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Self-Assembly of Peptide Bioconjugates: Selected Recent Research

Highlights

Ian W. Hamley™* and Valeria Castelletto

Department of Chemistry, University of Reading, Whiteknights, Reading, RG6 6AD, United Kingdom

ABSTRACT: This Topical Review briefly discusses selected
highlights of recent research on self-assembling peptide
amphiphiles (PAs) and polymer—peptide conjugates. Subjects
covered include new polymer chemistries used to prepare
polymer—peptide conjugates, PA self-assembly landscapes and
kinetics, developments in the application of bioactive PAs and
the relationship between self-assembly and bioactivity, novel
PA/biopolymer composites, functional 7-stacking peptide
conjugates, use of enzymes to tune self-assembly, and
developments in high throughput methods and the design
and application of sequenced peptides.
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1. INTRODUCTION

Peptide conjugates combine the biofunctionality and diverse
structural epitopes of peptides with nonpeptidic moieties such as
polymer or lipid chains, in order to adjust self-assembly behavior.
This enables access to nanostructures outside the range of
canonical peptide secondary and tertiary structures and leads to
the creation, for example, of fibrillar, micellar, and vesicular
structures with high density peptide coatings. A large number of
therapeutically relevant applications are being uncovered for
such systems and this is driving ongoing intense research activity
in the field.

This Topical Review highlights selected recent developments
in the field of self-assembling peptide conjugates including
polymer—peptide conjugates, amphiphilic peptides, and peptide
amphiphiles (PAs). By its nature, it is not intended to be
comprehensive, and inevitably there is not sufficient space to
discuss all of the exciting progress in the field. This Topical
Review complements a recent short review on bioactive
lipopeptides, focused on biologically derived, mainly cyclic
lipopeptides.' In this review, we discuss developments in
polymer—peptide conjugates, in particular focused on the
synthesis of conjugates with alternatives to PEG [PEG:
polyethylene glycol]. Then we discuss the kinetics of self-
assembly and its relationship to the thermodynamic landscape.
This is followed by a brief summary of recent work in the highly
researched field of bioactive peptide amphiphiles, which have
important potential biomedical applications, and on the
relationship between self-assembly and bioactivity and then of
PA/biopolymer composites. This is followed by brief accounts of
recent work on functional 7-stacking peptide conjugates, the use
of enzymes to tune peptide self-assembly, high throughput
methods, and sequenced peptides.

The subjects of self-assembly of surfactant-like peptides and
peptide amphiphiles have recently been reviewed.” ® In addition,
the formation of peptide nanotubes has been reviewed.” On the
specific subject of PEG—peptide conjugates, a number of useful
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reviews are available,” as are a range of comprehensive reviews of
. . —13
polymer—peptide conjugates more broadly.”

2. POLYMER—PEPTIDE CONJUGATES: BEYOND PEG

Although PEG has been widely used as a conjugating polymer
due to advantages in stability, low cost, and inertness, it can lead
to immunogenicityj it is not very biodegradable and may undergo
peroxidation with damaging effects for cells and tissues.'"'®
PEGylation of proteins and peptides is performed in order to
increase circulation time in a “stealth”-like fashion. Therefore, a
variety of alternatives, prepared via living polymerization
methods, for example, have been considered, such as poly(2-
oxazoline)s, poly(N-hydroxypropyl methacrylamide), or oligo-
ethylene glycol methacrylates (OEGMAs) (Figure 1)."*"

An attractive and widely used set of methods to conjugate
polymers and peptides is so-called “click” reactions, including
copper-catalyzed alkyne—azide cycloaddition. This subject is
reviewed in detail elsewhere,'® and these and other methods to
synthesize PEG-peptides have been summarized.” In one
interesting example, copper-catalyzed alkyne—azide cycloaddi-
tion has been combined in a single pot reaction with enzymatic
transamidation, which catalyzes acyl transfer between glutamine
and lysine residues, in order to prepare peptide conjugates.'” In
another recent study, direct thiol—ene coupling was used to
lipidate TLR (Toll-like receptor) agonist 8peptide CSK,, to
produce a self-adjuvating vaccine candidate.'

3. PA SELF-ASSEMBLY LANDSCAPES AND KINETICS

The thermodynamics and kinetics of self-assembly (and their
inter-relationships) of peptide-based systems such as PAs has
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Figure 1. Examples of alternatives to PEG used in polymer—peptide
conjugates: (a) polyoxazolines, (b) poly(N-hydroxypropyl methacryla-
mide), (c) oligoethylene glycol methacrylates (OEGMAs).

been relatively unexplored until very recently. However, several
interesting reports suggest that this will be a rich field for further
investigation. It has been reported that self-assembled f-sheet
fibrils of a bioactive PA incorporating a sequence from the
extracellular matrix (ECM) proteoglycan lumican'’ can
apparently be diluted below the equilibrium critical aggrega-
tion.” Stability of the “crystallized” PA fibrils and p-sheet
secondary structure for up to 1 week was observed, although
longer term kinetic and annealing studies are still ongoing. The
influence on bioactivity was also studied and a significant increase
in collagen production by human corneal fibroblasts was
observed for the diluted-aggregated system.”® Stupp’s group
have also observed kinetically trapped monodisperse long fibers
with f-sheet structure and noted that this behavior was
dependent on ionic strength of the solution of the charged PA
molecules studied (Figure 2).”' The thermodynamically stable
state (accessed via annealing) at low ionic strength is short
monodisperse fibrils with a random coil secondary structure. A
kinetically trapped state of long f-sheet fibers can be accessed via
dilution from high ionic strength to below a critical ionic
strength. Re-annealing drives a transition back to the
thermodynamically stable state. At high ionic strength, an energy
barrier (obtained from an Arrhenius plot from temperature-
dependent rate kinetic measurements) separates the thermody-
namic product (monodisperse short fibers without [-sheet
secondary structure) from a kinetically trapped state of long /-
sheet fibers. This state is observed after annealing and dilution (in
that order), and the thermodynamic product can be accessed by
subsequent addition of salt to give high ionic strength conditions.

