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ABSTRACT: The remarkable diversity of the self-assembly behavior
of PEG peptides is reviewed, including self-assemblies formed by

PEG peptides with -sheet and

-helical (coiled-coil) peptide

sequences. The modes of self-assembly in solution and in the solid
state are discussed. Additionally, applications in bionanotechnology

and synthetic materials science are summarized.

1. INTRODUCTION

Attachment of PEG to peptides or proteins, so-called
PEGylation, o ers improved water solubility and stability as
well as reduced clearance through the kidneys, leading to a
longer circulation time.> Several reviews on polymer peptide
conjugates discuss examples of self-assembling PEG peptide
conjugates,® * and reviews discussing applications of PEGyla-
tion of peptides and proteins for applications in biotechnology
are available.® ®

This review is focused on PEG peptide conjugates and does
not cover methods of protein PEGylation or applications of
PEGylated proteins. These topics have been extensively
reviewed elsewhere.” ** The application of PEGylation in
drug delivery has been reviewed, including lists of commercially
developed PEGylated proteins for therapeutics.>”®*® General
reviews on polymer peptide conjugates also feature discussion
of PEG peptide conjugates.>** ¢ A book on bioconjugation
techniques™’ discusses many chemistries that can be used to
prepare PEG peptide conjugates. This review focuses on the
self-assembly of PEG peptide conjugates, with a brief
discussion of the relevant preparation chemistries, as these
are reviewed in more detail in the above-mentioned
publications.

The following notation is used here for PEG with di erent
molar mass: in PEGxK, x denotes the molar mass in kilograms
per mole, and in PEG,, n denotes the average degree of
polymerization. Amino acids are abbreviated with single- or
three-letter codes.

This review is organized as follows. Methods to synthesize
PEG peptide conjugates are outlined in Section 2. Sections 3
and 4 discuss the self-assembly of PEG peptide diblock
conjugates containing -sheet or -helical peptides, respec-
tively. The self-assembly of PEG peptide conjugates with more
complex triblock and multiblock architectures is reviewed in
Section 5. In Section 6, the class of PEG peptides containing
synthetic polypeptides such as poly( -benzyl L-glutamate)
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(PBLG) is considered. PEG crystallization e ects on self-
assembly are examined in Section 7. The nal sections
introduce selected applications of PEG peptides. Section 8
concerns enzyme-responsive PEG peptide conjugates, whereas
Section 9 summarizes studies on PEG peptides for drug
delivery. Lastly, a brief summary and outlook are included in
Section 10.

2. SYNTHETIC METHODS

2.1. Coupling. 2.1.1. Coupling Chemistries. Examples of
some of the common coupling chemistries are shown in Figure
1. As will become apparent in the following discussion, this is
not an exhaustive list of methods used to link PEG polymers
and peptides.

Amine groups at the N terminus or on lysine side chains are
common sites for PEG attachment using hydroxyl- or aldehyde-
functionalized PEG. First-generation methods relied on
activated hydroxyl groups on end-functionalized PEGs.*®*° A
widely used method in current use involves N-hydroxysucci-
nimide (NHS) esters, which are highly reactive toward amines
at physiological pH (Figure 1a).2° Potential hydrolysis of the
ester bond of succinylated PEG can be avoided by use of a
linking carbonate group.t**?* NHS-terminated PEG was used
to prepare alternating multiblock copolymers of PEG and
coiled-coil peptides using NHS PEG3.4k NHS.2

Other methods to activate the reaction of PEG and amines
have been reviewed." Rather than preparing polymers with
reactive end groups, in situ activation using carbodiimides is
possible,® and this has been used to couple the carboxylic
group of succinylated PEG to various peptides.! Aldehyde-
terminated polgmers may be reacted with N-terminal amines
(Figure 1b).%* 2" In one example, poly(oligo-(ethylene
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Figure 1. Representative coupling chemistries (adapted from ref. 17). In general, R denotes a peptide chain, and R , a PEG chain, although in some
cases these are interchangeable (e.g., reaction e). (2) Reaction of an amine with an NHS ester forms an amide bond, (b) reaction of an amine with an
aldehyde produces a Schi base that can be reduced by borohydrides to produce a secondary amine linkage, (c) reaction of a thiol (in a cysteine
residue) with a maleimide derivative produces a thioether bond, (d) reaction of a thiol-containing peptide with a vinylsulfone-modi ed PEG
produces a thioether bond, and (e) Cu-catalyzed alkyne azide click reaction produces a triazole. Adapted with permission from ref 17. Copyright
2008 Elsevier.
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Figure 2. Coupling of PEG via diazonium linkage to Tyr22 in salmon calcitonin (sCT).** Reproduced from ref 42. Copyright 2012 American
Chemical Society.

glycol) methacrylate) (POEGMA) or PEG was coupled to the thiols of cysteine residues by Michael addition in the pH range
3432 Da peptide hormone salmon calcitonin.?® POEGMA 6.5 7.5 (Figure 1c)."® To prepare atom-transfer radical

contains oligomeric ethylene oxide side chains and has some polymerization (ATRP) initiators containing maleimides,
distinct properties to linear PEG while retaining advantages protection is required.! Amine-terminated PEG has been
such as biocompatibility. For instance, copolymerization of converted to a maleimide by reaction with maleic anhydride.®*
di erent oligo-ethylene gycol acrylates leads to the formation of Maleimide PEGs have been coupled to cysteine anked silk-
thermosensitive polymers with lower critical solution temper- like peptide (EG)sEG.*® In another case, maleimide polymers
ature (LCST) behavior?® In the conjugates of PEG or including POEGMA were coupled to the model thiol-
POEGMA with salmon calcitonin, the bioactivity was not containing peptide reduced glutathione ( -ECG) as well as
in uenced by the M, of POEGMA (containing PEG1.1k) in the protein bovine serum albumin.®® The maleimide was
the range 6.5 109 kDa.* Later, this group used dibromoma- incorporated into an initiator for ATRP to produce
leimides for site-speci ¢ linkage to the disul de bridge in functionalized polymers. Maleimide-modi ed RAFT chain-
salmon calcitonin.®* The same model peptide was also transfer agents (CTAs) have also been used to synthesize
conjugated to poly((monomethoxy ethylene glycol) (meth)- poly(ethylene glycol) methyl ether acrylate (PEGA) for
acrylates) via the disul de using water-soluble organic conjugation to proteins such as lysozyme.3"*
phosphines as catalysts.>> An amine-terminated polymer may Another chemistry that can be used to link polymers to
be attached to an aldehyde-functionalized resin, from which cysteine residues employs vinyl sulfone-terminated polymers
peptide synthesis is performed. (Figure 1d); for example, this approach has been used to
Cysteines are an attractive target for conjugation of polymers couple PEGA to proteins.®®> A PEGA PS PEGA triblock
to proteins because only a few are typically available to react copolymer with pyridyl sul de end groups, prepared by RAFT
with;' however, further discussion of protein conjugation is using a novel CTA, has been linked to glutathione as a model
outside the scope of this review. A number of thiol-reactive tripeptide. The triblock forms micelles, and the conjugate forms
groups can be used to couple end-functionalized polymers to peptide-decorated micelles.*°
cysteine-terminated peptides (Figure 1c,d). One widely used Thiol-ene chemistry may also be employed to link alkene-
chemistry employs maleimides, which react selectively with the terminated polymers and cysteine-containing peptides. For
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instance, copolymers of di(ethylene glycol) methyl ether
methacrylate (DEGMEMA) and allyl methacrylate have been
linked to -keratin using this chemistry.*!

Diazonium derivatives may be coupled to tyrosine, and this
has been exploited to link a diazo-functional PEG (PEGg) to
the pentapeptide (p-Ala2)-leucine enkephalin (an endogenous
opioid peptide) as well as diazo-functional PEG4 and PEG,; to
salmon calcitonin (Figure 2).*? This method was also employed
using POEGMA instead of PEG.

Carboxylated PEG may be linked to oligopeptides via NHS
activation with N,N -dicyclohexylcarbodiimide (DCC).** This
method was used to prepare conjugates of short PEG chains
(PEG350 750) with hydrophobic tetra- and hexapeptides. The
conjugates formed micelles with thermosensitive properties
because of the LCST behavior.

Oxime formation by reaction of aminooxy end-functionalized
polymers and levulinyl-modi ed proteins or peptides may also
be used to prepare conjugates, such as those containing
POEGMA.* The method has also been used to conjugate
branched PEG-based polymers to peptides (small proteins)
such as an anti-HIV g)rotein“?"46 (Figure 3) or synthetic
erythropoietic proteins.*

Figure 3. Coupling of aldehyde-functionalized PEG to an
isopropylidene-functionalized 34-residue anti-HIV peptide at lysine
45 via oxime exchange using methoxylamine.*® Reproduced from ref
46. Copyright 2005 American Chemical Society.

On-resin coupling of PEG CH, COOH to N-terminal
peptide resins has been carried out via acylation, occurring
rapidly and with high conversion in the case of lower molar
mass PEG (750 g mol ) but not for PEG10k (PEG5k could be
coupled to unhindered N-terminal Gly but not hindered Ile).*®
Di-PEGylation was also possible using C-terminal PEGylated
amino acids (ornithine or lysine), and this method was used to
prepare di-PEGylated interleukin-2 peptide fragments. Lysine
side chain/C-terminal PEG conjugates were also prepared. The
authors also showed that PEG end-functionalized with
methylnorleucine (Nle) is a good reagent for N-terminal
PEGylation using BOP activation.***° The method was used to
prepare a number of PEG OCHH,CO NIe(NANP); con-
jugates with PEG5000*° as well as a conjugate of PEG5000 and
a 13-residue peptide fragment of interleukin-2.%°

A mixed grafted PLL poly(L-lysine) conjugate was prepared
by coupling PEG2k with an NHS end group via the lysine
amine as a side chain.>* In addition, a fraction of PEG chains
were functionalized with RGD-based peptides via vinylsulfone
groups coupled to cysteine residues. The incorporation of the
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RGD cell adhesion motif supported the growth of human
dermal broblasts while blocking adsorption of serum proteins.
In a related context, PEG5000 has been grafted via a lysine
residue in uorophore-labeled RGD peptides for applications in
bioimaging.>> PEGylation was found to enhance uorescence
quantum vyield while reducing interactions between uoro-
phores and biomolecules in cells.

