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Abstract

Amino acids are the building blocks to build peptides and proteins. Recent development in peptide synthesis has however enabled us
to mimic this natural process by preparing various long and short peptides possessing different conformations and biological functions.
The self-assembly of short designed peptides into molecular nanostructures is becoming a growing interest in nanobiotechnology. Self-
assembled peptides exhibit several attractive features for applications in tissue regeneration, drug delivery, biological surface engineering
as well as in food science, cosmetic industry and antibiotics. The aim of this review is to introduce the readers to a number of represen-
tative studies on peptide self-assembly.
© 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in

China Press. All rights reserved.
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1. Introduction

There are some 20 natural amino acids. They are the
building blocks for various peptides and proteins. All the
amino acids have a similar structure: each consisting of
an alpha carbon atom to which a hydrogen atom, an amino
group, a carboxyl group, and a side chain R group are
attached [1]. The only variable group is the R side chain,
allowing each amino acid possessing different structures,
physicochemical properties and biological functions.
Amino acids can be divided into charged (positive and neg-
ative), polar, non-polar and aliphatic (Fig. 1) [1]. Amide
bond can be formed through the removal of a water mole-
cule between two amino acids, resulting in a dipeptide.
Longer peptides can be formed through the same process
of amide bond formation. Peptide synthesis at the labora-
tory scale can now be readily carried out using the solid
phase Fmoc reaction. The easy preparation and purifica-
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tion of short peptides has provided ample opportunities
for peptide design and the subsequent exploration of the
relationship between molecular architecture and their phys-
iochemical properties.

The most striking phenomenon from most short pep-
tides is the self-assembly to form various well-ordered
nanostructures that are attractive to many technological
applications. Their ability to form such structures is due
to structural complementarities coupled with hydrogen
bonding, electrostatic interaction, hydrophobic affinity,
etc. [2]. In the following, we introduce a few examples to
demonstrate the attractive nanostructuring from peptide
self-assembly in bulk solution and at interface.

2. Self-assembly in aqueous solution

Zhang’s group at MIT was among the first to show that
short designed peptides could self-assemble in aqueous
solution [3-8]. They demonstrated that hydrogel biomateri-
als could be fabricated from different designed peptides [3].
The ionic self-complementary peptides have a pattern of
alternating positive and negative charged amino acids
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Fig. 1. Grouping of the 20 amino acids.

(eg. —+—4—+—4 ——F+——++ ————++
+ +), thus forming stable B strand or B sheet structures
which can subsequently self-assemble into nanofibers due
to the electrostatic interaction. These fibers can further
assemble to form scaffold hydrogel (Fig. 2(a)) with a very
high water content (>99%) [7]. These pore-rich hydrogels
have very similar properties to the extracellular matrices
(ECM) and can thus serve as excellent 3D cell culture scaf-
folds for tissue engineering, controlled cell differentiation
and regenerative medicine applications. The peptides
RADA16-1 have been commercialized for research and
clinical tissue repair studies. Many cell types including
human carcinoma, embryonic kidney, hepatocytes, neuro-
blastoma, fibroblasts, neural stem cells, embryonic stem
(ES) cells have been successfully cultured from such peptide
scaffolds [5,7,9-11]. Furthermore, these scaffolds also show
amazing abilities in hamster brain damage repair, forma-
tion of active synapses in primary rat hippocampal neu-
rons, etc. [3,5,9,12].

These peptides have also shown other promising bio-
medical applications. Davis et al. [13] have achieved sus-
tained delivery of insulin-like growth factor 1 (IGF-1)
into rat myocardium by using self-assembling RAD16-11

(AcN-RARADADARARADADA-CNH,) peptide nano-
fibers. It was found that targeted delivery of IGF-1
in vivo increased activation of Akt in myocardium. They
also found that RADI16-II peptides could create nanofiber
microenvironments in myocardium and thus promote
vascular cell recruitment, which might enable injectable
tissue regeneration strategies [14]. Meanwhile, Bokhari
et al. [15] demonstrated that the self-assembled RAD16-I pep-
tide (AcN-RADARADARADARADA-CNH,) enhanced
osteoblast differentiation and provided a more permissive
environment for osteoblast growth. Fung et al. [16] found
that EAK16-1II peptide was able to stabilize hydrophobic
anticancer agent to form colloidal suspensions in water.