4. DEVELOPMENTS IN THE USE OF BIOACTIVE
PEPTIDE AMPHIPHILES

There continue to be remarkable developments in the
application of peptide amphiphiles to various biorelated
applications, including cell growth and differentiation. In one
example, Guler’s group produced nanofibers containing mixtures
of PAs with GAG-mimetic functionality, a RGD cell adhesion
domain, or electrostatic diluent functionality.”> GAG denotes
glycosaminoglycan, a class of biomolecules with sulfonate,
hydroxyl, and carboxylate groups which are important
components of the extracellular matrix. Osteogenic or
chondrogenic differentiation of mesenchymal stem cells was
noted dependent on the concentration of media within the
bioactive PA nanofiber gels.””

Photodynamic control of bioactivity of PA nanofibers has
recently been demonstrated.”” A PA was developed that contains
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Figure 2. Energy landscapes for self-assembling PAs.*" (a) Two ionic
strengths which modulate PA molecular electrostatic repulsion. (b)
Influence of dilution, annealing, and changes in ionic strength on the
mode of PA self-assembly. Reprinted by permission from Macmillan
Publishers Ltd.: Nature (ref 21), copyright 2016.

a photolabile linker between the RGDS cell adhesion sequence
and the rest of the PA molecule (lipopeptide with a peptide
sequence to drive f-sheet formation). Fibroblast spreading can
be arrested by exposure to light as a result of PA cleavage.” In
another development, alginate-PA core—shell microparticles
have been prepared based on a cross-linked core of doxorubicin-
conjugated alginate coated with nanofibers from a PA bearing
tumor-targeting folate units.”* Lack of space here prevents us
reviewing the other extensive seminal contributions of the Stupp
group to the study of PAs for biomedical applications. In any
case, this work has been reviewed by members of this group®***°
and is extensively featured in many other reviews on PAs.

In several types of tissue, the components of the extracellular
matrix such as collagen are aligned. It has been shown that
aligned PTFE [poly(tetrafluoroethylene)] substrates (having a
microgroove structure from controlled rubbing) enhance the
proliferation of aligned cells (Figure 3) and increase the
complexity of the produced tissue.”” An optimal composition
of mixtures of bioactive PA with “diluent” PA was identified
(139%:87% molar ratio), a composition similar to that identified
in prior work,>*® which is possibly associated with optimal
epitope density.”’ In a development of this work, self-releasing
aligned tissue films were created based on protease degradation
of PAs incorporating MMP (matrix metalloprotease) sub-
strates.””” Tissue equivalents prepared on the aligned substrate
had highly ordered, compact collagen deposition, with a 2-fold
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Figure 3. Enhanced cell adhesion on a mixed PA (C,;,-MMP/C,,-ETTES, 13%:87% molar ratio) coating on alignment-inducing PTFE slides.”” (a)
Schematic of PTFE and PTFE+PA coatings, uncoated glass was used as a control. (b) AFM mapping of PTFE and PTFE+PA coatings, with
representative cross-section scans. (c) Proliferation of hCSFs cultured at day S and day 12 on different coatings. (d) Cell and corresponding (e) nucleus
and cytoskeleton orientation of hCSFs cultured for 12 days on PTFE, PTFE + PA, and uncoated glass surfaces using phase-contrast and fluorescence
microscopy, respectively. Mean + S.D., n = 3 for all experiments. Scale bars: (d) S0 ym, (e) 10 um. Reproduced in part from ref 27 with permission of the

Royal Society of Chemistry.

higher elastic modulus compared to the less compact tissues
produced on the nonaligned template, the PA-coated glass.”
Another important application of peptide amphiphiles
involves their conjugation to bioactives such as drug molecules.
Cui et al. have investigated the formation of fibrils or nanotubes
by a short -sheet peptide derived from the Tau protein linked
via a short octyl spacer to the anticancer drug camptothecin.”"
These nanostructures were shown to have antitumor activity
against a number of cancer cell lines. Following a similar concept,
camptothecin has been conjugated to a short yeast prion peptide
(Sup3S) along with charged C terminal dipeptide units (two
lysine or two glutamic acid residues).”> The formation of
multiwalled nanotubes was observed in catanionic mixtures of
these peptide amphiphiles. This group has also investigated the
use of a PA containing a TAT [trans-activating transcriptional

activator] cell-penetrating peptide sequence (conjugated to four
octyl lipid chains) to encapsulate the hydrophobic anticancer
drug paclitaxel.” A high loading efficiency was noted and
increased paclitaxel content led to increased nanofiber flexibility.
They also showed that hydrophobic modification (addition of a
palmitic acid chain) increased the uptake of a TAT peptide into
cancer cells and enhanced anticancer activity of a palmitoylated
TAT-doxorobicin conjugate compared to the conjugate without
the lipid chain.>*

For practical applications, the control and stability of self-
assembled nanostructures under in vivo conditions is desirable.
In one example, it has recently been demonstrated that a
lipopeptide bearing anionic (glutamic acid-rich) sequences can
self-assemble into nanofibers or micelles in blood serum.” The
PA undergoes a transition from spherical micelles to nanofibers
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in the pH range 7.0—7.4 in pure blood serum as shown by
fluorescence anisotropy measurements on fluorophore-labeled
PA molecules.

Another interesting application for peptide nanostructures is
in biomedical imaging. Recent highlights (pun intended) in the
literature include studies by the Cui and Stupp groups. A peptide-
based molecular beacon system has been developed that is able to
detect the enzyme cathepsin B due to cleavage of a short
substrate sequence and concomitant release of a pendant
fluorophore (otherwise quenched due to the presence of a
quencher also incorporated in the molecule).*® The peptide also
incorporates a TAT sequence to facilitate uptake into cells. The
peptide conjugate self-assembles into micelles, but upon dilution
or pH triggering, the monomeric state is accessed and in this
form enzyme detection is possible due to exposure of the enzyme
degradable linker and fluorophore. A similar peptide conjugate
but containing a f-sheet forming heptapeptide sequence (from
an amyloid peptide) is able to form spherical micelles or
nanofibers (depending on temperature).’” The spherical form is
more readily taken up into cancer cells via endocytosis,
permitting in cellulo imaging. The Cui group has also developed
dual-mode nanoprobes containing both a fluorophore for optical
imaging and a metal ion [Gd(I)] chelator for MRI or
radionuclear imaging.*® The nanoprobes are based on a PA to
which both probe groups are attached to lysine residues close to
the one or two alkyl chains in the molecules. The molecules self-
assemble into nanospheres. This incorporation of Gd-chelators
into PAs builds on earlier work on the development of PAs
bearing Gd(III) complexes for in situ MRI imaging of the uptake
(using a mouse leg model) and for subsequent tracking of the
biomaterial after implantation.‘?’9 In this work, the Gd complex
was attached, either singly or multiply, at the C-terminus to PAs
that self-assemble into nanofibers.

