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Positively Charged Surfactant-like Peptides Self-assemble
into Nanostructures
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A new type of surfactant peptide designed to mimic the properties of cationic lipid systems is described.
These cationic surfactant peptides are approximately 2 nm in length with a cationic, hydrophilic head
consisting of one to two residues of lysine or histidine followed by a hydrophobic tail of six alanine, valine,
or leucine residues. In water, these surfactant peptides form ordered structures with dynamic behaviors.
At pH below the pl values of the peptides, dynamic light scattering showed two distinct structural populations
with average diameters of 50 nm (>95%) and 100—200 nm (<5%). Transmission electron microscopy
visualization of quick-frozen samples revealed these populations to likely represent nanotubes and
nanovesicles, respectively, showing great interplay between them. Above the pl, these structures are
absent, having further self-assembled into large membranous sheets. These cationic surfactant peptides
are distinct from other anionic surfactant peptides and have different applications, possibly being useful
as carriers for encapsulation and delivery of a number of small water-insoluble molecules and large biological
molecular systems, including negatively charged nucleic acids.

Introduction

The advancement of science, biotechnology, and medical
technology generally requires the development of new
biological materials.!~® While traditional methods of
fabricating biomaterials through polymerizing organic
compounds and processing polymers have had tremendous
impact in medical science for abroad range of applications,
including scaffolds for tissue regeneration”® and controlled
drug deliveries,®1° the continued discovery of new bio-
materials requires new methods of creation. The intro-
ductions of molecular biology, recombinant DNA tech-
nology, and protein chemistry have provided alternatives
to the traditional way of producing these materials. New
materials based on biologically derived polymers, including
peptides, lipids, and oligonucleotides, have been shown to
exhibit properties beneficial to medical science® 4*"13and
will have significant implications in advances of future
generations of materials.

We previously described our recent efforts in developing
anionic surfactant peptides that undergo self-assembly
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to form well-ordered nanostructures.'~1% These anionic
peptides were molecular-designed and chemically syn-
thesized to mimic the properties of polymeric and lipid
surfactant molecules. One of the distinctive characteristics
is that these surfactant peptides have a hydrophobic tail
consisting of consecutive nonpolar amino acids, such as
glycine, alanine, valine, leucine, or isoleucine, and a
hydrophilic head consisting of the negatively charged
amino acid aspartic acid or glutamic acid. The size of those
surfactant peptides varies from 2.5 to 4.7 nm in length,
corresponding to 7 to 12 amino acids.'*"1%

We are interested in further expanding the functional
capabilities of self-assembling surfactant peptides by
introducing several cationic surfactant peptide systems.
These peptides are designed to mimic the surfactant
properties of cationic lipid molecules, which are less readily
amenable to modifications at the molecular level. This
class of surfactant peptides has a headgroup consisting
of one or two positively charged amino acids, such as lysine
or histidine, and a tail of six hydrophobic amino acids.
Molecular modeling showed that arginine’s large guani-
dine group may interfere with the self-assembly process;
thus, it was not used in the headgroups of the peptides
in this study. Like lipids and anionic surfactant peptides,
the cationic surfactant peptide molecules generally have
atendency to sequester their hydrophobic tails in aqueous
solutions by self-assembling themselves into nanostruc-
tures. This self-assembly phenomenon is similar to the
well-studied eventsin lipid, except that the nanostructures
are several orders of magnitude smaller, as lipid surfac-
tants generally form stable microstructures.16-18

These cationic surfactant peptides not only can be
readily designed at the single amino acid level but also
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are made through standard commercial peptide synthesis.
Furthermore, they can be easily modified and tailored to
interact with other surfactant molecules, sugars, and
proteins. They represent a new type of nanomaterial with
potential utilities for specific recognition, controlled drug
delivery, encapsulation, and delivery of negatively charged
nucleic acids into cells.