2.1.2. Click Coupling. The well-known [3 + 2] cycloaddition
click reaction (Figure 1e) between alkynes and azides has been
widely used in the synthesis of bioconjugates.>

By using click reactions, grafting e ciencies approaching
100% are possible, as demonstrated with poly( -propargyl--
glutamate), to which azide-terminated PEG with molar masses
in the range 750 5000 g mol * has been attached (Figure 4).>*
The conjugates adopt a -helical secondary structure. Alkyne
azide click chemistry was used to link PEGA to a GGRGDG
peptide.>®

0 , 0
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Figure 4. Clicking of PEG to poly( -propargyl-L-glutamate).>
Reproduced with permission from ref 54. Copyright 2009 WILEY-
VCH Verlag GmbH & Co. KGaA. http://onlinelibrary.wiley.com/doi/
10.1002/anie.200904070/abstract.

Peptidomimetics have also been linked via click ligation to
PEG, for example, using alkyne-functionalized peptidomimetics
and , -diazido-PEG.>® Other examples of click reactions are
provided in the following sections.

2.1.3. Noncovalent Coupling. Reversible coupling can be
achieved using noncovalent chemistries. For example proteins
(or peptides) may be tagged with the commonly used (in
a nity chromatography) hexahistidine motif, which is recog-
nized by the complementary nickel nitriloacetic acid (Ni-
NTA) complex on end-modi ed PEG.>’ This has been
proposed as a facile, reversible PEGylation method for the
screening of therapeutic proteins in vivo.

The interaction between heparin and a heparin-binding
growth factor (VEGF) has been used to prepare noncovalent
hydrogels of heparin-terminated four-arm PEG and VEGF.%®
The presence of VEGF receptors on endothelial cells lead to
erosion of the hydrogels, producing a biomaterial responsive to
a speci c receptor cue.

The biotin streptavidin complex has been used to couple
polymers and proteins noncovalently;* however, we are not
aware of the use of this high-binding-a nity system to prepare
PEG peptide conjugates.

2.2. Peptide Synthesis from PEG Chains (“Grafting
to”). N-Carboxyanhydride (NCA) polymerization from PEG
macroinitiators enables the synthesis of a range of polymer
peptide conjugates.>®®® NCA of homopolypeptides such as
poly(L-proline) as well as copolymers from PEG macro-
initiators has been demonstrated, and self-assembly in the solid
state was noted.®* The polyproline Il secondary structure was
adopted in water. NCA polymerization has also been used to
polymerize L-alanine from amino-terminated PEG.% It has also
been used to prepare PEG-poly(Z-L-lysine) diblocks with
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dodecylamine or -naphthylamine (as a uorophore) between
the two blocks.®

A variety of chemistries have been employed using PEG as a
cleavable support for peptide synthesis (prior to cleavage,
PEG peptide conjugates are produced).®* PEGylated resins
are available commercially (see below). The PEG chain is
connected to the peptide via a linker, of which examples include
those that are photocleavable, acid- or base-labile, or thiol-
labile. A method to prepare 9- uorenylmethyl chloroformate
(Fmoc) PEG amino acids to incorporate PEG spacers within
peptides, compatible with solid-phase synthesis methods, has
been employed by several groups using PEG amino acids with
3 8 spacers.®® ¢ This builds on earlier work in which shorter
ethylene glycol spacers were incorporated into disul de-bridged
peptides.®®

A method to convert synthesized PEG (up to EG,g) diols
into Fmoc amino acids comgpatible with solid-phase peptide
synthesis has been reported.®® These were used to synthesize
(on resin) a peptide PEG,; folate conjugate incorporating a
folic acid cysteine-targeting ligand as well as an N-terminal
amphipathic peptide with high transfection e ciency. The
peptide PEG;; conjugate was coupled to the cysteine-folate
ligand using maleimide coupling chemistry. Monodisperse
Fmoc PEG COOH with a range of PEG (PEG, PEG39) are
now available commercially (from Quanta Biodesign)*’ and
have been used to prepare PEG peptide conjugates such as
PEG FFKLVFF COOH.”

PEG-functionalized resins are commercially available under
the trade name Tentagel PAP (from Rapp Polymere).* "
These comprise cross-linked polystyrene beads to which PEG
chains are preattached with a labile benzyl ether linkages. A
range of PEG molar mass beads is available. The method was
originally developed to attach PEG to improve the solubility of
hydrophobic peptides or lipopeptides,”* although recent
attention has focused on the interesting self-assembly proper-
ties arising from the amphiphilicity of PEG peptide conjugates.

Mutter et al. developed liquid-phase synthesis of Beptides up
to 20 residues from linear PEG (5 20k) supports,™ although
the method has yet to nd widespread application.”® These
authors prepared PEG with several acid- and photocleavable
linkers for the synthesis of a series of test peptides.

PEG chains have been used as supports for liquid-phase
peptide synthesis, as reviewed in detail elsewhere.®* In general,
the synthesis has been carried out in organic solvents, although
some examples in water have been reported (using 1-ethyl-3-
(3-(dimethylamino)propyl)carbodiimide (EDC) instead of
DCC). Figure 5 shows a direct esteri cation method to
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Figure 5. Direct esteri cation of PEG with amino acids using
dicyclohexylcarbodiimide (DCC).®* Reproduced from ref 64. Copy-
right 1997 American Chemical Society.
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produce, in this case, a bifunctional conjugate. This method has
been used with PEG up to PEG20k and for up to 14-residue
peptides.”® Fragments of the peptide secretin have been
synthesized on a PEG10k support, which provides a solubilizing
protecting group.”” ® The stepwise synthesis of a fragment of
insulin B was performed using a PEG3k support®® Liquid-
phase methods were used to prepare PEG peptides incorpo-
rating PEG10k and oligo-glycine peptides with 1 9 glycine
repeats ( -sheet structures were observed for conjugates with
longer glsycine sequences at low dilution in chlorinated
solvents).®* Similarly, t-Boc-X,-G-PEG conjugates were pre-
pared with X = Ala, n=1 8orX=Val,n=1 6%

2.3. Polymer Synthesis from Peptide (“Grafting
from”). In the grafting from method, initiators for polymer-
ization methods such as ATRP may be incorporated at the
peptide termini. This method has been widely used to prepare
protein polymer conjugates,® although this is outside the
scope of the present review. The technique has also been used
for polymer peptide conjugates®® In one example, two
di erent ATRP initiators were attached at the termini of a
model matrix metalloprotease (MMP) substrate 11-residue
peptide, and POEGMA was polymerized from the C terminus
and poly(N-isopropyIacr%/Iamide) (PNIPAM) was polymerized
from the N terminus.®® This conjugate self-assembled into
micelles under suitable conditions in aqueous solution, and
enzymatic degradation of the peptide linker was demonstrated.

A reversible addition fragmentation transfer (RAFT) agent
has been appended to a solid-phase-synthesized peptide and
used as a macroinitiator for RAFT and also via functionality
shift for ATRP, which may be used to polymerize PEG
(although this study involved polymerization of n-butyl
acrylate).®

2.4. Synthesis of PEG Side-Chain Polymer Peptide
Conjugates. As an alternative to the attachment of linear PEG
to peptides, it is often synthetically convenient to use PEG-rich
polymers bearing PEG or oligo-ethylene glycol side chains such
as acrylates or methacrylates, which are conveniently prepared
by living radical polymerization methods such as RAFT (and
ATRP, although this is also used directly to synthesize PEG).*®
Polymers with PEG “grafts” enable the incorporation of PEG of
a de ned length at a controlled density along the polymer
backbone. Furthermore, certain PEG acrylates show very well-
de ned LCST behavior (i.e., they undergo a sharp coil globule
transition on heating). Incorporation of PEG in the monomer
(“grafting through”) is generally advantageous compared to
grafting to, where quantitative functionalization can be hard to
achieve.

Short PEG chains have been grafted to PBLG,®” and PEG
chains with M,, = 1k, 2k, and 3k have been grafted to poly(L-
lysine) 28 with both showing moderate grafting densities.
Poly(L-glutamates) with oligo-ethylene glycol (1, 2, or 3
repeats) have been prepared by NCA polymerization of
ethylene glycol-modi ed amino acid monomers.®® The
PEGylated polymers exhibit LCST behavior in water. The
LCST transition can be tuned via the composition (PEGylated
monomer content) of the copolymer or the enantiomeric
composition.2® Cysteine-based C and CF peptides have been
attached to polybutadiene chains in a PEO polybutadiene
diblock via free-radical addition.® Spherical or worm-like
micelles or vesicles were observed depending on the hydro-
phobicity of the conjugate copolymers.

Langer's group studied polyhistidine polymers with PEG
grafts (PEG5kK) for gene delivery (plasmid DNA) and

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559
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compared these conjugates to linear PEG polyhistidine
diblocks.” Steric hindrance because of PEG led to a direct
relationship between PEG content and the size of the
complexes formed. The transfection e ciency was good, and
cytotoxicity to macrophages was low.