5. RELATIONSHIP BETWEEN SELF-ASSEMBLY AND
BIOACTIVITY

The influence of self-assembly on bioactivity has been relatively
unexplored to date, at least in terms of studies where bioactivity
has been compared for PA in self-assembled and monomeric
states. However, a number of recent studies have examined the
influence of the shape of self-assembled nanostructures on
bioactivity.

The shape of self-assembled peptide nanostructures is known
to have an effect on various properties, and recent work has
investigated the influence of shape on bioactivity. An earlier
review touches on this topic.”’ It is well-known that the shape of
micelles (spherical vs rod-like) can influence in vivo delivery
properties of therapeutic molecules such as block copolymer self-
assemblies trapping drugs,*' and recent work has extended this
concept to PA systems. In one recent study,A'2 three PAs were
prepared with collagen-binding sequences. In one, a f-sheet
driving sequence (alternating A,V, sequence) was included
which led to self-assembly into nanofibers in contrast to the
spherical micelle assembly of the other two without the A,V,
sequence. Nanofibers were shown to bind to a biological target
(rat carotid artery injury model) in contrast to the nanospheres.
In another very interesting recent study,*’ nanofibers formed by
a PA (with a f-sheet forming sequence) were compared to
nanospheres formed by related PAs (with proline sequence
disfavoring f-sheet formation) in terms of delivery of
oligonucleotides (incorporated into the PA nanostructures)
into cells. Distinct delivery mechanisms were observed depend-
ing on shape and size (which in fact are hard to decouple).

Nanofibers were found to deliver more oligonucleotides into
cells when examined over an extended period, due to slow
diffusion of nanospheres out of cells despite their rapid initial
uptake. This group also compared some of the same PA
nanostructures in terms of delivery of a DNA sequence within
the class of pathogen-associated molecular patterns (PAMPs)
characteristic of bacteria and viruses.”* The authors showed that
nanofibers exhibited enhanced uptake compared to nanospheres
or the DNA in the absence of any PA assemblies. This work
suggests that such structures may be useful in modulating the
immune response. A study on self-assembling star polymers with
a glycopeptide headgroup showed self-assembly into nanorods,
polymersomes, or micelles, depending on the polymer
composition.*’ Rods and polymersomes were taken up by breast
cancer cells, although in contrast to the studies mentioned above,
no significant effect of the shape of the nanostructure on this
uptake was noted.

Alternatively, considering whether the monomer or aggre-
gated form is more bioactive, in one recent study it was reported
that lipid A (the lipid part of lipopolysaccharide, LPS, from E.
coli) forms small aggregates, and these show bioactivity (tumor
necrosis factor TNFa production cell assays), whereas monomer
does not.*® Earlier reports provided conflicting results. Whereas
Shnyra et al. reported that aggregated LPS shows enhanced
endotoxic activity compared to less aggregated form,*’
Takayama et al. found enhanced stimulating activity of LPS in
a disaggregated monomeric state."**” Although this work is on
nonpeptide systems, related lipopeptides are also involved in
immune response and it will be interesting to examine whether
there is any difference in bioactivity of aggregated vs monomeric
forms of such peptide conjugates.

Our group recently showed that the aggregation state of Toll-
like (TLR) receptor agonist lipopeptides depends on the number
of palmitoyl lipid chains attached to the hexapeptide sequence
CSK,,* although this has not yet been correlated to bioactivity.
The lipopeptides with one or two lipid chains self-assembled into
spherical micelles with a disordered peptide conformation,
whereas the variant with three lipid chains forms a population of
flexible nanotape structures based on f-sheet bilayers. In another
study, it was shown that the association number of micelles
formed by liraglutide, a lipidated glucagon-like peptide 1 (GLP-
1) agonist, is pH-dependent, although this was not correlated to
bioactivity.”

6. PA/BIOPOLYMER COMPOSITES

The potential to combine the properties of PAs and peptides
with those of biopolymers (e.g, structural and mechanical
properties, ready availability) has begun to be investigated,
leading to the creation of novel hybrid biomaterials with
remarkable and unique structural and functional properties.
Hybrid systems examined in early studies include PAs with
polysaccharides,””™>> PAs with recombinant structural pro-
teins,”® or amyloid peptides.”” Also recently studied are hybrid
materials from PAs with polysaccharides such as sodium alginate
including graphene oxide in the system to provide novel and/or
enhanced properties (structural, mechanical, electronic).’*™%!
Stupp and co-workers reported the first observation of
membrane sac formation at the interface of aqueous solutions
of high-molecular-we%ht polysaccharide (hyaluronic acid) and a
cationic designer PA.>” The membrane formation was proposed
to result from the formation of a PA fibril network diffusion
barrier, leading to polysaccharide nanofibril bundle growth
perpendicular to the interface.”” The sacs enclosing PA gel were
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Figure 4. Structure of compounds 1 and 2 studied by Banerjee’s group,®” an equimolar mix of which in o-dichlorobenzene emits white light. Reproduced

in part from ref 67 with permission of the Royal Society of Chemistry.
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fibrils accumulating inside cells.”" Reprinted with permission from ref 71, Copyright 2015 American Chemical Society.