Materials and Methods

Peptide Designs, Synthesis, and Preparation. The ra-
tionale for peptide sequence design was to create a peptide
monomer of approximately phospholipid size containing a
hydrophilic head and a hydrophobic tail. Within this framework,
the peptide sequences were then designed with a constant length
hydrophobic tail and either one or two amino acids in the
headgroup. The hydrophobicity of the tail was varied by using
different amino acids. The hydrophilic moiety of the peptide is
supplied by the headgroup, where the number of positive charges
was varied. The various sizes of amino acid side chains also affect
self-assembly. The peptides presented here (Figure 1) were
selected from a wide range of positively charged sequences on
the basis that they were readily soluble in pure water. Those
peptides that were insoluble in water at all pH values have, at
present, not been studied further.

These peptides have two orientations. The peptides VgKy, LeK2,
AeK, VgH, and V¢K (Figure 1) were synthesized with a Rink
amide resin that bears no charge as the headgroup’s first amino
acid, continuing toward the acetylated N-terminus of the nonpolar
tail. These molecules contain one positive charge at the headgroup
for every charged amino acid in the sequence. In the opposite
arrangement, H,Vs and KV (Figure 1), a Rink amide resin which
bears no charge was used for the C-terminal amino acid of the
hydrophobic tail with a free N-terminus at the headgroup. This
arrangement allows a single lysine or histidine to bear two
positive charges at the N-terminus, one from the side chain and
one from the N-terminus.

All the peptides were commercially synthesized by SynPep,
Dublin, CA (www.synpep.com). These peptides were solubilized
in sterile water at a concentration of 1 mg/mL (1—2 mM) in small
scintillation glass vials and sterile filtered through a 0.2 um
filter. The solutions were then titrated to pH 4, pH 7, pH 9, or
pH 12 (+£0.02) using HCI or NaOH and sonicated for 5 min using
a sonicating water bath (Aquasonic Model 50HT from VWR
Scientific). The peptide solutions were stored for 2 days at room
temperature before dynamic light scattering measurements were
carried out.

Dynamic Light Scattering (DLS). Dynamic light scattering
experiments were performed with PDDLS/Batch (Precision
Detectors, Franklin, MA) on 200 L aliquots of the 1 mg/mL
peptide solutions. The Precision Deconvolve program was used
for the measurement of average diameter and plotted the
information as fractional distribution versus size. Each meas-
urement was consecutively repeated five times, and consistent
results were obtained. DLS is capable of detecting the presence
of nanostructures in solution but does not distinguish the
molecular organization and structure.

Quick-Freeze/Deep-Etch Sample Preparation for Trans-
mission Electron Microscopy (TEM). Quick-freeze/deep-etch
sample preparation for TEM followed the protocol described by
Magid.*® Aliquots (1—2 uL) of the peptides in water were placed
on 3-mm gold specimen carriers and frozen rapidly in liquid
propane (—180 to —190 °C) by using the TFD 010 plunge-freeze
and transfer device (BALTEC, Balzers, Principality of Liecht-
enstein). The quick-frozen samples were stored in liquid nitrogen
and transferred onto a cold stage (—180 °C) in the CFE-60 freeze—
fracture system (Cressington Scientific Instruments, Cranberry,
PA). The sample holder was then slowly warmed to —100 °C, and
the sample surface was etched for 30 min by placing a cooled
knife (—180 °C) directly above the samples. After etching, the
specimens were rotary-shadowed with a 20° platinum—carbon
gun. The estimated electron-dense coating thickness using this
method was ~1.5—2.0 nm, as determined by a quartz crystal
thin-film monitor. Replicas were strengthened by evaporation of
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Figure 1. Molecular models of the peptides; N— C orientations.
The subscript numbers represent the number of that amino
acid appearing consecutively in the sequence. The peptides were
synthesized in two orientations: with the headgroup at the
C-terminus (the top five peptides) and with the headgroup at
the N-terminus (the last two). The peptides are all ap-
proximately 2—3 nm in length and are geometrically larger at
the heads. The color scheme is as follows: carbon, green;
nitrogen, blue; oxygen, red. The theoretical pl values for the
peptides are calculated according to the peptide sequence
from the widely used website (http://www.expasy.ch/tools/
pi_tool.html). These theoretical pl values are for the peptide
monomers in solution, not for the assembled nanostructures.
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carbon at an angle of 90°. The thickness of the carbon surface
was ~15—20 nm. After shadowing, the sample with the replica
coating was stored in methanol overnight and then treated with
bleach to degrade the peptides. The remaining replicas were
washed several times in distilled water and floated onto copper
Gilder grids (Electron Microscopy Sciences, Fort Washington,
PA). The replicas were then examined using a JEOL 200CX
transmission electron microscope.