2.5. Synthesis of Tethered PEG peptides. PEGylated
peptides may be tethered to solid supports, for instance, to
create functionalized surfaces for cells. Ulijn’s group developed
a system comprising amine-terminated PEG tethered to silica
surfaces in which initially blocked cell adhesion peptide motifs
were subsequently exposed via enzymatic cleavage of the
terminal blocking group.®*® In a rst example, PEGA-coated
surfaces were created with reactive amine groups for the
sequential coupling with Fmoc amino acids to produce
PEGA DGRF Fmoc. Because proteases such as -chymo-
trypsin cleave on the carboxylic side of phenylalanine residues,
they can be used to remove the blocking Fmoc unit, as was
demonstrated, leading to the spreading of osteoblast cells.”? In
a second example, Fmoc amino acids were then coupled to the
PEG amine to produce PEG DGRAAFmoc.*® The Fmoc unit
serves as a blocking group that can be removed by enzymatic
cleavage at the alanine residues using elastase, thus exposing the
cell adhesion RGD motifs. PEG/RGD-based peptide con-
jugates grafted to solid substrates have been studied as supports
for cell growth and di erentiation >

3. SELF-ASSEMBLY OF -SHEET PEPTIDE PEG
CONJUGATES

Lynn and co-workers investigated the brillization of
conjugates of PEG with amyloid (A ) peptide fragments
(Figure 6).%* Speci cally, they studied the self-assembly of

Figure 6. TEM image of brils formed by A (10 35) PEG3000.%
The scale bar is 200 nm. Reproduced from ref 94. Copyright 1998
American Chemical Society.

A (10 35) PEG3k. In contrast to the A (10 35) peptide
itself, conjugation to PEG was found to enhance the solubility
and led to concentration-dependent reversible brillization.
The bril dimensions (of the peptide core and PEG corona)
were determined via contrast matching small-angle neutron
scattering (SANS) experiments,® and the pH dependence of
these parameters was also examined.*®

Conjugates comprising an N-terminal alkyl chain attached to
the amyloid-forming hexapeptide KTVIIE and C-terminal
PEG3000 were observed to form brils. These could be
disassembled by removal of the alkyl chains via a UV-active
photolabile nitrobenzyl group.®’

A diblock conjugate incorporating the peptide
QQKFQFQFEQQ and a PEG3.7k block self-assembles into
-sheet brils.®® The peptide is designed as a transglutaminase
substrate for enzymatic biofunctionalization of the supra-
molecular structure. A diblock conjugate containing PEG440
and the truncated peptide KFQFQFQ also formed brils (the
corresponding peptide PEG peptide conjugate was not
soluble in water), although the analogous peptide-terminated
triblock did not (because of insolubility in aqueous solution).
The morphology of brils formed by the PEG conjugates
di ered from those of the parent peptides.®®

PEGylation can hinder -sheet formation. This is exempli ed
by a study on a designed alanine-rich peptide.®® The peptide
self-assembles into helices under ambient conditions at acidic
pH but converts into -sheets at high temperature. PEGylated
peptides (conjugated to PEG5k or PEG10k) show similar
behavior; however, -sheet formation at elevated temperature is
slowed, and there is reduced cooperativity in the thermally
induced unfolding.*®

Nematic and hexagonal columnar-phase formation in
aqueous solution by the gegtide PEG conjugate FFKLVFF
PEG3k was also noted.”>'%1 The peptide is based on a
fragment of the amyloid peptide, KLVFF, A (16 20)
extended at the N terminus by two phenylalanine residues. This
peptide amphiphile forms core shell cylindrical brils. The
PEG coronas around the peptide brils are expected to mediate
the purely repulsive interactions because attractive interactions
can result from interpenetration of coronal chains. It is
interesting to consider how the balance of electrostatic and
steric (soft elasticity from polymer corona) interactions
in uence the packing constraints that lead to the nematic and
hexagonal columnar phases observed in these PEG peptide
conjugates. Nematic ordering has also been reported for a
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Figure 7. (a, b) Schemes for the packing of FFKLVFF -strands based on X-ray di raction for (EG), FFKLVFF COOH with (a) n=5and 11 and
(b) n = 27. (c) Scheme for self-assembled structure based on stacking of -sheets shown in panels a and b.”® Reproduced with permission from ref
70. Copyright 2012 The Royal Society of Chemistry. http://pubs.rsc.org/en/content/articlehtml/2012/sm/c2sm25546d.
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Figure 8. Proposed model for the self-assembly of PEG peptide conjugates containing the coiled-coil peptide GEAK(LAEIEAK), LAEIY Am.*°

Reproduced from ref 110. Copyright 2003 American Chemical Society.

PEG peptide amphiphile containing a two-tailed peptide motif
attached to a rigid aromatic branch point.2°? This forms tape-
like aggregates that show nematic ordering at higher
concentration.

The e ect of PEG molar mass on the self-assembly of
FFKLVFF PEG with PEG1k and PEG2k (both C-terminal
PEG) as well as PEG10k FFKLVFF (N-terminal PEG) was
also investigated.’® The three FFKLVFF PEG hybrids form

brils comprising a FFKLVFF core and a PEG corona. The
sheet secondary structure of the peptide is retained in the
FFKLVFF bril core. At su ciently high concentration,
FFKLVFF PEG1k and FFKLVFF PEG2k form a nematic
phase, whereas PEG10k FFKLVFF exhibits a hexagonal
columnar phase. Simultaneous small-angle neutron scattering/
shear ow experiments were performed to study the shear ow
alignment of the nematic and hexagonal liquid crystal phases.
On drying, PEG crystallization occurs without disruption of the
FFKLVFF -sheet structure, leading to characteristic peaks in
the X-ray di raction pattern and FTIR spectra (also see Section
7). The stability of -sheet structures was also studied in blends
of the FFKLVFF PEG conjugates with poly(acrylic acid)
(PAA), which can hydrogen bond to PEG, potentially
modifying self-assembly. Although PEG crystallization was
observed only up to 25% PAA content in the blends, the
FFKLVFF -sheet structure is retained up to 75% PAA.

The in uence of the PEG chain length on the self-assembly
of N-terminal PEGylated FFKLVFF PEG conjugates has been
examined.” Three (EG), FFKLVFF COOH conjugates were
studied, where EG denotes ethylene glycol and n =5, 11, or 27
is the PEG degree of polymerization. Importantly, these
samples are based on commercially available (Quanta biode-
sign) monaodisperse ethylene glycol oligomers. For these model
conjugates, where PEG polydispersity e ects are eliminated, X-
ray di raction revealed di erent packing motifs dependent on
PEG chain length (Figure 7). This is correlated to remarkable
di erences in self-assembled nanostructures depending on PEG
chain length. The control of strand registry points to a subtle
interplay between aromatic stacking and electrostatic and
amphiphilic interactions.

The in uence of PEG molar mass on the self-assembly of
FFFF PEG has been examined. Nanotubes were observed for
a conjugate with a low PEG molar mass (350 g mol %)%
whereas at higher PEG molar mass (studied in the range 1.2
5k), brils are observed.!°*!%® The nanotubes comprise
antiparallel -sheets that are stabilized by stacking of the
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aromatic residues.'®® Soft hydrogels arising from nanotube
entanglements are reported at higher concentration.**®

The self-assembly into -sheet brils of the conjugate
DGRFFF PEG containing the RGD cell adhesion motif
(attached N terminally), three F residues to ensure
amphiphilicity, and PEG3k in aqueous solution has been
observed. %" The adhesion, viability, and proliferation of human
corneal broblasts were examined for Ims of the conjugate on
tissue culture plates (TCP) as well as low-attachment plates.
On TCP, DGRFFF PEG3k Ims prepared at su ciently low
concentration are viable, and cell proliferation was observed.
However, on low-attachment surfaces, neither cell adhesion nor
proliferation was observed, indicating that the RGD motif was
not available to enhance cell adhesion. This was ascribed to the
core shell architecture of the self-assembled brils with a
peptide core surrounded by a PEG shell, which hinders access
to the RGD unit.

Tape structures were observed for a PEG peptide
containing PEO68 and a peptide incorporating a (TV),
ester VG “switch” peptide sequence that forms -sheet tape
structures upon increasing the pH to 6.2 in aqueous solution
because of an O N acyl switch.!®® The authors observed

brils for a related conjugate comprising PEG linked via a
dibenzofuran-based linker to two tails containing the VTVT
peptide.’® It was pointed out that short peptide end groups
can be used to direct the ordering of PEO into brillar
structures.

4. SELF-ASSEMBLY OF COILED-COIL AND -HELICAL
PEPTIDE PEG CONJUGATES

Klok and co-workers have observed that the coiled-coil
structure of designed peptides can be retained upon
conjugation to PEG.*° The peptides are based on a de novo
sequence designed by Hodges et al.*** and incorporate two
heptad LAEIEAK sequences conjugated to PEG with n = 15 or
40. An equilibrium between unimers and dimeric and
tetrameric coiled-coil aggregates was proposed, with increases
in concentration or temperature favoring the more aggregated
state (Figure 8).**° The close folding of PEG around the
coiled-coil structures was indicated by electron paramagnetic
resonance (EPR), which also pointed to a parallel alignment of
the helices, as least for the dimeric species.*

A later study focused on the secondary structure in a related
series of coiled-coil peptides with substitutions among the
charged residues, which compared PEG conjugates (PEG,, n =
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15 and 40) and the parent peptides.!'® The stability of the
secondary structure against changes in concentration and pH
was analyzed. Substitutions of E and K residues did not
in uence the ability of the peptides and conjugates to form
coiled-coil structures. The biocompatibility of the conjugates
was also examined via hemolysis assays. The stability of
PEGylated conjugates (compared to the parent peptide) based
on this type of coiled-coil peptide against changes in pH and
concentration was studied via CD spectroscopy.*** In addition,
several switch peptides**® which are designed to switch
between -helical and -sheet structure depending on pH,
were investigated in comparison with their PEG conjugates.*
The conjugates of the coiled-coil peptides exhibited reduced
concentration-dependent changes in  -helix content, although
the coiled-coil structure was retained. The switch peptide-PEG
conjugates exhibited enhanced stability of the coiled-coil
structure against pH increase. Solid-state structures were also
examined by TEM and AFM.