found to support stem cell growth and slow release of
encapsulated proteins. In subsequent work, the mechanical
properties and membrane permeability were examined in more
detail.>> Membranes formed by PAs bearing the KLAKLAK
sequence (with anticancer activity) mixed with hyaluronic acid
were also fabricated and their cytotoxicity toward breast cancer
cells was examined.”* A change in PA aggregate structure from
cylindrical fibrils to spheres was also noted for this system.>*
Membranes formed by complexation of a PA bearing a heparin-
binding sequence with several polysaccharides (including
heparin) have been prepared and their structure probed by
SAXS and electron microscopy.” Interestingly, in some cases,
evidence for cubic phase structure within the membrane instead
of lamellar or hexagonal ordering was observed.” Recently, Mata
and co-workers have demonstrated that complexation of cationic
PAs with elastin-like peptides produces robust membranes with
remarkable mechanical properties including the ability to draw

out membrane tubes, and to extend tubules from the tube walls.>®
These materials could be used to create substrates able to support
stem cell growth, showing their great potential in tissue
engineering applications.”® Our group has recently prepared
hybrids of a cationic PA with sodium alginate, and soft or hard
capsules could be fabricated depending on the incorporation of
graphene oxide.”” Addition of sodium alginate leads to a
transition from micelles, which the PA molecules form on their
own, into bilayer structures which comprise the structural motif
of macroscopic membrane structures. A novel mechanism of
membrane formation is proposed. These materials also have
interesting antimicrobial properties.®”

7. FUNCTIONAL z-STACKING PEPTIDE CONJUGATES

There has been a considerable amount of research on peptide
conjugates with bulky N-terminal substituents, which among
other interesting properties are able to form hydro- and organo-
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gels. The aggregation properties of these molecules are enhanced
by z-stacking interactions of the N-terminal substituents such as
Fmoc [Fluorenylmethyloxycarbonyl] or naphthalene. Since this
subject has been recently reviewed by several groups,»**~* all
this prior work is not discussed again here. In one recent
impressive example, Banerjee’s group has developed gelators
based on a naphthalene diimide core with symmetrically attached
alkylated peptides, and showed that the fluorescence properties
change upon formation of J-aggregate structures.® In another
development, they discovered a two-component peptide-based
system exhibiting white light emission.®” This was observed for
mixtures of 1 and 2 (Figure 4) where 1 contains a stilbene
electron-donating moiety, and 2 contains a perylene diimide
electron acceptor. An equimolar mixture of 1 and 2 in o-
dichlorobenzene produces white light.”’

It has recently been shown that conjugation of the fluorophore
FITC [fluorescein isothiocyanate] to the simple dipeptide
dileucine produces a cyto-compatible conjugate that is taken
up by dermal or corneal fibroblasts in contrast to FITC itself.”*
Co-localization imaging experiments show that FITC-LL
segregates in peri-nuclear and intracellular vesicle regions.

8. USE OF ENZYMES TO TUNE SELF-ASSEMBLY

Enzymes are natural catalysts, and being proteins, their binding
sites are peptide sequences and their substrates can also be
proteins or peptides. Recently, attention has been focused on the
use of enzymes to tune the self-assembly of peptide-based
materials. Xu’s group pioneered the use of enzymes to modulate
the hydrophobicity of peptide conjugates such that they self-
assemble into fibrils (which can in turn entangle to form
hydrogels). A variety of enzymes including phosphatases/kinases
or thermolysin or esterases among others can be used for this
purpose. Ulijn’s group and others have made extensive use of this
concept, using for example esterases such as subtilisin to link
Fmoc-peptide methyl esters (and other similar conjugates with
bulky hydrophobic N-terminal units) and peptides into fibril-
forming gelators. Thermolysin has also been used by this group
to link short Fmoc-peptides with uncapped C termini to methyl
esters of amino acids. This work has been reviewed else-

The Xu group has recently shown that intracellular esterase
can be used to drive the aggregation of a conjugate of taurine (2-
aminoethanesulfonic acid), with a peptide such as a short p-
amino acid peptide (resistant to proteolysis) via breakage of the
ester linkage between taurine and peptide in vivo. Aggregation
enhances cellular uptake (in fact it reduces cellular efflux of the
aggregated form, Figure 5).”" This is only one example of a great
deal of interesting recent work from this group, but unfortunately
lack of space prohibits further discussion herein. Exploiting a
similar concept, a lipopeptide susceptible to degradation by the
cancer-related enzyme matrix metalloprotease 7 (MMP-7)
aggregates to form a fibrillar hydrogel upon endogenous
MMP-7 cleavage within cancer cells.”” This leads to significant
cancer cell death.

In a subtle demonstration of the power of enzymatic
biotransformations, Gianneschi’s group showed that enzymatic
farnesgl transfer to peptides leads to PAs that self-assemble into
fibrils.”” The farnesyl group was transferred from a farnesyl-coA
conjugate using a phosphopantetheinyl transferase (Figure 6).

The serine protease a-chmyotrotrypsin can be used to cleave a
Phe-containing lipopeptide C;,—KKFFVLK at the aromatic
residues.”* The parent PA self-assembles into helically twisted
ribbons (and nanotubes),” but the cleaved PAs C,,—KKF and
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Figure 6. Process for farnesylation of peptide and self-assembled motif
of Far-peptide 5 compared to micelles of Far-CoA (4).”> The starting
material is a farnesyl—pantetheine conjugate (1) which is phosphory-
lated by Kinase 1 to generate 2 which in turn is adenylated using an
adenyl transferase to generate the dephospho-Far-CoA 3. Following
phosphorylation of 3 with Kinase 2, 4 was formed which spontaneously
self-assembles into spherical micelles. Transfer of the farnesyl group
onto Peptide 1 (an 1l-amino-acid fragment of the natural protein
substrate for PPTase enzymes) was achieved via recognition of the
pantetheine adaptor molecule, leading to S which self-assembles into
fibrils. Reprinted with permission from ref 73, Copyright 2015 American
Chemical Society.

C,4—KKFF form small spherical micelles.”* The enzyme elastase
can be used to break up hydrogels formed by the self-assembly of
the model surfactant-like alanine-rich Eeptide KAGE, which forms
hydrogels containing tape-like fibrils.”®

9. HIGH THROUGHPUT METHODS

High throughput methods offer a means to efficiently and
rationally assess properties of a peptide or peptide amphiphile,
such as bioactivity (e.g, cytocompatibility) or physical proper-
ties. In a pioneering work, Ulijn’s group have screened all 8000
(20%) tripeptides (based on combinations of natural amino acids)
for their ability to form hydrogels.”” This led to the identification
of several novel tripeptides able to form hydrogels at neutral pH.
High throughput methods, which are already extensively used to
synthesize and screen peptide-based materials, are likely to be
powerful tools in the future in assessing the aggregation
properties and bioactivities of various classes of peptide
conjugates.