Results and Discussion

The cationic surfactant peptide sequences were designed
to mimic amphiphilic lipid molecules of approximately
2—3 nmwith a hydrophilic head and hydrophobic tail. We
used one or two positively charged lysine or histidine
groups as the headgroup to increase the solubility when
more hydrophobic leucine residues were used. Further-
more, when two lysines are used, it also increased the
peptide pl values to 10 instead of pl about 8.8 in the single
lysine samples. We also placed the positively charged
headgroups at either end of the peptides. Although having
the C-terminus at the headgroup was preferential for
solubility, no significant structural differences were
observed in the present study, suggesting surfactant
property does not depend on the orientation.

It is well-known that lipids, fatty acids, and organic
and polymeric surfactant molecules spontaneously self-
assemble in aqueous solution to form supramolecular
structures in an entropy-driven process of eliminating the
hydrophobic interactions between the hydrophobic tails
and water.'6~% This process is ubiquitous in nature, as it
is the hydrophobic interactions that drive the self-
assembly and afford the stability of many organized
cellular structures including micelles, cellular organelles,
membranes, the DNA double helix, and folded proteins.16.2°

Dynamic Light Scattering (DLS). DLS isapowerful
tool that can rapidly screen a large number of soluble
samples for their innate ability to form structure in
solution. We therefore first used DLS to estimate the
average sizes associated with our self-assembly as a
function of pH. DLS results were recorded for each peptide
at pH 4, pH 7, pH 9, and pH 12 (+0.02). Two general
trends were observed in the cationic surfactant peptides
studied here.

First, below a peptide’s pl, discrete nanostructures
appear in solution. These nanostructures exist as two
distinct populations in the DLS results; a predominant
peak centered around 30—50 nm, and a much smaller one
at about 100 nm (Figure 2A). These DLS results are
essentially impervious to the pH changes below the
transition point of the peptide. Second, above the pl of the
peptide, the structures change dramatically and DLS can
no longer accurately measure the size of structures in the
peptide solutions (Figure 2B).

Figure 2 compares DLS data for VgK; at pH 4 (Figure
2A) and pH 12 (Figure 2B) with the average autocorre-
lation functions in the insets. DSL records the light
scattered by the sample across wavelengths for each time-
point (t). The autocorrelation function is then calculated
as an average measurement of the scattering function’s
similarity at two times, t, (a base signal) and t, + 7 (a
signal at some later time), in the experiment’s time scale.
The functions should ideally exhibit an exponential decay
(asin Figure 2A) and provide the diffusion coefficient and
thus the hydrodynamic radius of the system using
Einstein’s diffusion equation.?! This hydrodynamic radius
does not correspond to an actual structural radius (i.e.
the radius of the nanotubes or vesicles) because the
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Figure 2. Dynamic lightscattering (DLS) of cationic surfactant
peptides (A) for the peptide VsK; at pH 7 with the correlation
function inset. Two populations of structures can be seen: one
centered around 30—50 nm and the other centered on 100—200
nm. (B) Fractional population vs structural size for the same
peptide at pH 12, above the pl of the system. Again the
correlation function is inset, and we see it is now dramatically
different, never reaching zero, as the structures are no longer
on the nanoscale. The correlation functions should quickly
approach zero for small dynamic assemblies such as those
observed in our systems at low pH.

complex self-assemblies studied here do not obey Einstein’s
equation for diffusion of discreet spherical molecules. DLS
is used only as a means of confirming the presence of
structures and investigating the relative size distributions
of structures in solution.