The formation of heterodimers between pairs of E- and R-
rich coiled-coil peptides was not impaired by their incorpo-
ration into alternating multiblock PEG copolymers.?

The in uence of PEG2k on the secondary structure of a
series of peptides (VSSLESK), with n = 3 6 was examined
using CD spectroscopy.**® The conjugates with longer peptides
n =5 and 6 adopted a two-stranded -helical structure in
aqueous solution. PEG was found not to interfere with the
formation of -helices for the shorter conjugates as well. The
thermal stability of the conjugate with n = 6 was higher than
that of the corresponding peptide.

The conformation of the PEG chain attached laterally to
coiled-coil 3- or 4-helix bundle peptides (30-mers) via cysteine
residues using maleimide-functionalized PEG was examined by
SANS.*’ The form factor was described by a cylinder (for the
coiled-coil structure) and a Gaussian coil for the PEG
conformation.

Complexation of PEG K and PS E containing -helical
peptides termed E (G(EIAALEK);) and K ((KIAALKE);G)
with opposite charges led to the formation of heterocoiled coils
and thus a noncovalently linked PS E/K PEG triblock
(Figure 9), which self-assembles into rod-like micelles.**® In
related work, the coiled-coil conjugate K PEG,; was prepared
as part of a study on complexation with diblocks containing
oppositely charged coiled-coil sequences (EIAALEK); and

PS-E + K

Jf;‘x”‘vy“j
-\
Ir

= ABC Triblock Copolymer

Figure 9. Heterocoiled-coil formation between glutamic acid and
lysine-containing helical peptides attached to polystyrene and PEG
chains leads to the formation of a noncovalent ABC triblock
copolymer.**® Reproduced from ref 118. Copyright 2008 American
Chemical Society.
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PBLG.™® Vesicle formation was observed in the case of
complexes formed with lower molar mass (PBLGsg) diblocks.

Oligo-ethylene glycol (EG,) has been attached to a protein
with a grafted minimal p53 tumor suppressor peptide sequence
to improve the solubility of the -helix-stabilized self-assembled
peptide nanostructure.**°

5. SELF-ASSEMBLY OF PEPTIDE PEG PEPTIDE,
PEG PEPTIDE PEG, AND RELATED CONJUGATES

Telechelic peptide PEG peptide conjugates containing hy-
drophobic peptides o er the possibility to create hydrogels by
physical association of the terminal peptide domains. This has
been further enhanced with disul de cross-linking (Figure 10)
of conjugates based on terminal peptides incorlporating
designed six-heptad leucine zipper coil motifs.*** The
unstructured midblock comprises ((AG3)PEG),,. Intermolec-
ular interactions between these triblock constructs was later
probed by AFM force measurements under extension/
retraction, and the adhesive interactions between molecules
were found to increase upon lowering the pH.*?? The in uence
of the end blocks on the erosion rate of this type of leucine
zipper peptide hydrogel was examined.?® Erosion was much
slower for hydrogels constructed from triblocks with dissimilar
end blocks compared to those with the same end groups, an
e ect ascribed to reduced chain looping in the heterotelechelic
constructs.**® Similar constructs were later developed to create
cell adhesive materials by incorporation of the RGDS cell
adhesion motif or heparin-binding motifs into the terminal
coiled-coil peptide domains.*?* Furthermore, cross-linked
coatings could be produced by 1-ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide (EDC)-mediated cross-linking of prox-
imal Glu and Lys residues.

A triblock comprising PEG end blocks and a central peptide
block of silk-like tandem (AG);EG repeats forms brils in
aqueous solution irrespective of PEG with a molar mass in the
range 750 5000 g mol * is used.*®

In another example, collagen-mimetic peptides were attached
to four-arm PEG. Hydrogels were formed via physical cross-
links mediated by thermally reversible triple helical assembly of
collagen-mimetic peptides.*?® Hydrogel formation by a
peptide PEG peptide conjugate containing peptides derived
from the coiled-coil region of brin has been investigated.?®
The hydrogels may have application in tissue engineering and/
or wound healing.

A thermoplastic hydrogel has been produced from a
hexablock copolymer containing PEO and PBLG, with a
complex architecture comprisin7g four PBLG-bearing arms, two
of which also contain PEO.**” The thermoplastic properties
may be due to microphase separation within the concentrated
hydrogels.

The self-assembly in aqueous solution of peptide PEG
peptide conjugates comprising aromatic dipeptides linked
telechelically to PEG1.5k has been examined.'® The role of
capping Fmoc (N- uorenyl-9-methoxycarbonyl) units at one or
both termini was also examined. A self-assembled -sheet bril-
based hydrogel was identi ed for a conjugate containing
dityrosine end groups (and a C-terminal Fmoc unit), which
exhibits a gel sol transition near body temperature (Figure
11).*?® This thermoresponsive PEG-based biofunctional hydro-
gel is expected to have diverse potential uses in delivery or
diagnostics for biomedical applications. Another group later
prepared similar telechelic conjugates of desaminotyrosine or
desaminotyrosyl-tyrosine with a linear PEG3k midblock and
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Figure 10. Proposed structure of gels formed by a peptide PEG peptide conjugate containing

Viscous Liquid

-helix end blocks and C-terminal cysteine

residues.*?! The hydrogel breaks down upon increasing pH or temperature. Reprinted with permission from ref 121. Copyright 1998 AAAS. http://

www.sciencemag.org/content/281/5375/389.full.html.
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Figure 11. Temperature dependence of molar ellipticity at 217 nm
(measuring -sheet content) of an aqueous solution (1.3 wt %) of
conjugate NH, YY PEGs YY Fmoc.!?® There is a large decrease
in -sheet content centered around 37 °C. Reproduced with
permission from ref 128. Copyright 2011 WILEY-VCH Verlag
GmbH & Co. KGaA. http://onlinelibrary.wiley.com/doi/10.1002/
mabi.201100022/abstract.

also four-armed PEG conjugate. A critical aggregation
concentration was noted for the linear midblock conjugate,
pointing toward self-assembly at high concentration.*?

As mentioned in Section 2.2, Fmoc PEG amino acids have
been developed that incorporate oligo-ethylene glycol spacers.
Boumrah et al. developed the synthesis of these residues,
consistent with solid-phase peptide synthesis methods, and
incorporated triethylene glycol repeats into their disul de-
bridged atrial natriuretic factor peptide analogues.®® A tyrosine
kinase-based tetrapeptide has been incorporated within
pYTGL (ethylene glycol), pYETL conjugates (pY, phos-
phorylated tyrosine) with n = 4 or 6.5” The spacer leads to
an a nity between the two linked phosphopeptides that is
comparable to that between the two sequences in the full native
peptide, showing that the PEG spacer can substitute for the
intervening amino acids. PEG spacers have been incorporated
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into multivalent (four-arm dendron) peptide constructs with
peripheral cyclo(RGDfE) integrin-targeting units attached via
hexaethylene glycol spacers linked to terminal lysine units.®®
Peptides incorporating PEG spacers have been developed for
applications in gene delivery. A DNA-binding lysine sequence
(Kq) was separated from a disul de-bridged integrin-binding
sequence (CRRETAWAC) by oligo-ethylene glycol spacers
with 3 8 repeats.®® The PEG spacer delivered enhanced
stability in bu er compared to control (peptide lacking PEG
spacer).

A L,KgL,VPRGS PEO conjugate containing a VPRGS
substrate for thrombin self-assembles into -sheet brils in
response to addition of the enzyme (in contrast to a peptide
containing a scrambled peptide sequence).’*® Heterotelechelic
conjugate PS L, PEO (PS, polystyrene), a so-called peptide-
inserted triblock copolymer with a tetraleucine -sheet-forming
midblock, forms vesicles in aqueous solution."*! This peptide
was prepared starting from a Tentagel PAP PEGylated resin
(Section 2.2). ATRP of PS was then performed from a
brominated L, PEG macroinitiator.

The solid-state morphology of a silk-based multiblock ABCD
copolymer where A, GAGA; B, EO;; C, AGAG,; and D, EOy;
has been investigated (P1, Figure 12).* In these copolymers,
PEG replaces the amorphous domains within the native silk
structure (Figure 12a). Microphase separation was noted with
20 50 nm peptide domains within a continuous PEO matrix.
In later work, the solid-state structure of ABCD multiblocks
containing the Bombyx mori (silk worm) sequence GAGA was
compared to that of multiblocks containing the Nephila clavipes
spider silk-type sequence AAAAAA (P2 and P3, Figure 12).
The formation of antiparallel -sheets was observed in both
cases. The copolymers containing the oligo-alanine sequence
exhibited a higher modulus than those of the GAGA
copolymers, and this was ascribed to the presence of physical
cross-links.**

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559
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Figure 12. (a) Native sequence of N. clavipes major ampullate showing the alanine-rich -sheets (highlighted) and glycine-rich amorphous regions.
(b) Generic structure of designed silk-inspired segmented multiblock copolymers P1 P3 in which the amorphous segments are replaced by exible
PEG blocks.**® Reproduced from ref 133. Copyright 2001 American Chemical Society.

6. SELF-ASSEMBLY OF PEG PEPTIDE CONJUGATES
CONTAINING SYNTHETIC HOMOPOLYPEPTIDES

6.1. Self-Assembly in the Solid State. In the solid state,
PBLG PEG conjugates undergo microphase separation of the
components of the block copolymers. This leads to hierarchical
ordering because of the additional shorter length scale
periodicities resulting from the packing of the PBLG, its
secondary structure, and the crystal structure of PEG (if the
molar mass is su ciently large). Floudas et al. reported that the
phase behavior of PBLG PEG PBLG triblocks depends on
the composition, speci ed as the peptide volume fraction, f.**
For copolymers with low peptide volume fractions (f < 0.4),
microphase separation was noted along with -helical or
sheet ordering of PBLG (depending on chain length) and
chain-folding of crystalline PEG.*** In contrast, for f > 0.4, no
regular microphase-separated structures were noted, and only
an -helical secondary structure of PBLG was observed. Our
group subsequently examined the microphase-separated
morphology within the same series of triblock copolymers via
SAXS, AFM, and TEM experiments.**> A phase diagram was
presented, including ordered structures that were observed for
some samples with f > 0.4. The PBLG adopts a mixture of
helical and -sheet structure for low chain lengths (n < 18), but
it is purely -helical when the degree of polymerization is
larger.