10. SEQUENCED PEPTIDES

The term sequenced peptides here refers to alternating or bola-
amphiphilic peptides, although one class of such molecules
comprises both features, i.e, an alternating peptide central
sequence flanked by terminal charged residues, termed multi-
domain peptides (MDPs) by the Hartgerink group.”® The
aggregation properties of sequenced peptides and bola-
amphiphilic peptides has recently been investigated by several
groups and a review on this topic was published in 2015.”
However, there have been subsequent interesting papers briefly
highlighted here. The alternating peptide RFRFRFRF self-
assembles into very well ordered f-sheet fibrils.”” The peptide
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produces a highly aligned and feature-filled fiber X-ray diffraction
pattern which permits a structural model to be proposed, and
alignment of solutions under flow was also observed by SAXS.*’
In the category of bola-amphiphiles, the peptide RFL,FR forms
nanosheets and films of this peptide can support the growth of
fibroblasts.”’ The anionic analogue EFL,FE forms nanotubes
instezgl which slowly develop in aqueous solution over a period of
days.

11. CONCLUSIONS

This Topical Review has focused on several interesting recent
developments in the field of self-assembling peptide conjugates.
In the space available, a comprehensive review was not possible
and we have highlighted instead a few examples of recent papers
(mainly from the last 3—4 years) that attracted our attention as
they report novel and/or significant developments, likely to
impact on research in this field. There are many other fascinating
challenges in exploiting this remarkable class of self-assembling
molecule for future applications in biomedicine and bioengineer-
ing among others. We keenly anticipate new discoveries as this
field moves forward.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: LW.Hamley@reading.ac.uk.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by EPSRC Platform grant EP/
1L020599/1. We are grateful to all our collaborators for their
excellent collaborations over the years, only some of which we
were able to discuss in this Topical Review.

B REFERENCES

(1) Hamley, I. W. (2015) Lipopeptides: From Self-Assembly to
Bioactivity. Chem. Commun. S1, 8574—8583.

(2) Ulijn, R. V., and Smith, A. M. (2008) Designing Peptide Based
Nanomaterials. Chem. Soc. Rev. 37, 664—675.

(3) Zhao, X. B, Pan, F., Xu, H., Yaseen, M., Shan, H. H., Hauser, C. A.
E, Zhang, S. G, and Ly, J. R. (2010) Molecular Self-Assembly and
Applications of Designer Peptide Amphiphiles. Chem. Soc. Rev. 39,
3480—3498.

(4) Hamley, 1. W. (2011) Self-Assembly of Amphiphilic Peptides. Soft
Matter 7, 4122—4138.

(5) Dehsorkhi, A., Castelletto, V., and Hamley, L. W. (2014) Self-
Assembling Amphiphilic Peptides. J. Pept. Sci. 20, 453—467.

(6) Webber, M. J., Tongers, J., Renault, M.-A., Roncallj, J. G., Losordo,
D. W, and Stupp, S. L. (2010) Development of Bioactive Peptide
Amphiphiles for Therapeutic Cell Delivery. Acta Biomater. 6, 3—11.

(7) Hamley, I. W. (2014) Peptide Nanotubes. Angew. Chem., Int. Ed.
$3, 6866—6881.

(8) Hamley, I. W. (2014) PEG-Peptide Conjugates. Biomacromolecules
1§, 1543—1559.

(9) Lowik, D. W. P. M., Ayres, L., Smeenk, J. M., and van Hest, J. C. M.
(2006) Synthesis of Bio-Inspired Hybrid Polymers Using Peptide
Synthesis and Protein Engineering. Adv. Polym. Sci. 202, 19-52.

(10) Gauthier, M. A., and Klok, H. A. (2008) Peptide/Protein-Polymer
Conjugates: Synthetic Strategies and Design Concepts. Chem. Commun.,
2591-2611.

(11) Klok, H. A. (2009) Peptide/Protein - Synthetic Polymer
Conjugates. Macromolecules 42, 7990—8000.

(12) Canalle, L. A., Lowik, D. W. P. M., and van Hest, J. C. M. (2010)
Polypeptide-Polymer Bioconjugates. Chem. Soc. Rev. 39, 329—353.

(13) Rabotyagova, O. S,, Cebe, P., and Kaplan, D. L. (2011) Protein-
Based Block Copolymers. Biomacromolecules 12, 269—289.

(14) Barz, M., Luxenhofer, R., Zentel, R., and Vicent, M. J. (2011)
Overcoming the Peg-Addiction: Well-Defined Alternatives to PEG,
from Structure-Property Relationships to Better Defined Therapeutics.
Polym. Chem. 2, 1900—1918.

(15) Pelegri-O’Day, E. M., Lin, E.-W.,, and Maynard, H. D. (2014)
Therapeutic Protein-Polymer Conjugates: Advancing Beyond PEGyla-
tion. J. Am. Chem. Soc. 136, 14323—14332.

(16) Hermanson, G. T. (2008) Bioconjugate Techniques, Academic
Press, New York.

(17) Rachel, N. M., and Pelletier, J. N. (2016) One-Pot Peptide and
Protein Conjugation: A Combination of Enzymatic Transamidation and
Click Chemistry. Chem. Commun. 52, 2541—2544.

(18) Wright, T. H.,, Brooks, A. E. S., Didsbury, A. J., Williams, G. M.,
Harris, P. W. R,, Dunbar, P. R,, and Brimble, M. A. (2013) Direct
Peptide Lipidation through Thiol-Ene Coupling Enables Rapid
Synthesis and Evaluation of Self-Adjuvanting Vaccine Candidates.
Angew. Chem.,, Int. Ed. 52, 10616—10619.

(19) Hamley, I. W., Dehsorkhi, A., Castelletto, V., Walter, M. N. M.,
Connon, C. J,, Reza, M., and Ruokolainen, J. (2015) Self-Assembly and
Collagen-Stimulating Activity of a Peptide Amphiphile Incorporating a
Peptide Sequence from Lumican. Langmuir 31, 4490—4495.

(20) Walter, M. N. M., Connon, C. J., Dehsorkhi, A, and Hamley, L. W.
(2016) Supra-Molecular Assembly and ALK Receptor Signalling
Mediate the Collagen-Stimulating Activity of a Lumican Derived
Peptide Amphiphile: An in Vitro Study of Corneal Keratocytes.
Biomater. Sci. 4, 346—354.