Using the aliphatic and charged amino acids, surfactant-
like peptides (or lipid-like peptides) can be developed. The
peptide has a hydrophobic tail comprised of several ali-
phatic amino acids such as V (Valine), I (Isoleucine) or L
(Leucine) and a head group comprised of charged amino
acids either positive (K (Lysine), R (Arginine), H (Histi-
dine)) or negative (D (Aspartic acid), E (Glutamic acid)).
Several typical surfactant-like peptides (e.g. V6K, V6K2,
V6D, V6D2 and A6K) have been studied. These peptides
have similar properties to lipids and can self-assemble in
the form of bilayers to form nanotubes and nanovesicles,
and larger inter-connected networks (Fig. 2(b)). It was
found that these lipids-like peptides could serve as excellent
materials for solubilizing and stabilizing several membrane
proteins, membrane protein complexes and can be used for
membrane protein crystallization [3,5,6,8,17,18]. Many
drugs have very poor solubility in aqueous solution, so
have limited activity. These peptides could be used to
encapsulate the drugs to increase their solubility, stability,
bioavailability and circulation half-time.

Surfactant peptides A6K and A6D have been used to
stabilize the photosynthetic complexes during the fabrica-
tion of solid-state photovoltaic devices. These peptide sur-
factants have demonstrated excellent ability to stabilize
these complexes during and after device fabrication [19].
Cationic surfactant peptides can also be utilized to complex

Fig. 2. Fabrication of peptide materials. (a) Ionic self-complementary peptides; (b) surfactant-like peptides (reprinted with permission from Nat Biotech

2003;21:1171-8. Copyright © 2003 Nature Publishing Group) [3].
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with the negative charged DNA and work as vectors in
gene delivery [20]. Some of the cationic surfactant peptides
have excellent antimicrobial functionality and could be
used as food and cosmetic additives. Nanotubes formed
by the self-assembly of designed peptides can serve as tem-
plates for nanowires. The nanotubes can be coated with
metals such as copper, nickel, and gold. Once peptide
nanotubes are removed, the metal nanotubes are left and
can be used in nano-electronic devices [3].

Given the interesting nanostructures of peptide self-
assembly, it is important to develop the fundamental
understanding of the relationship between molecular
architecture and the size and shape of the nanostructure
they form, bearing in mind that self-assembly is a hierar-
chal process and that higher order of structures often
forms.

Unlike conventional surfactants whose hydrophobe is
often comprised of hydrocarbon chain and whose hydro-
philic head is comprised of either ethoxylate or a charged
group, peptide surfactants can have many possible combi-
nations of tail and head groups. Thus factors such as
sequence, the number of amino acids in tail and head will
affect the size and shape of the nano-aggregates and the
hierarchal structuring process. Other factors such as solu-
tion pH, temperature, aging, ionic strength are also
expected to affect the self-assembly [21,22]. Santoso et al.
[23] found that G,D, (G for glycine, D for aspartic acid

and n =4, 6, 8 and 10) could self-assemble into nanotubes
and nanovesicles (Fig. 3) with the proposed molecular
models shown in Fig. 4. Their dynamic light scattering
(DLS) results showed that the size distributions of the pep-
tide nanostructures ranged from 40 to 80 nm. With increas-
ing length of the glycine tail the distributions also became
broader. They also found that a second peak appeared at
100-200 nm and became more predominant when the gly-
cine tail was longer (n > 6). They speculated that this was
due to the increased flexibility of the longer glycine tail,
which might pack in different conformations. Similar nano-
tube and nanovesicle structures were also observed using
AgD, AgD,, VgD and VgD, peptides as they had compara-
ble physicochemical properties [24,25].