For pH well below the pl of the systems, we see the
exponential decay of Figure 2A, whereas above the pl of
the surfactant peptide the function never completely
reaches zero (Figure 2B), regardless of the time scale used,
making the fitting algorithm'’s size determination mean-
ingless. Therefore, because there is some correlation
between the signals throughout the experiment's time
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scale, the structures are too large for accurate measure-
ment using our instrument (>1000 nm).

At these pH values above the transition point, the
headgroups are effectively deprotonated, eliminating the
electrostatic repulsion of the headgroups and causing the
discrete nanostructures observed below their pl to flatten
out into amorphous structures such as the membranous
sheets observed using TEM in this study. When this critical
transition event occurs, the solutions become cloudy and
precipitate, as the structures are now large enough to
scatter visible light.

This transition occurred for almost all cationic surfac-
tant peptides once the pH was increased beyond the
theoretical pl of the system: pH 9 for AsK, VK, and KVg;
pH 7 for H,Ve and VgH. The peptides V¢K; and LgK; were
exceptions, changing at pH 9, before their theoretical pl
values. It should be noted that the theoretical pl values
presented in Figure 1 only indicate the pl of the individual
peptide molecules when completely solubilized in water
and do not reflect the actual pl values of the self-assembled
molecular structures. This lowered transition is, therefore,
not surprising because the pl value for self-assembled
systems can change by several pH units depending on the
molecular architecture of the surfactant system (T. Zemb,
personal communication).

TEM Examination of Samples Prepared through
the Quick-Freeze/Deep-Etch Procedure. The quick-
freeze/deep-etch preparation allows for visualization of
the structures occurring in solution as the samples are
quickly frozen in liquid propane (=180 to —190 °C),
preventing ice crystal formation. The TEM images show
a variety of structures within these systems, with great
similarity across the different peptide sequences and
orientations. All the sequences exhibited similar mor-
phologies, with some form of the basic structures of
nanotubes and vesicles. The two populations of nanotubes
and vesicles likely represent the two peaks seen in DLS,
as the nanotubes are generally smaller in diameter than
the vesicles (approximately 30—50 nm vs approximately
100 nm) and much more prominent in solution. The
preference in both the DLS (Figure 2) and the cryo-TEM
(Figure 3) of VgK; for the nanotube structures is observed
across these systems. This consistent observation, using
two different techniques, suggests the unambiguous
existence of these ordered nanostructures.

Parallel arrays of nanotubes were observed in these
peptide systems (Figures 3 and 4D), primarily within the
three most defined DLS groups (VeK2, LeK;, and H,V5),
with noticeable three-way junctions. Three-way junctions
in nano- and microtubule structures have been implicated
to be important in connecting the tubular structures and
increasing the viscoelastic property of organogels.?>=23
Figure 3 shows the great complexity of these self-
assembled structures at low magnification, where the
monomers have created a supramolecular organization
of branching, parallel structures spanning many mi-
crometers. Thisimage is indicative of all the systems below
their pl’s, as they all show a marked preference for the
nanotube formations.