Microphase separation into a lamellar structure was observed
in the solid state (solvent cast samples) for a series of PBLG
PEO-PBLG triblocks containing 25 75% PBLG.}*® The
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WAXS pattern was dominated by the contribution from the

-helical PBLG. This group also observed microphase
separation in the Ims cast from a PCLL PEO PCLL
(PCLL, poly( -benzyloxycarbonyl-L-lysine)) triblock.**" Lamel-
lar ordering has been reported in the solid state of di- and
triblock copolymers of PEO and poly(pL-valine-co-pL-leu-
cine).1%®

Ordering in the solid state has been observed for complexes
of a PEG PLGA (PLGA, poly(L-glutamic acid)) diblock with
n-alkylamines (octadecylamine, dodecylamine, and octyl-
amine).**® Hierarchical ordering was observed, ranging from
the length scale associated with PEG crystallization to the
PLGA alkylamine complexes (lamellar structure for the
octadecylamine complex) as well as microphase separation of
the block copolymer (also lamellar).

The morphology and mechanical properties in the solid state
of a PBLA PEO PBLA (PBLA, poly(benzyl L-aspartate))
triblock have been examined.**® The PBLA chains adopted a -
helical conformation, whereas the PEG also crystallized,
although an increase in -sheet content of the PBLA chains
was noted upon cooling following heating above the PEO
melting temperature.

Microphase separation in the solid state was suggested as a
result of the observation of two distinct thermal transitions by
DSC for a poly(L-alanine) PEG conjugates.®®

6.2. Self-Assembly in Solution. In solution, PEG
polyelectrolyte diblocks based on charged synthetic peptides
can self-assemble into vesicles. In one study, the kinetics of the
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Biomacromolecules

Review

Figure 13. Polarized optical microscopy images showing spherulite formation for (a) KLVFF PEG but not (b) AAKLVFF PEG or (c) FFKLVFF
PEG.™° Reproduced from ref 150. Copyright 2008 American Chemical Society.

growth of PEG poly(aspartic acid) unilamellar vesicles via 2D
supramolecular polymerization has been monitored by dynamic
light scattering.*** A four-armed H-shaped (PzLL), PEG
(PzLL), conjugate (PzLL, poly( -benzyloxylcarbonyl-L-lysine))
self-assembles into vesicles in aqueous solution.*** Further-
more, the vesicles can be loaded with the hydrophobic drug
doxorobucin and delivered to human breast cancer cells.

PEG peptide diblock copolymers can form polyion complex
micelles (PICs) by pairwise association of diblocks containing
oppositely charged blocks. In one example, PICs were observed
in aqueous solutions of PEG poly(aspartic acid) (P(Asp)) and
PEG poly(lysine) (P(Lys)).*® Vesicle formation by complex-
ation of a pair of diblocks containing oppositely charged blocks
has been observed.*** The vesicles, termed PICsomes, were
formed by complexation of PEG P(Asp) (anionic) with PEG
P(Asp-AE) or PEG P(Asp-AP), where these cationic blocks
are prepared by aminolysis of poly( -benyl-L-aspartate). These
vesicles were shown, by uorescence imaging, to be semi-
permeable. Triblock copolymers can self-assemble into three-
layer micelles. In one example, micelle-forming PEG PMPA
PLL copolymers were investigated for DNA condensation.**®
The PLL forms the micelle core, with a poly(3-morpholino-
propyl) aspartamide (PMPA) bu ering inner layer and a
biocompatible PEG outer layer. Enhanced transfection of DNA
into HelLa cells was observed for the three-layer micelles
compared to those from PEG PLL.

A thermoresponsive conjugate of PEG and poly( -(2-
methoxyethoxy)esteryl-L-glutamate) has been prepared by
ring-opening polymerization.'*® Extended annealing times
drive a transition in peptide secondary structure from helical
to -sheet, leading to a concomitant nanostructure transition
from worm-like micelles to nanoribbons.

The conformational properties ( -helical structure) of PBLA
ina PEO PBLA diblock in organic solvents has been examined
by NMR and optical rotation measurements.*’

Charged polypeptide blocks within self-assembling block
copolymers can form complexes with oppositely charged
species, leading to novel nanostructures. Micelles were
observed for PEO PLL diblocks forming complexes with
retinoic acid. The -helix formed by PLL is stabilized over a
wider pH range within the complexes**® This was also
observed in the solid state and is in contrast to the mixed
helix/ -sheet structure for the PLL block in the uncomplexed
copolymer. The micelle core contains a smectic-like PLL
retinoic acid complex. Nanoparticles were observed upon
complexation of a PEO PGlu (PGlu, poly(L-glutamate))
conjugate with diminazene.**® Under pH 7.4 conditions
where the PGlu adopts a random-coil structure, complexation
led to a transition to -helical structure.
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7. PEG CRYSTALLIZATION EFFECTS ON
SELF-ASSEMBLY

For PEG of su ciently high molar mass, crystallization is
observed in the dry state. This can in uence the nanostructure
observed for PEG peptide conjugates, for example, by TEM,
where the specimen is dried. We have found that PEG
crystallization can overwhelm peptide brillization if the latter
is not strong. This was investigated for a series of PEG peptide
conjugates: FFKLVFF PEG3k, AAKLVFF PEG3k, and
KLVFF PEG3k. Fibrillization, as characterized in particular
by the presence of a cross- amyloid structure as well as by the
macroscopic morphology, was disrupted for the conjugate
containing the weak brillizer KLVFF, whereas brils were
retained (on drying) for the conjugates containing the stronger
brillizers AAKLVFF and FFKLVFF containing additional
hydrophobic AA or FF units.'***®* The formation of
spherulites resulting from PEG crystallization is observed for
the KLVFF conjugate but not for the other two (Figure 13).1%
The brillization strength depends on the number of
hydrophobic, particularly aromatic, residues; indeed, several
tables summarizing di erent assessment methods of -sheet
propensity show that pheng/lalanine particularly favors this
secondary structure.’®> *° For AAKLVFF PEG and
FFKLVFF PEG, the alignment of peptide brils also drives
the orientation of the attached PEG chains."® These results
highlight the importance of the antagonistic e ects of PEG
crystallization and peptide bril formation in the self-assembly
of PEG peptide conjugates.

As mentioned in Section 3, the self-assembly and bioactivity
of the peptide polymer conjugate DGRFFF PEG3k has been
investigated.’®” At su ciently high concentration, self-
assembled -sheet brillar nanostructures were observed. The

brils are observed despite PEG crystallization which occurs on

drying. This suggests that DGRFFF has an aggregation
tendency that is su ciently strong not to be hindered by
PEG crystallization.

8. ENZYME-RESPONSIVE PEG PEPTIDE
CONJUGATES

An enzyme-responsive hydrogel has been prepared by Cu-
catalyzed click chemistry from four- or eight-armed PEG
capped with alkyne end groups and a bis-azido-funtionalized
protease-sensitive peptide.”® The peptide sequence p-Ala-Phe-
Lys is sensitive to plasmin and trypsin, leading to biodegradable
hydrogels.

A PEG peptide micelle system that can be enzymatically
cleaved, leading to the release of unaggregated amyloid-based
peptides, has been reported.™®” The A AKLVFF PEG3k
conjugate incorporates the A AKLVFF peptide based on the
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amyloid  peptide sequence A (16 20) with two N-terminal

-alanine residues. The enzyme -chymotrypsin cleaves the
conjugate to produce A AKLVF and F PEG3k (Figure
14)." The hexapeptide does not aggregate into -sheet
structures, in contrast to the heptapeptide A AKLVFF that
forms well-de ned -sheet ribbons.**8*°

Figure 14. -Chymotrypsin cleaves A AKLVFF PEG3000 ( A
denotes -alanine), which self-assembles into spherical micelles with a
PEG corona to produce F PEG3000 and A AKLVFF, of which
neither self-assemble.’> Reproduced from ref 157. Copyright 2010
American Chemical Society.

Following a similar concept, it has been shown that PEG
peptide micelles with a peptide substrate (GPLGVRG) for
MMP?2 can be cleaved enzymatically, thus removing the PEG
coating and leaving polyaspartamide-based nanoparticles that
can form polyplexes with DNA.*®® These PEG-free polyplex
micelles can be taken up by cells (with high endosomal escape)
for gene delivery applications.

9. PEG PEPTIDES FOR DRUG DELIVERY

It is now well-established that attachment of PEG improves the
circulation time of PEGylated molecules as well as reducing
renal clearance. Extended circulation lifetimes result from
reduced recognition by the host response system (reduced
immunogenicity) and reduced enzymatic degradation. This
concept has been widely employed in the development of
therapeutic materials, a subject that will not be reviewed here;
instead, the focus will be solely on PEG peptides used for drug
delivery applications.