Solution aging can effectively affect the self-assembly of
these peptides. Marni et al. [26] demonstrated by AFM
imaging (Fig. 5) that peptide KFE8 (Ac-FKFEFKFE-
CONH,) behaved differently at different aging time. Left-
handed helical ribbons with average diameter of 7 nm
and length around 90 nm were found in a few minutes after
the preparation of the peptide solution, suggesting that
these nanostructures were achieved in the solution instead
of interacting with the surface. Fibrillar structures and net-
works were observed in the later stage due to further
assembling. CD spectrum data also demonstrated that
the B sheets formed at the beginning stage gradually
become anti-parallel B sheet structures with aging. The

Fig. 3. High resolution TEM images of G¢D, showing different structures in co-existence. (a) A pair of finger-like structures branching off from the stem;
(b) enlargement of the box in (a), the detailed opening structures are clearly visible; (c) the openings (arrows) from the nanotubes which may result in the
growth of finger-like structures. Some nanovesicles are also visible; (d) the nanovesicles may undergo fission (arrows) (reprinted with permission from
Nano Lett 2002;2:687-91. Copyright © 2002 American Chemical Society) [23].



656 X. Zhao et al. | Progress in Natural Science 18 (2008) 653—660

SR
s
A

!

Fig. 4. Molecular modeling of cut-away structures formed from the
peptides with negatively charged heads and glycine tails. (a) Peptide
nanotube with an area sliced away. (b) Peptide nanovesicle. Color code:
red, negatively charged aspartic acid heads; green, nonpolar glycine tails.
The glycines are packed inside the bilayer away from water and the
aspartic acids are exposed to water, much like conventional surfactants.
The modeled diameter is 50-100 nm (reprinted with permission from
Nano Lett 2002;2:687-91. Copyright © 2002 American Chemical Society)
[23].

aging phenomenon was also observed when investigating
the reassembly of peptide RADA16 [7].

Peptide concentration, salt concentration, solution pH
or the change of solution composition can also influence
the peptide self-assembly. Hong et al. [21] found that
EAKI16-1I formed well-defined fibrils (nanofibers) at
low peptide concentrations and dense fiber-networks at
high peptide concentrations. The size of the nanofibers
increased with NaCl concentration. However, the oppo-
site trend was found when the NaCl concentration above
20 mM. The NaCl concentration also affected the surface
tension of the peptide solution. The trend was similar to
that of size but it did not appear to affect the critical
aggregation concentration (CAC). Dexter et al. [22]

found that their 21 residual peptide AMI1 (Ac-MKQL
ADSLHQLARQVSRLEHA-CONH,) can switch molec-
ular conformation to form a mechanically strong film
at a fluid—fluid interface in response to the presence of
divalent zinc at neutral pH, whilst in the absence of diva-
lent zinc or at acidic pH the peptides were transformed
into mobile detergent state. They demonstrated that the
two states were reversible with respect to solution pH
shift.

3. Self-assembly at interface

Most of studies as described above report characteriza-
tion of peptide self-assembly in the bulk solution. Little work
has been devoted to the characterization of the surface and
interfacial self-assembly of short peptides with a view of
assessing the role of the interface. This area of work is poten-
tially attractive for applications such as nanosensoring and
nanocircuiting incorporating biological functionality. Inter-
faces may represent different energetic balances from bulk
solution. Hence, peptides self-assembled at planar interfaces
may adopt different structural conformations [27]. Thus,
study of peptide self-assembly at the solid/solution and air/
water interfaces are of direct relevance to the current endeav-
our under nanobiotechnology.

Neutron reflection is one of the techniques capable of
determining both the structure and composition of peptide
layers at the air/water and solid/water interfaces. Its com-
bined use with other techniques will prove effective for
future study of peptide surfactant self-assembly [28]. In
the following, we provide a few examples from our own
studies.