The TEM images also show that these systems are
dynamic, with interplay between the populations of
nanostructures at increased magnification. The high-
resolution TEM images provide several examples of the
structural diversity in the systems: for example, aregion
in AsK where a nanotube may form segmented structures
(Figure 4A), like a tubular balloon with divided segments;
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Figure 3. Quick-freeze/deep-etch TEM image of VeK; in
aqueous solution at pH 4 showing the great supramolecular
organization of the nanotubes, spanning several micrometers.
The tubes are interconnected through three-way and multiway
junctions. The apparent density of the picture belies the nature
of the system because we are seeing a 2-D picture of a 3-D
network. A similar effect is felt if an aerial picture is taken of
a tree without leaves. The scale bar represents 500 nm.

weblike images of H,Vs and VK, (Figure 4B and C,
respectively); a region of nanotube arrays from LgK;
(Figure 4D); and vesicles from VgK, (Figure 4E). The
tubular balloonlike structure in Figure 4A is undergoing
peristaltic or squeezing forces, resulting in a variance of
the cross-sectional area about the center axis.?* In some
cases, lipid surfactant tapes may twist to produce similar
images.?>?® However, these twisted surfactant lipid struc-
tures usually have a much sharper appearance at the fold
and appear, as they should, flat, much like a twisted party
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(A) AsK pH 4; (B) H2Vs pH 4; (C) VeK2 pH 7; (D) LeK2 pH 7; (E) VK2 pH 4. The structures beyond their pl values are not presented
here because there are no obvious, well-defined nanostructures except membranous structures. Each scale bar represents 100 nm.

streamer, whereas the image in Figure 4A shows a smooth
curvature associated with tubulelike structures. The
cationic surfactant-like peptides do show some regions of
flat, membranelike patches (lower left of Figure 4B) at
low pH, but these membraneous patches do not show any
periodic twist or pitch and appear instead either as flat
areas or as what appear to be nanotubes that have been
sliced open along one side.

The TEM images at pH values above the pl of the
headgroups (data not shown) supported the idea that the
nanotubes collapse and expand into membranous sheets,
as the images, once rich with nanostructure, show instead
vast flat expanses.

The dynamic nature of these systems and the structural
similarity between peptide sequences is not unique to the
cationic surfactant peptide systems. These structures
exhibitgreat similarity to anionic surfactant peptides such
as VgD,, LsD»,* and GyD, where N represents 4, 6, 8, or
10.%5 These observations suggest that formation of these
structures is sequence-sensitive but not sequence-specific.

Structure of Nonsurfactant Amphiphilic Pep-
tides. The similarity of structure in this study is a result
of specific molecular design to create peptide surfactants,
not an intrinsic characteristic of seven to eight residue
peptides. Marini et al. characterized the eight-residue
peptide, FKFEFKFE, designed to be amphiphilic with two
faces, one hydrophilic and the other hydrophobic, not
surfactant in nature.?” This EFK8 peptide formed a
dramatically different structure, left-handed double-
helical nanofibers that were observed both by the quick-
freeze/deep-etch method/TEM and AFM.?” Their obser-
vations confirm that structures correlate with the
properties of designed peptide sequences. It should be
pointed out that most peptides with few amino acids do
not form well-ordered structures. They are either very
soluble inwater or insoluble, precipitating into disordered

(27) Marini, D.; Hwang, W.; Lauffenburger, D. A.; Zhang, S.; Kamm,
R. D. Nano Lett. 2002, 2, 295—299.

aggregates. The challenge is to design short peptides with
well-defined structures.

Molecular Modeling. The peptide nanostructures
represented here are similar to previously published
nanotube and nanovesicle systems,*4~15 but the positively
charged hydrophilic heads of these peptides allow for
nanostructure at low pH, instead of precipitation out of
water. We therefore propose the molecular tubular and
vesicle models of these positively charged surfactant
peptides (Figure 5). The proposed models depict a cutaway
representation showing the hollow interior. The detailed
mechanism of self-assembly for these cationic surfactant
peptides into such proposed structures is largely unknown.
Extensive modeling and simulations in subsequent studies
will be required to understand this process. Although full
computational modeling is beyond our current capability,
we propose a likely course of self-assembly for the
nanostructures observed in our experiments.