(21) Tantakitti, F., Boekhoven, J., Wang, X., Kazantsev, R. V., Yu, T., L,
J» Zhuang, E,, Zandi, R,, Ortony, J. H.,, Newcomb, C. J., Palmer, L. C,,
Shekhawat, G. S., Olvera de la Cruz, M., Schatz, C,, and Stupp, S. L
(2016) Energy Landscapes and Functions of Supramolecular Systems.
Nat. Mater. 15, 469—476.

(22) Arslan, E., Guler, M. O., and Tekinay, A. B. (2016)
Glycosaminoglycan-Mimetic Signals Direct the Osteo/Chondrogenic
Differentiation of Mesenchymal Stem Cells in a Three-Dimensional
Peptide Nanofiber Extracellular Matrix Mimetic Environment. Bio-
macromolecules 17, 1280—1291.

(23) Sur, S., Matson, J. B.,, Webber, M. J., Newcomb, C.J., and Stupp, S.
L. (2012) Photodynamic Control of Bioactivity in a Nanofiber Matrix.
ACS Nano 6, 10776—1078S.

(24) Boekhoven, J., Zha, R. H., Tantakitti, F., Zhuang, E., Zandi, R,
Newcomb, C. J,, and Stupp, S. L. (2015) Alginate-Peptide Amphiphile
Core-Shell Microparticles as a Targeted Drug Delivery System. RSC
Adv. 5, 8753—8756.

(25) Matson, J. B, and Stupp, S. L. (2012) Self-Assembling Peptide
Scaffolds for Regenerative Medicine. Chem. Commun. 48, 26—33.

(26) Matson, J. B,, Zha, R. H., and Stupp, S. L. (2011) Peptide Self-
Assembly for Crafting Functional Biological Materials. Curr. Opin. Solid
State Mater. Sci. 15, 225—238.

(27) Gouveia, R. J., Castelletto, V., Alcock, S. G., Hamley, L. W., and
Connon, C. J. (2013) Bioactive Films Produced from Self-Assembling
Peptide Amphiphiles as Versatile Substrates for Tuning Cell Adhesion
and Tissue Architecture in Serum-Free Conditions. J. Mater. Chem. B 1,
6157—6169.

(28) Storrie, H., Guler, M. O., Abu-Amara, S. N., Volberg, T., Rao, M.,
Geiger, B., and Stupp, S. I. (2007) Supramolecular Crafting of Cell
Adhesion. Biomaterials 28, 4608—4618.

(29) Gouveia, R. M., Hamley, I. W., and Connon, C. J. (2015) Bio-
Fabrication and Physiological Self-Release of Tissue Equivalents Using
Smart Peptide Amphiphile Templates. J. Mater. Sci.: Mater. Med. 10, 242.

(30) Gouveia, R. J., Castelletto, V., Connon, C. J.,, and Hamley, I. W.
(2015) New Self-Assembling Multi-Functional Templates for the Bio-
Fabrication and Controlled Self-Release of Live Human Tissues. Tissue
Eng, Part A 21, 1772—1784.

(31) Cheetham, A. G, Zhang, P. C,, Lin, Y. A, Lock, L. L., and Cui, H.
G. (2013) Supramolecular Nanostructures Formed by Anticancer Drug
Assembly. J. Am. Chem. Soc. 135, 2907—-2910.

DOI: 10.1021/acs.bioconjchem.6b00284
Bioconjugate Chem. XXXX, XXX, XXX—XXX


mailto:I.W.Hamley@reading.ac.uk
http://dx.doi.org/10.1021/acs.bioconjchem.6b00284

Bioconjugate Chemistry

Review

(32) Lin, Y. A, Cheetham, A. G,, Zhang, P. C., Oy, Y. C, Li, Y. G, Liu,
G. S., Hermida-Merino, D., Hamley, I. W., and Cui, H. G. (2014)
Multiwalled Nanotubes Formed by Catanionic Mixtures of Drug
Amphiphiles. ACS Nano 8, 12690—12700.

(33) Zhang, P., Cheetham, A. G,, Lin, Y.-A,, and Cui, H. (2013) Self-
Assembled Tat Nanofibers as Effective Dug Carrier and Transporter.
ACS Nano 7, 5965—5977.

(34) Zhang, P., Lock, L. L., Cheetham, A. G., and Cui, H. (2014)
Enhanced Cellular Entry and Efficacy of Tat Conjugates by Rational
Design of the Auxiliary Segment. Mol. Pharmaceutics 11, 964—973.

(35) Ghosh, A., Buettner, C. J., Manos, A. A., Wallace, A. J., Tweedle,
M. F,, and Goldberger, J. E. (2014) Probing Peptide Amphiphile Self-
Assembly in Blood Serum. Biomacromolecules 15, 4488—4494.

(36) Lock, L. L., Cheetham, A. G., Zhang, P. C., and Cui, H. G. (2013)
Design and Construction of Supramolecular Nanobeacons for Enzyme
Detection. ACS Nano 7, 4924—4932.

(37) Lock, L. L., Reyes, C. D., Zhang, P. C.,, and Cui, H. G. (2016)
Tuning Cellular Uptake of Molecular Probes by Rational Design of
Their Assembly into Supramolecular Nanoprobes. J. Am. Chem. Soc. 138,
3533-3540.

(38) Liy, S., Zhang, P. C., Banerjee, S. R, Xu, J. D., Pomper, M. G., and
Cui, H. G. (201S5) Design and Assembly of Supramolecular Dual-
Modality Nanoprobes. Nanoscale 7, 9462—9466.

(39) Preslar, A. T., Parigi, G., McClendon, M. T., Sefick, S. S., Moyer,
T.J., Haney, C. R., Waters, E. A,, MacRenaris, K. W., Luchinat, C., Stupp,
S. 1, and Meade, T. J. (2014) Gd(III)-Labeled Peptide Nanofibers for
Reporting on Biomaterial Localization in Vivo. ACS Nano 8, 7325—
7332.

(40) Trent, A., Marullo, R,, Lin, B., Black, M., and Tirrell, M. (2011)
Structural Properties of Soluble Peptide Amphiphile Micelles. Soft
Matter 7, 9572—9582.