3.1. Self-assembly at the solidlwater interface

Techniques such as AFM, SEM and TEM are widely
used for surface and interfacial characterization, but spec-
troscopic techniques such as ellipsometry and dual polari-
zation interferometry can provide complementary
information as already shown for studying surfactant,
polymer, protein and DNA adsorption/assembly at the
interface [29-41]. In our work, neutron refraction has been
extensively used for determining the structure and compo-
sition of peptide and protein layers at the solid/water inter-
face. By studying the neutron scattering length density
profiles across the interface, information about interfacial
layer thickness and volume fraction can be determined with
depth resolution around 1-2 A [32,42]. We here show the
peptide self-assembly at the SiO./water interface as an
example [42]. The two synthetic 15-mer peptides used were
YYY15 (YVNAKQYYRILKRRY) and WWWI5
(WVNAKQYWRILKRRW). Peptide YY Y15 was a direct
copy of the native sequence of a protein-binding domain
within a heteromeric transcriptional activator, HAP2, iden-
tified from yeast Saccharomyces cerevisiae, with tyrosine
(Y) present at the 1%, 8" and 15" amino acid positions.
Peptide WWW15 was a mutant of YYY15 with substitu-
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Fig. 5. Intermediate structures in the self-assembly of KFES in aqueous solution. Images are AFM scans (the brightness of features increases as a function
of height) on a freshly cleaved mica surface over which aliquots taken from solution were deposited at different times after preparation of the solution. (a)
After 8 min. Inset: an electron micrograph of a sample of peptide solution obtained using the quickfreeze deep-etch technique. (b) 35 min after
preparation. (c) 2 h. (d) 30 h (reprinted with permission from Nano Lett 2002;2:295-9. Copyright © 2002 American Chemical Society) [26].

tions of tryptophan (W) at 1%, 8™ and 15™ positions to the
three Ys. Both peptides showed o helical structures in
phosphate buffer, as determined by circular dichroism
[42]. They both had 5 positively charged amino acids stack-
ing on one side of the o helical structure with hydrophobic
amino acids on the other side (Fig. 6(a)).

Although the two peptides were identical except the sub-
stitution of the Ys to Ws, they behaved differently in terms
of the interfacial assembly at the SiO,/water interface. A
slight deviation of the reflectivity from the pure D,O profile
(Fig. 7(a)) indicates a small amount of peptide at the inter-
face. In the model fitting, YYY15 was found to form a
weakly adsorbed interfacial monolayer at pH 7 with a
thickness of 26 A, scattering length density of 5.8 x 10/
A2 close to that of 6.35 x 10°%/A~2 for D,O, indicating
a loose packing (volume fraction of 19%) [42].

However, the mutant WWW 15 showed stronger interfa-
cial adsorption (Fig. 7(b)), with the interfacial layer charac-
terized by a middle hydrophobic sublayer of 7-8 A with
lower scattering length density (2.5 x 10*6/1&*2) and two
almost symmetrical hydrophilic outer sublayers of 6-8 A
with higher scattering length density (5— 5.4 x 107%/

A*Z), suggesting the formation of a “‘sideways-on” helical
conformation (Fig. 6(b)) [42].

By comparing the behavior of the two peptides at the
same interface, it was found that the interfacial assembly
of the peptide was likely to be counterbalanced by many
factors, such as electrostatic interaction, hydrophobic
force, hydrogen bonding, ionic strength, the increased
hydrophilicity associated with peptide charge dissociation.
The dominant driven force might depend on each particu-
lar case.