The process of surfactant self-assembly is an entropy-
driven process of energy minimization in which the
individual monomers pack together to sequester their
hydrophobic tails from water. The negatively charged
peptide surfactants are believed to form bilayers.'* It seems
likely that the cationic peptide nanostructures may also
form a curved peptide bilayer. Within this curved bilayer,
the peptides stack so that their hydrophilic heads are
exposed to the water with their hydrophobic tails packed
within. These proposed bilayers are approximately 4 nm
in thickness due to a 2 nm length of single peptides and,
because of both the peptide shape and the electrostatic
repulsion among the headgroups, curve to form both
nanotubes and vesicles. The packing of surfactant mono-
mers into supramolecular structures has been well-
described by the packing parameter of Israelachvili et al.
[P = volume/(molecular length x cross-sectional area of
the polar headgroup)].® This packing parameter char-
acterizes the type of supramolecular structures seen on
the basis of the monomer properties. The diverse struc-
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Figure 5. Proposed molecular models of cut-away structures
formed from the cationic surfactant-like peptides at pH below
their pl values. (A) Peptide nanotube with area sliced away.
(B) Peptide nanovesicle. Color Code: blue, positively charged
amino acid heads; green, hydrophobic tail. The peptides pack
so that the polar heads are exposed to water, sequestering the
hydrophobic tails within the bilayer, much like other organic
polymer surfactants. The diameters of the nanostructures are
about 50—100 nm.

tures observed here are likely due to the addition of the
complex variables of hydrogen bonding between peptide
backbones and electrostatic repulsion at the headgroups.
As demonstrated by the pH variation above and below
peptide pl's, the charge of the headgroups dramatically
affects the structures seen. The nanovesicles and nanotube
structures observed at pH values below the pl are modeled
in Figure 5. Above the pl, these structures collapse to
form membranous sheets.

Although the qualitative process of surfactant self-
assembly is similar to that of lipid and fatty acid
systems,”:18 the peptide bilayer's internal chemistry is
likely quite different due to the hydrogen bonds between
peptide backbones and the increased rigidity of the peptide
backbone.

Ghadiri and colleagues have reported another type of
peptide nanotube where they used alternating p- and
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L-amino acids to form covalently linked rings which stack
together to form tubular lattices.?®2° They further show
that these stacked rings can insert themselves into the
cellular membrane.®® Other investigators also reported
design of peptide nanotubes, but in most cases, these
nanotubes are lattice-forming structures.?%? The surfac-
tant peptide nanotubes presented are much more dynamic,
possessing the properties of traditional surfactants.

Lipid Surfactant Nano-and Microtubules. Schnur
and colleagues have studied the nano- and microtubule
formations of lipid surfactants for a number of years.1”33
They used a variety of tools to characterize these well-
formed structures. They reported that the lipid tubules
form a left-handed helix with a defined pitch. They have
also used metals to coat these nano- and microtubules for
a number of applications.3* These surfactant peptides in
some ways mirror the lipid surfactant system but are
almost an order of magnitude smaller in diameter.

Envisioned Applications. This new type of molecu-
larly engineered surfactant peptides may have a broad
range of applications, not only for areas where traditional
surfactants are used, but also for growing biotechnology
and emerging nanotechnology. Since the individual mol-
ecules can be designed and modified, they can be easily
tailored for a variety of uses. These include encapsulation
of water-insoluble molecules and delivery of biological
molecules. Because these surfactants are made of amino
acids that can be bioabsorbed and recycled, they may also
be useful for cosmetic industries where other surfactants
are used.

Furthermore, because these systems are positively
charged, they can compact and encase negatively charged
DNA and RNA for gene delivery. Currently, the area of
gene therapy lacks DNA delivery systems that are
efficient, nontoxic, nonimmunogenic, and simple to pro-
duce. Preliminary experiments using the cationic surf-
actant peptides presented here showed promise to compact
DNA and to deliver DNA into several types of cells in cell
culture.
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