ray scattering
(SAXS) patterns of: 1 wt %HA / 2 wt% HBPA sacs self-assembled with varying
concentrations of heparin (B); solutions of 1 wt% HA and 2 wt% HBPA (C); and 1 wt%
HA/ 2 wt% HBPA sacs 3 minutes, 45 minutes, and 120 minutes after formation (D). Curves
were shifted vertically for visual convenience.
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Chemical structures of A-carrageenan, poly(acrylic acid), or alginate (A). SAXS of sacs self

assembled from HBPA with \-carrageenan, poly(acrylic acid) (PAA), or alginate (B).
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Figure4.
Schematic representation of the nanostructured membrane formed by peptide amphiphiles

(blue) and polyelectrolytes (red) in the case of weak aggregation (A) or strong aggregation
(B) at the interface. Massive interfacial aggregation of PA leads to a hierarchical membrane
structure in which nanofibers grow perpendicular to the diffusion barrier, while weak
interfacial aggregation creates membranes with a cubic phase of nanosphere aggregates
wrapped in polyelectrolyte chains.
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