3.2. Self-assembly at the airlwater interface

Compared to the solid/solution interface, peptide self-
assembly at the air/water interface offers a unique model
system for characterising their behaviour without the inter-
ference of the solid substrate [28]. The example here is a
14-mer peptide containing two strands of alternating hydro-
phobic (Nle and Val) and hydrophilic (Glu) residues
attached to a d-Pro-Gly beta-turn (H-Glu-Cys(DMBDY)-
Glu-Nle-Glu-Val-dPro-Gly-Val-Glu-Nle-Glu-Nle-Glu-NH,).
It was found that the peptide remained its [ hairpin
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Silica Surface

Fig. 6. (a) End view (left) and side view (right) of YY Y15 in o helix (top)
and P sheet (bottom) conformations. Y groups are shown in cyan, R
groups in red and K groups in blue. The helical backbone is represented as
a ribbon. Note that several positively charged residues: arginine (R) and
lysine (K) are on one side (upper) of the helix and those hydrophobic
residues on the other. (b) Schematic representations of WWW15 layers
adsorbed to a solid/liquid interface at 0.1 wt%. The solution pH is at 7 or 9
(Reprinted with permission from J Am Chem Soc 2004;126:8940-7.
Copyright © 2004 American Chemical Society) [42].

conformation at the air/water interface, with the hydrophilic
and hydrophobic side chains segregated on opposite sides of
the molecule [27]. The Cys residue of the peptide is labeled
with the 5,7-dimethyl derivative of the BODIPY fluorophore
(DMBDY), allowing complementary measurements by
fluorescence imaging. This peptide could form monolayers
on the surface of water either by spreading from a
volatile organic solution or by adsorption from an aqueous
solution [27].

The strength of neutron reflection is to provide struc-
tural information about the surface peptide layers formed.
Using the so-called null reflecting water (NRW) by adding
some 8% D,O into H,O, its scattering length density was
made zero. The air/NRW interface became invisible to
neutron and contributed no specular signal. When the pep-
tide was adsorbed at the interface, the only signal was from
the adsorbed peptide layer. Thus, contrast variation via
solvent manipulation helped to make the measurement sen-
sitive to the peptide layer so that its layer thickness and
composition could be determined reliably. At the highest
concentration (ca. 4 pg/ml) studied, the area per peptide
molecule was found to be 230 + 10 and 210 + 10 A? for
the peptides with and without a BODIPY-based fluoro-
phore, respectively. A Gaussian distribution of the peptide
layers was found to be about 10 A thick. Both surface
excess and layer thickness showed a steady trend of
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Fig. 7. Reflectivity profiles measured from the solid SiO,/D-O interface
(dashed line) compared with the ones obtained from 0.1 wt% YYY15 (a)
and WWWI15 (b) at pH 7. Symbols represent the measured data. The
continuous lines represent the best fits. The middle continuous line (in b)
represents the best uniform layer fit (reprinted with permission from J Am
Chem Soc 2004;126:8940-7. Copyright © 2004 American Chemical
Society) [42].

decrease with decreasing bulk peptide concentration. While
the neutron results clearly indicated structural changes
within the peptide monolayers with decreasing bulk con-
centration, they also indicated that the peptide formed
were rather uniform peptide layers at the air/water inter-
face, consistent with the typical structure of B strand pep-
tide conformations. These structural features were well
supported by the parallel measurements of the adsorbed
layers in D,O. With appropriate selection of isotopic con-
trast the neutron reflectivity also provided an estimate
about the extent of immersion of the peptide layers into
water. The results strongly suggested that the 14-mer pep-
tide monolayers were fully afloat on the surface of water,
with only the carboxy groups on Glu residues hydrated
(Fig. 8) [27].

Fig. 8. Schematic representation of the peptide on the surface of water.
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4. Concluding remarks

Peptide self-assembly is an emerging research area. Its
rapid development is driven by many potential applications
in areas such as material science, tissue engineering, medi-
cal science, food, cosmetics and microelectronics. Some
interesting applications have already been demonstrated
in recent publications. The availability of some 20 natural
amino acids plus many synthetic versions offers an enor-
mous range of designed peptides with different structures
and functions. The fundamental research will help under-
stand the common features of these peptides and the
knowledge will in return guide future design and
application.
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