A review by Torchilin provides a number of examples where
PEG peptide micelles have been loaded with pharmaceutical
compounds for drug delivery applications.*®* Kataoka and co-
workers have also reviewed PEGylated block copolymers,
including those incorporating polypegtides, in drug delivery
and other biological applications.*®% %

PEG peptide conjugates containing poly(aspartic acid)
(P(Asp)) have been employed by the Kataoka group and
others in several studies on delivery of model drugs. These

conjugates form PIC micelles that can be used to entrap drugs,
enzymes, and other molecules through electrostatic interactions
with the polyanionic peptide block. The enzyme lysozyme
(positively charged in aqueous solution) was trapped within
such micelles.’®® Later, hydrophobic aromatic groups were
attached to the N-terminus of PEG P(Asp) polymers to
enhance association between the PIC micelles and lysozyme;
this led to enhanced stability against increased NaCl
concentration.*®’

Encapsulation within PIC micelles can improve the solubility
of poorly soluble or hydrophobic molecules. For example, the
anticancer drug adriamycin forms complexes through inter-
actions between its amine group and the carboxyl unit of
poly(aspartic acid), leading to its incorporation within
micelles.*®® *7° Reduced toxicity as well as enhanced stability
in bu er was observed for the PIC micelles. This group later
developed cleavable PIC micelles based on PEG SS P(Asp-
(DET)), where the disul de linker can be reduced by
glutathione in the cytoplasm and P(Asp(DET) denotes
poly(aspartic acid) modi ed with N-(2-aminoethyl)-2-amino-
ethyl) or reductants such as dithiothreitol (Figure 15).*™* In
earlier work, the Kataoka group used disul de formation to
produce PIC micelles from complexation of PEG P(thiol-Lys)
containing thiolated lysine and PEG P(Asp).}”?> The core
could be cross-linked in the presence of oxygen or dissociated
in the presence of a reductant such as DTT. Similar to
poly(aspartic acid) diblocks, conjugates of PEG with poly-
(glutamic acid) (PLGA) have been used in a study on the
delivery of the anticancer drug doxorubicin.”® Following a
similar concept, a hydrazone unit has been used as an acid-
sensitive linker to release adriamycin from PEG p(Asp-Hyd-
ADR) conjugates (Hyd, hydrazone; ADR, adriamycin) in
endosomes or lysosomes.}”* Complexation of a two-arm PEG
PLGA cholesterol conjugate with a platinum-containing
anticancer agent leads to the formation of metal-containing
polymersomes.*”

Several groups have investigated PLL PEG conjugates for
drug delivery, exploiting, in particular, the high cationic charge
of the PLL for condensation of (anionic) DNA. This system
0 ers the hiocompatibility of the poly(L-lysine) block as well as
the amphiphilicity of the diblock, which enables micellization.
The binding of plasmid DNA was investigated in a series of
papers on PEGylated polyplexes for gene therapy.!’® *"® A
series of diblocks with a xed PEG12k block was studied, and
the conformation of the PEG was found to depend on the PLL
segment length. In another example, Hua et al. used PLL
PEG PLL for slow-release drug delivery of encapsulated
paclitaxel.>”® PLL PEG diblock copolymers have been used
as micellar drug delivery systems for DNA, showing an
increased resistance to nucleases of plasmid DNA encapsulated
in the core because of electrostatic interaction with PLL.*8

Figure 15. Cleavable disul de linked PEG poly(Asp(DET)) conjugate forms polyion complex micelles with plasmid DNA.*"* Glutathione in the
cytoplasm causes PEG release. Reproduced from ref 171. Copyright 2008 American Chemical Society.
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PLL-based PLL PEG diblocks (containing poly( ,N-(triiodo-
benzoyl)--lysine)) formed micelles that can be used as long-
lived carriers for the contrast medium used for X-ray computed
tomography.'®* PEG PLL diblocks form PIC micelles with
anionic dendrimer porphyrins, and this led to enhanced
intracellular photodynamic e ciency.*®? Photodynamic therapy
has been proposed as a means to treat disease, such as cancer,
via light-triggered localized toxicity of sequestered nanoparticles
or compounds.

Micelle forming PEG peptides incorporating synthetic
peptides such as PBLG or PBLA have similarly been used to
encapsulate a variety of poorly water-soluble drugs. PEG
PBLG diblocks have been observed to self-assemble in aqueous
solution, and the core of the micelles can be loaded with the
benzodiazepine drug clonazepam.'® The release rate decreases
with increasing PBLG chain length. A PEG PBLA diblock has
been used to solubilize indomethacin, a nonsteroidal anti-
in ammatory drug. The release rate was found to increase with
pH in the range 1.2 7.4.8

In another application, PEGylated prodrugs have been
prepared that incorporate insect-derived proline-rich antimicro-
bial peptides toward the development of novel antibacterial
compounds.*® The peptide prodrugs are released from the
conjugate by serum proteases.

As shown for synthetic PEG diblock copolymers, the shape
of nanostructures has a profound in uence on circulation time
in vivo: extended cylindrical micelles (sometimes termed

lomicelles) have greatly extended circulation times compared
to spherical particles, although the latter are more readily taken
up by cells.*® The enhanced persistence of brillar
nanostructures may be relevant to PEG peptide conjugates,
which are often brillar, although a systematic study of this
e ect has yet to be carried out.

10. SUMMARY AND OUTLOOK

PEGylation of peptides o ers advantages for biomedical
applications such as drug delivery or the development of
enzyme-responsive self-assembling biomaterials. PEG-based
hydrogels containing peptide motifs have been shown to have
excellent utility in the development of substrates for cell
culture, with their ultimate application in areas such as tissue
engineering although this is outside the scope of the present
review.

A range of coupling chemistries have been developed that
enable a rich diversity of PEG peptides to be prepared, which
also facilitates the synthesis of PEG peptide conjugates with
di erent architectures (starblock polymers and multiblock
polymers). Grafting to PEG and grafting from reactions o er
distinct capabilities. Peptides can be synthesized from PEG
macroinitiators (grafting to), for example, via NCA polymer-
ization incorporating noncanonical amino acids (PBLG, etc.),
enabling longer chain lengths to be accessed than is possible
with standard stepwise coupling peptide synthesis methods.
However, PEG-based resins are available commercially and are
compatible with Fmoc peptide synthesis. Liquid-phase peptide
synthesis has been demonstrated but is not currently widely
used. Grafting from reactions involve transforming a protein
peptide into a macroinitiator. Currently, this approach is used
extensively to prepare protein-based macroinitiators for living
radical polymerization methods such as ATRP or RAFT, as
detailed earlier. Grafting through reactions enable the lateral
attachment of PEG chains to provide PEG-stabilized chains.
Furthermore, POEGMA-type copolymers with PEG side chains
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on a methacrylate or acrylate backbone show LCST behavior,
which may be useful in the development of thermoresponsive
peptide-functionalized materials.

-Sheet PEG peptide conjugates generally self-assemble
into brillar structures in solution. PEGylation of coiled coils
confers greater stability against changes in conditions (pH,
temperature, concentration) without perturbing the secondary
structure.

In the solid state, microphase separation is observed for
sheet-based peptides such as those containing silk-like
sequences. Lamellar and other morphologies are observed.
However, PEG crystallization can overwhelm any microphase-
separated structure if the peptide has a low -sheet-forming
propensity.

Many aspects of PEG peptide conjugates suggest excep-
tional potential for further research. Examples include remodel-
lable biomaterials, for example, photoresponsive hydrogels for
cell growth and di erentiation or polyion complex micelles/
vesicles for drug delivery. The control of self-assembled
nanostructure and exploitation of di erent modes of self-
assembly in biomedical applications (e.g., in uence of aggregate
shape on encapsulated drug activity) are topics that greatly
merit further research. Overall, this is likely to be a burgeoning

eld of activity in the coming years.

AUTHOR INFORMATION

Corresponding Author
E-mail: i.w.hamley@reading.ac.uk.

Notes
The authors declare no competing nancial interest.

ACKNOWLEDGMENTS

This work was supported by EPSRC grant EP/G067538/1. |
acknowledge the support of a Royal Society-Wolfson Research
Merit Award for work on peptide self-assembly. | am very
grateful to group members and collaborators who have
contributed to our work on PEG peptide conjugates.

REFERENCES

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

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

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

(4) Klok, H. A. Peptide/Protein-Synthetic Polymer Conjugates: Quo
Vadis. Macromolecules 2009, 42, 7990 8000.

(5) Delgado, C.; Francis, G. E.; Fisher, D. The Uses and Properties of
PEG-Linked Proteins. Crit. Rev. Ther. Drug Carrier Syst. 1992, 9, 249
304.

(6) Ryan, S. M.; Mantovani, G.; Wang, X. X.; Haddleton, D. M;
Brayden, D. J. Advances in PEGylation of Important Biotech
Molecules: Delivery Aspects. Expert Opin. Drug Delivery 2008, 5,
371 383.

(7) Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U. S.
Poly(ethylene glycol) in Drug Delivery: Pros and Cons as Well as
Potential Alternatives. Angew. Chem,, Int. Ed. 2010, 49, 6288 6308.

(8) Alconcel, S. N. S; Baas, A. S.; Maynard, H. D. FDA-Approved
Poly(ethylene glycol) Protein Conjugate Drugs. Polym. Chem. 2011,
2, 1442 1448

(9) Zalipsky, S. Chemistry of Polyethylene-Glycol Conjugates with
Biologically-Active Molecules. Adv. Drug Delivery Rev. 1995, 16, 157
182.

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



Biomacromolecules

Review

(10) Veronese, F. M. Peptide and Protein PEGylation: A Review of
Problems and Solutions. Biomaterials 2001, 22, 405 417.

(11) Roberts, M. J.; Bentley, M. D.; Harris, J. M. Chemistry for
Peptide and Protein PEGylation. Adv. Drug Delivery Rev. 2002, 54,
459 476.

(12) Caliceti, P.; Veronese, F. M. Pharmacokinetic and Biodis-
tribution Properties of Poly(ethylene glycol) Protein Conjugates.
Adv. Drug Delivery Rev. 2003, 55, 1261 1277.

(13) Duncan, R. The Dawning Era of Polymer Therapeutics. Nat.
Rev. Drug Discovery 2003, 2, 347 360.

(14) Schlaad, H. Solution Properties of Polypeptide-Based
Copolymers. Adv. Polym. Sci. 2006, 202, 53 73.

(15) Heredia, K. L.; Maynard, H. D. Synthesis of Protein Polymer
Conjugates. Org. Biomol. Chem. 2007, 5, 45 53.