(41) Cai, S. S., Vijayan, K., Cheng, D., Lima, E. M., and Discher, D. E.
(2007) Micelles of Different Morphologies - Advantages of Worm-Like
Filomicelles of Peo-Pcl in Paclitaxel Delivery. Pharm. Res. 24, 2099—
2109.

(42) Moyer, T. J.,, Kassam, H. A,, Bahnson, E. S. M., Morgan, C. E,,
Tantakitti, F., Chew, T. L., Kibbe, M. R,, and Stupp, S. I. (2015) Shape-
Dependent Targeting of Injured Blood Vessels by Peptide Amphiphile
Supramolecular Nanostructures. Small 11, 2750—2758.

(43) Mumcuogly, D., Ekiz, M. S., Gunay, G., Tekinay, T., Tekinay, A.
B, and Guler, M. O. (2016) Cellular Internalization of Therapeutic
Oligonucleotides by Peptide Amphiphile Nanofibers and Nanospheres.
ACS Appl. Mater. Interfaces 8, 11280—11287.

(44) Mammadov, R, Cinar, G., Gunduz, N., Goktas, M., Kayhan, H.,
Tohumeken, S., Topal, A. E., Orujalipoor, I, Delibasi, T., Dana, A., Ide,
S., Tekinay, A. B., and Guler, M. O. (2015) Virus-Like Nanostructures
for Tuning Immune Response. Sci. Rep. S, 16728.

(45) Pati, D., Das, S., Patil, N. G., Parekh, N., Anjum, D. H., Dhaware,
V., Ambade, A. V., and Sen Gupta, S. (2016) Tunable Nanocarrier
Morphologies from Glycopolypeptide-Based Amphiphilic Biocompat-
ible Star Copolymers and Their Carbohydrate Specific Intracellular
Delivery. Biomacromolecules 17, 466—475.

(46) Mueller, M., Lindner, B., Kusumoto, S., Fukase, K., Schromm, A.
B., and Seydel, U. (2004) Aggregates Are the Biologically Active Units of
Endotoxin. J. Biol. Chem. 279, 26307—26313.

(47) Shnyra, A., Hultenby, K., and Lindberg, A. A. (1993) Role of the
Physical State of Salmonella Lipopolysaccharide in Expression of
Biological and Endotoxic Properties. Infect. Immun. 61, $351—5360.

(48) Takayama, K, Din, Z. Z., Mukerjee, P, Cooke, P. H, and
Kirkland, T. N. (1990) Physicochemical Properties of the Lip-
opolysaccharide Unit That Activates Lymphocytes-B. J. Biol. Chem.
265, 14023—14029.

(49) Takayama, K., Mitchell, D. H,, Din, Z. Z., Mukerjee, P., Li, C., and
Coleman, D. L. (1994) Monomeric Re Lipopolysaccharide from
Escherichia-Coli Is More Active Than the Aggregated Form in the
Limulus Amebocyte Lysate Assay and in Inducing Egr-1 Messenger-
RNA in Murine Peritoneal-Macrophages. J. Biol. Chem. 269, 2241—
2244.

(50) Hamley, I. W., Kirkham, S., Dehsorkhi, A., Castelletto, V., Reza,
M., and Ruokolainen, J. (2014) Toll-Like Receptor Agonist Lip-
opeptides Self-Assemble into Distinct Nanostructures. Chem. Commun.
50, 15948—15951.

(51) Wang, Y., Lomakin, A., Kanai, S., Alex, R,, and Benedek, G. B.
(2015) Transformation of Oligomers of Lipidated Peptide Induced by
Change in Ph. Mol. Pharmaceutics 12, 411—419.

(52) Capito, R. M., Azevedo, H. S., Velichko, Y. S., Mata, A., and Stupp,
S. 1. (2008) Self-Assembly of Large and Small Molecules into
Hierarchically Ordered Sacs and Membranes. Science 319, 1812—1816.

(53) Carvajal, D., Bitton, R., Mantei, J. R., Velichko, Y. S., Stupp, S. L,
and Shull, K. R. (2010) Physical Properties of Hierarchically Ordered
Self-Assembled Planar and Spherical Membranes. Soft Matter 6, 1816—
1823.

(54) Zha, R. H, Sur, S, and Stupp, S. L (2013) Self-Assembly of
Cytotoxic Peptide Amphiphiles into Supramolecular Membranes for
Cancer Therapy. Adv. Healthcare Mater. 2, 126—133.

(55) Bitton, R., Chow, L. W., Zha, R. H,, Velichko, Y. S., Pashuck, E. T.,
and Stupp, S. L (2014) Electrostatic Control of Structure in Self-
Assembled Membranes. Small 10, S00—505.

(56) Inostroza-Brito, K. E., Collin, E., Siton-Mendelson, O., Smith, K.
H., Monge-Marcet, A., Ferreira, D. S., Rodriguez, R. P., Alonso, M.,,
Rodriguez-Cabello, J. C., Reis, R. L., Sagues, F., Botto, L., Bitton, R,
Azevedo, H. S, and Mata, A. (2015) Co-Assembly, Spatiotemporal
Control and Morphogenesis of a Hybrid Protein-Peptide System. Nat.
Chem. 7, 897—904.

(57) Li, C, Adamcik, J,, and Mezzenga, R. (2012) Biodegradable
Nanocomposites of Amyloid Fibrils and Graphene with Shape-Memory
and Enyzyme-Sensing Properties. Nat. Nanotechnol. 7, 421—427.

(58) Vilcinskas, K., Norder, B., Goubitz, K., Mulder, F. M., Koper, G.].
M., and Picken, S. J. (2015) Tunable Order in Alginate/Graphene
Biopolymer Nanocomposites. Macromolecules 48, 8323—8330.

(59) Ionita, M., Pandele, M. A, and Iovu, H. (2013) Sodium Alginate/
Graphene Oxide Composite Films with Enhanced Thermal and
Mechanical Properties. Carbohydr. Polym. 94, 339—344.

(60) Cao, K. T, Jiang, Z.Y., Zhao, J., Zhao, C. H,, Gao, C. Y., Pan, F. S,,
Wang, B. Y, Cao, X. Z, and Yang, J. (2014) Enhanced Water
Permeation through Sodium Alginate Membranes by Incorporating
Graphene Oxides. J. Membr. Sci. 469, 272—283.