(16) Nicolas, J.; Mantovani, G.; Haddleton, D. M. Living Radical
Polymerization as a Tool for the Synthesis of Polymer Protein/
Peptide Bioconjugates. Macromol. Rapid Commun. 2007, 28, 1083
1111

(17) Hermanson, G. T. Bioconjugate Techniques; Academic Press:
Boston, MA, 2008.

(18) Harris, J. M.; Struck, E. C.; Case, M. G.; Paley, M. S.; Vanalstine,
J. M.; Brooks, D. E. Synthesis and Characterization of Poly(ethylene
glycol) Derivatives. J. Polym. Sci., Part A: Polym. Chem. 1984, 22, 341
352.

(19) Atassi, M. Z.; Manshouri, T. Synthesis of Tolerogenic
Monomethoxypolyethylene Glycol and Polyvinyl-Alcohol Conjugates
of Peptides. J. Protein Chem. 1991, 10, 623 627.

(20) Abuchowski, A.; Kazo, G. M.; Verhoest, C. R.; Vanes, T.;
Kafkewitz, D.; Nucci, M. L.; Viau, A. T.; Davis, F. F. Cancer-Therapy
with Chemically Modified Enzymes 0.1. Antitumor Properties of
Polyethylene Glycol Asparaginase Conjugates. Cancer Biochem.
Biophys. 1984, 7, 175 186.

(21) Zalipsky, S.; Seltzer, R.; Menonrudolph, S. Evaluation of a New
Reagent for Covalent Attachment of Polyethylene-Glycol to Proteins.
Biotechnol. Appl. Biochem. 1992, 15, 100 114

(22) Miron, T.; Wilchek, M. A Simplified Method for the Preparation
of Succinimidyl Carbonate Polyethylene-Glycol for Coupling to
Proteins. Bioconjugate Chem. 1993, 4, 568 569.

(23) Sahin, E.; Kiick, K. L. Macromolecule-Induced Assembly of
Coiled-Coils in Alternating Multiblock Polymers. Biomacromolecules
2009, 10, 2740 2749.

(24) Valeur, E.; Bradley, M. Amide Bond Formation: Beyond the
Myth of Coupling Reagents. Chem. Soc. Rev. 2009, 38, 606 631.

(25) Chamow, S. M.; Kogan, T. P.; Venuti, M.; Gadek, T.; Harris, R.
J.; Peers, D. H.; Mordenti, J.; Shak, S.; Ashkenazi, A. Modification of
CD4 Immunoadhesin with Monomethoxypoly(ethylene glycol)
Aldehyde via Reductive Alkylation. Bioconjugate Chem. 1994, 5,
133 140.

(26) Lee, H.; Jang, I. H.; Ryu, S. H.; Park, T. G. N-Terminal Site-
Specific Mono-PEGylation of Epidermal Growth Factor. Pharm. Res.
2003, 20, 818 825.

(27) Kinstler, O.; Molineux, G.; Treuheit, M.; Ladd, D.; Gegg, C.
Mono-N-Terminal Poly(ethylene glycol) Protein Conjugates. Adv.
Drug Delivery Rev. 2002, 54, 477 485.

(28) Ryan, S. M.; Wang, X. X.;; Mantovani, G.; Sayers, C. T
Haddleton, D. M.; Brayden, D. J. Conjugation of Salmon Calcitonin to
a Combed-Shaped End Functionalized Poly(poly(ethylene glycol)
methyl ether methacrylate) Yields a Bioactive Stable Conjugate. J.
Controlled Release 2009, 135, 51 59.

(29) Lutz, J. F.; Hoth, A. Preparation of Ideal PEG Analogues with a
Tunable Thermosensitivity by Controlled Radical Copolymerization
of 2-(2-Methoxyethoxy)ethyl Methacrylate and Oligo(ethylene glycol)
Methacrylate. Macromolecules 2006, 39, 893 896.

(30) Sayers, C. T.; Mantovani, G.; Ryan, S. M.; Randev, R. K.; Keiper,
O.; Leszczyszyn, O. |; Blindauer, C.; Brayden, D. J.; Haddleton, D. M.
Site-Specific N-Terminus Conjugation of Poly(MPEG(1100)) Meth-
acrylates to Salmon Calcitonin: Synthesis and Preliminary Biological
Evaluation. Soft Matter 2009, 5, 3038 3046.

1555

(31) Jones, M. W.; Strickland, R. A.; Schumacher, F. F.; Caddick, S.;
Baker, J. R.; Gibson, M. I.; Haddleton, D. M. Polymeric
Dibromomaleimides as Extremely Efficient Disulfide Bridging
Bioconjugation and PEGylation Agents. J. Am. Chem. Soc. 2012, 134,
1847 1852.

(32) Jones, M. W.; Mantovani, G.; Ryan, S. M.; Wang, X. X;
Brayden, D. J.; Haddleton, D. M. Phosphine-Mediated One-Pot Thiol-
Ene “Click” Approach to Polymer Protein Conjugates. Chem.
Commun. 2009, 5272 5274.

(33) Reynhout, I. C.; Lowik, D. W. P. M.; van Hest, J. C. M,;
Cornelissen, J. J. L. M.; Nolte, R. J. M. Solid Phase Synthesis of
Biohybrid Block Copolymers. Chem. Commun. 2005, 2005, 602 604.

(34) Kogan, T. P. The Synthesis of Substituted Methoxy-Poly-
(ethyleneglycol) Derivatives Suitable for Selective Protein Modifica-
tion. Synth. Commun. 1992, 22, 2417 2424.

(35) Smeenk, J. M.; Schon, P.; Otten, M. B. J.; Speller, S,;
Stunnenberg, H. G.; van Hest, J. C. M. Fibril Formation by Triblock
Copolymers of Silklike B-Sheet Polypeptides and Poly(ethylene
glycol). Macromolecules 2006, 39, 2989 2997.

(36) Mantovani, G.; Lecolley, F.; Tao, L.; Haddleton, D. M.; Clerx, J.;
Cornelissen, J. J. L. M.; Velonia, K. Design and Synthesis of N-
Maleimido-Functionalized Hydrophilic Polymers via Copper-Medi-
ated Living Radical Polymerization: A Suitable Alternative to
PEGylation Chemistry. J. Am. Chem. Soc. 2005, 127, 2966 2973.

(37) Bays, E.; Tao, L.; Chang, C. W.; Maynard, H. D. Synthesis of
Semitelechelic Maleimide Poly(PEGA) for Protein Conjugation by
Raft Polymerization. Biomacromolecules 2009, 10, 1777 1781.

(38) Broyer, R. M.; Grover, G. N.; Maynard, H. D. Emerging
Synthetic Approaches for Protein Polymer Conjugations. Chem.
Commun. 2011, 47, 2212 2226.

(39) Grover, G. N.; Alconcel, S. N. S.; Matsumoto, N. M.; Maynard,
H. D. Trapping of Thiol-Terminated Acrylate Polymers with Divinyl
Sulfone to Generate Well-Defined Semitelechelic Michael Acceptor
Polymers. Macromolecules 2009, 42, 7657 7663.

(40) Liu, J. Q.; Liu, H. Y.; Boyer, C.; Bulmus, V.; Davis, T. P.
Approach to Peptide Decorated Micelles via Raft Polymerization. J.
Polym. Sci., Part A: Polym. Chem. 2009, 47, 899 912

(41) Slavin, S.; Khoshdel, E.; Haddleton, D. M. Biological Surface
Modification by ‘Thiol-Ene’ Addition of Polymers Synthesised by
Catalytic Chain Transfer Polymerisation (CCTP). Polym. Chem. 2012,
3, 1461 1466.

(42) Jones, M. W.; Mantovani, G.; Blindauer, C. A;; Ryan, S. M,;
Wang, X. X.; Brayden, D. J.; Haddleton, D. M. Direct Peptide
Bioconjugation/PEGylation at Tyrosine with Linear and Branched
Polymeric Diazonium Salts. J. Am. Chem. Soc. 2012, 134, 7406 7413.

(43) Xu, J. Z.; Moon, S. H.; Jeong, B.; Sohn, Y. S. Thermosensitive
Micelles from PEGylated Oligopeptides. Polymer 2007, 48, 3673
3678.

(44) Heredia, K. L.; Tolstyka, Z. P.; Maynard, H. D. Aminooxy End-
Functionalized Polymers Synthesized by ATRP for Chemoselective
Conjugation to Proteins. Macromolecules 2007, 40, 4772 4779.

(45) Miranda, L. P.; Shao, H. Y.; Williams, J.; Chen, S. Y.; Kong, T.;
Garcia, R.; Chinn, Y.; Fraud, N.; O'Dwyer, B.; Ye, J.; Wilken, J.; Low,
D. E; Cagle, E. N.; Carnevali, M.; Lee, A; Song, D.; Kung, A;
Bradburne, J. A,; Paliard, X.; Kochendoerfer, G. G. A Chemical
Approach to the Pharmaceutical Optimization of an Anti-HIV Protein.
J. Am. Chem. Soc. 2007, 129, 13153 131509.

(46) Shao, H. Y.; Crnogorac, M. M.; Kong, T.; Chen, S. Y.; Williams,
J. M.; Tack, J. M.; Gueriguian, V.; Cagle, E. N.; Carnevali, M,
Tumelty, D.; Paliard, X.; Miranda, L. P.; Bradburne, J. A;
Kochendoerfer, G. G. Site-Specific Polymer Attachment to a CCL-5
(Rantes) Analogue by Oxime Exchange. J. Am. Chem. Soc. 2005, 127,
1350 1351.