(61) Valentini, L., Rescignano, N., Puglia, D., Cardinali, M., and Kenny,
J. (2015) Preparation of Alginate/Graphene Oxide Hybrid Films and
Their Integration in Triboelectric Generators. Eur. J. Inorg. Chem. 2015,
1192—-1197.

(62) Castelletto, V., Hamley, I. W., Kaur, A., Karatsas, K.-A., Barnes, R.
H., Swioklo, S., Connon, C. J., Reza, M., and Ruokolainen, J. (2016) In
Preparation.

(63) Adams, D. J. (2011) Dipeptide and Tripeptide Conjugates as
Low-Molecular-Weight Hydrogelators. Macromol. Biosci. 11, 160—173.

(64) Dasgupta, A, Mondal, J. H, and Das, D. (2013) Peptide
Hydrogels. RSC Adv. 3, 9117—9149.

(65) Du, X. W., Zhou, J., Shi, J. F., and Xu, B. (2015) Supramolecular
Hydrogelators and Hydrogels: From Soft Matter to Molecular
Biomaterials. Chem. Rev. 115, 13165—13307.

(66) Basak, S., Nanda, J.,, and Banerjee, A. (2013) Assembly of
Naphthalanediimide Conjugated Peptides: Aggregation Induced
Changes in Fluorescence. Chem. Commun. 49, 6891—6893.

(67) Maiti, D. K, and Banerjee, A. (2013) A Peptide Based Two
Component White Light Emitting System. Chem. Commun. 49, 6909—
6911.

(68) Kirkham, S., Hamley, I. W., Smith, A. M., Gouveia, R. M., Connon,
C. J, Reza, M, and Ruokolainen, J. (2016) A Self-Assembling
Fluorescent Dipeptide Conjugate for Cell Labelling. Colloids Surf, B
137, 104—108.

(69) Yang, Z., Liang, G., and Xu, B. (2008) Enzymatic Hydrogelation
of Small Molecules. Acc. Chem. Res. 41, 315—326.

(70) Williams, R. J., Mart, R. J.,, and Ulijn, R. V. (2010) Exploiting
Biocatalysis in Peptide Self-Assembly. Biopolymers 94, 107—117.

(71) Zhou, J.,, Du, X,, Li, J., Yamagata, N., and Xu, B. (2015) Taurine
Boosts Cellular Uptake of Small D-Peptides for Enzyme-Instructed

DOI: 10.1021/acs.bioconjchem.6b00284
Bioconjugate Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.bioconjchem.6b00284

Bioconjugate Chemistry

Review

Intracellular Molecular Self-Assembly. J. Am. Chem. Soc. 137, 10040—
10043.

(72) Tanaka, A., Fukuoka, Y., Morimoto, Y., Honjo, T., Koda, D., Goto,
M., and Maruyama, T. (2015) Cancer Cell Death Induced by the
Intracellular Self-Assembly of an Enzyme-Responsive Supramolecular
Gelator. J. Am. Chem. Soc. 137, 770—775.

(73) Ku, T. H,, Sahuy, S., Kosa, N. M., Pham, K. M., Burkart, M. D., and
Gianneschi, N. C. (2014) Tapping a Bacterial Enzymatic Pathway for
the Preparation and Manipulation of Synthetic Nanomaterials. J. Am.
Chem. Soc. 136, 17378—17381.

(74) Dehsorkhi, A, Hamley, I. W,, Seitsonen, J., and Ruokolainen, J.
(2013) Tuning Self-Assembled Nanostructures through Enzymatic
Degradation of a Peptide Amphiphile. Langmuir 29, 6665—6672.

(75) Hamley, I. W., Dehsorkhi, A., Castelletto, V., Furzeland, S., Atkins,
D., Seitsonen, J., and Ruokolainen, J. (2013) Reversible Helical Ribbon
Unwinding Transition of a Self-Assembling Peptide Amphiphile. Soft
Matter 9, 9290—9293.

(76) Castelletto, V., Gouveia, R. J., Connon, C. J.,, Hamley, L. W,,
Seitsonen, J., Ruokolainen, J., Longo, E. and Siligardi, G. (2014)
Influence of Elastase on Alanine-Rich Peptide Hydrogels. Biomater. Sci.
2, 867—874.

(77) Frederix, P., Scott, G. G., Abul-Haija, Y. M., Kalafatovic, D.,
Pappas, C. G, Javid, N., Hunt, N. T., Ulijn, R. V., and Tuttle, T. (2014)
Exploring the Sequence Space for (Tri-) Peptide Self-Assembly to
Design and Discover. Nat. Chem. 7, 30—37.

(78) Dong, H., Paramonov, S. E. Aulisa, L, Bakota, E. L., and
Hartgerink, J. D. (2007) Self-Assembly of Multidomain Peptides:
Balancing Molecular Frustration Controls Conformation and Nano-
structure. J. Am. Chem. Soc. 129, 12468—12472.

(79) Bowerman, C. J., and Nilsson, B. L. (2012) Review Self-Assembly
of Amphipathic Beta-Sheet Peptides: Insights and Applications.
Biopolymers 98, 169—184.

(80) Decandio, C. C,, Silva, E. R, Hamley, . W.,, Castelletto, V.,
Liberato, M. S., Oliveira, V. X., Oliveira, C. L. P., and Alves, W. A. (2015)
Self-Assembly of a Designed Alternating Arginine/Phenylalanine
Oligopeptide. Langmuir 31, 4513—4523.

(81) da Silva, E. R, Walter, M. N. M., Reza, M,, Castelletto, V.,
Ruokolainen, J., Connon, C. J., Alves, W. A., and Hamley, L. W. (2015)
Self-Assembled Arginine-Capped Peptide Bolaamphiphile Nanosheets
for Cell Culture and Controlled Wettability Surfaces. Biomacromolecules
16, 3180—3190.

(82) da Silva, E. R, Alves, W. A., Castelletto, V., Reza, M., Ruokolainen,
J., Hussain, R, and Hamley, I. W. (2015) Self-Assembly Pathway of
Peptide Nanotubes Formed by a Glutamatic Acid-Based Bolaamphi-
phile. Chem. Commun. 51, 11634—11637.

DOI: 10.1021/acs.bioconjchem.6b00284
Bioconjugate Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.bioconjchem.6b00284