(47) Chen, S. Y.; Cressman, S.; Mao, F.; Shao, H.; Low, D. W.;
Beilan, H. S.; Cagle, E. N.; Carnevali, M.; Gueriguian, V.; Keogh, P. J;
Porter, H.; Stratton, S. M.; Wiedeke, M. C.; Savatski, L.; Adamson, J.
W.; Bozzini, C. E;; Kung, A; Kent, S. B. H.; Bradburne, J. A;
Kochendoerfer, G. G. Synthetic Erythropoietic Proteins: Tuning

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



Biomacromolecules

Review

Biological Performance by Site-Specific Polymer Attachment. Chem.
Biol. 2005, 12, 371 383.

(48) Lu, Y. A; Felix, A. M. PEGylated Peptides 0.3. Solid-Phase
Synthesis with PEGylating Reagents of Varying Molecular-Weight
Synthesis of Multiply PEGylated Peptides. React. Polym. 1994, 22,
221 229.

(49) Lu, Y. A; Felix, A. M. PEGylated Peptides I: Solid-Phase
Synthesis of N(Alpha)-PEGylated Peptides Using Fmoc Strategy.
Peptide Res. 1993, 6, 140 146.

(50) Lu, Y. A; Felix, A. M. PEGylated Peptides. 1l. Solid-Phase
Synthesis of Amino-Chain, Carboxy-Chain and Side-Chain PEGylated
Peptides. Int. J. Pept. Protein Res. 1994, 43, 127 138.

(51) Van de Vondele, S.; Voros, J.; Hubbell, J. A. RGD-Grafted Poly-
L-lysine-Graft-(Polyethylene glycol) Copolymers Block Non-Specific
Protein Adsorption while Promoting Cell Adhesion. Biotechnol. Bioeng.
2003, 82, 784 790.

(52) Guo, Y. Y.; Yuan, H. S.; Rice, W. L.; Kumar, A. T. N.; Goergen,
C. J; Jokivarsi, K.; Josephson, L. The PEG-Fluorochrome Shielding
Approach for Targeted Probe Design. J. Am. Chem. Soc. 2012, 134,
19338 19341.

(53) Lutz, J. F. 1,3-Dipolar Cycloadditions of Azides and Alkynes: A
Universal Ligation Tool in Polymer and Materials Science. Angew.
Chem.,, Int. Ed. 2007, 46, 1018 1025.

(54) Engler, A. C,; Lee, H. I.; Hammond, P. T. Highly Efficient
“Grafting onto” a Polypeptide Backbone Using Click Chemistry.
Angew. Chem,, Int. Ed. 2009, 48, 9334 9338.

(55) Lutz, J. F.; Borner, H. G.; Weichenhan, K. Combining ATRP
and “Click” Chemistry: A Promising Platform toward Functional
Biocompatible Polymers and Polymer Bioconjugates. Macromolecules
2006, 39, 6376 6383.

(56) Isimjan, T. T.; de Bruyn, J. R, Gillies, E. R. Self-Assembly of
Supramolecular Polymers from Beta-Strand Peptidomimetie-Poly-
(ethylene oxide) Hybrids. Macromolecules 2010, 43, 4453 4459.

(57) Kim, T. H.; Swierczewska, M.; Oh, Y.; Kim, A.; Jo, D. G.; Park,
J. H.; Byun, Y.; Sadegh-Nasseri, S.; Pomper, M. G.; Lee, K. C,; Lee, S.
Mix to Validate: A Facile, Reversible PEGylation for Fast Screening of
Potential Therapeutic Proteins in Vivo. Angew. Chem,, Int. Ed. 2013,
52, 6880 6884.

(58) Yamaguchi, N.; Zhang, L.; Chae, B. S.; Palla, C. S.; Furst, E. M.;
Kiick, K. L. Growth Factor Mediated Assembly of Cell Receptor-
Responsive Hydrogels. J. Am. Chem. Soc. 2007, 129, 3040 3041.

(59) Deming, T. J. Polypeptide and Polypeptide Hybrid Copolymer
Synthesis via NCA Polymerization. In Peptide Hybrid Polymers; Klok,
H.-A,, Schlaad, H., Eds.; Springer-Verlag: Berlin, 2006; Vol. 202, pp 1
18.

(60) Hadjichristidis, N.; latrou, H.; Pitsikalis, M.; Sakellariou, G.
Synthesis of Well-Defined Polypeptide-Based Materials via the Ring-
Opening Polymerization of Alpha-Amino Acid N-Carboxyanhydrides.
Chem. Rev. 2009, 109, 5528 5578.

(61) Gkikas, M.; latrou, H.; Thomaidis, N. S.; Alexandridis, P.;
Hadjichristidis, N. Well-Defined Homopolypeptides, Copolypeptides,
and Hybrids of Poly(L-proline). Biomacromolecules 2011, 12, 2396
2406.

(62) Zhang, G.; Ma, J.; Li, Y.; Wang, Y. Synthesis and Character-
ization of Poly(L-alanine)-Block-Poly(ethylene glycol) Monomethyl
Ether as Amphiphilic Biodegradable Co-Polymers. J. Biomater. Sci.,
Polym. Ed. 2003, 14, 1389 1400.

(63) Dimitrov, I. V.; Berlinova, 1. V.; lliev, P. V.; Vladimirov, N. G.
Controlled Synthesis of Peptide-Based Amphiphilic Copolymers.
Macromolecules 2008, 41, 1045 1049.

(64) Gravert, D. J; Janda, K. D. Organic Synthesis on Soluble
Polymer Supports: Liquid-Phase Methodologies. Chem. Rev. 1997, 97,
489 509.

(65) Thumshirn, G.; Hersel, U.; Goodman, S. L.; Kessler, H.
Multimeric Cyclic RGD Peptides as Potential Tools for Tumor
Targeting: Solid-Phase Peptide Synthesis and Chemoselective Oxime
Ligation. Chem. Eur. J. 2003, 9, 2717 2725.

(66) Pilkington-Miksa, M. A.; Sarkar, S.; Writer, M. J.; Barker, S. E.;
Shamlou, P. A,; Hart, S. L.; Hailes, H. C.; Tabor, A. B. Synthesis of

1556

Bifunctional Integrin-Binding Peptides Containing PEG Spacers of
Defined Length for Non-Viral Gene Delivery. Eur. J. Org. Chem. 2008,
2900 2914.

(67) Dekker, F. J.; de Mol, N. J.; van Ameijde, J.; Fischer, M. J. E.;
Ruijtenbeek, R.; Redegeld, F. A. M.; Liskamp, R. M. J. Replacement of
the Intervening Amino Acid Sequence of a Syk-Binding Diphospho-
peptide by a Nonpeptide Spacer with Preservation of High Affinity.
ChemBioChem. 2002, 3, 238 242.

(68) Boumrah, D.; Campbell, M. M.; Fenner, S.; Kinsman, R. G.
Spacer Molecules in Peptide Sequences: Incorporation into Analogues
of Atrial Natriuretic Factor. Tetrahedron 1997, 53, 6977 6992.

(69) Niculescu-Duvaz, D.; Getaz, J.; Springer, C. J. Long Function-
alized Poly(ethylene glycol)s of Defined Molecular Weight: Synthesis
and Application in Solid-Phase Synthesis of Conjugates. Bioconjugate
Chem. 2008, 19, 973 981.

(70) Castelletto, V.; Cheng, G.; Furzeland, S.; Atkins, D.; Hamley, I.
W. Control of Strand Registry by Attachment of PEG Chains to
Amyloid Peptides Influences Nanostructure. Soft Matter 2012, 8,
5434 5438.

(71) Kleine, B.; Rapp, W.; Wiesmuller, K. H.; Edinger, M.; Beck, W.;
Metzger, J.; Ataulakhanov, R.; Jung, G.; Bessler, W. G. Lipopeptide
Polyoxyethylene Conjugates as Mitogens and Adjuvants. Immunobiol-
ogy 1994, 190, 53 66.

(72) Rosler, A; Klok, H.-A.; Hamley, I. W, Castelletto, V.
Mykhaylyk, O. O. Nanoscale Structure of Poly(ethylene glycol)
Hybrid Block Copolymers Containing Amphiphilic B-Strand Peptide
Sequences. Biomacromolecules 2003, 4, 859 863.

(73) Hamley, 1. W.; Krysmann, M. J.; Castelletto, V.; Kelarakis, A.;
Noirez, L.; Hule, R. A.; Pochan, D. Nematic and Columnar Ordering
of a PEG-Peptide Conjugate in Aqueous Solution. Chem. Eur. J.
2008, 14, 11369 11374.

(74) Elrahman, S. A.; Anzinger, H.; Mutter, M. Relationship between
Conformation and Physicochemical Properties of Polypeptides 0.1.
Synthesis of Homo-Oligopeptides and Co-Oligopeptides by the
Liquid-Phase Method. Biopolymers 1980, 19, 173 187.

(75) Pillai, V. N. R.; Mutter, M.; Bayer, E.; Gatfield, I. New, Easily
Removable Poly(ethylene glycol) Supports for the Liquid-Phase
Method of Peptide-Synthesis. J. Org. Chem. 1980, 45, 5364 5370.

(76) Hagenmaier, H. Investigations on Peptide-Synthesis with
Polymeric Supports  Synthesis and Characterization of Deamido-
Calcitonin-M-(19-32)-Tetradecapeptide by Use of Soluble Support
Polyethyleneglycol and Coupling of Products to Insoluble Polystyryl-
Benzhydrylamine Resin. Hoppe-Seyler’s Z. Physiol. Chem. 1975, 356,
777 785.

(77) Gohring, W.; Jung, G. Synthesis of an Ornithine-18-21-
Analogous Tridecapeptide Amide of Sequence 15 27 of Secretin.
Justus Liebigs Ann. Chem. 1975, 1765 1775.

(78) Gohring, W.; Jung, G. Synthesis of a Ornithine-12-14-Analogous
Protected Hexapeptide Hydrazide of 9 14 Sequence of Secretin.
Justus Liebigs Ann. Chem. 1975, 1776 1780.

(79) Gohring, W.; Jung, G. Synthesis of Protected Peptide
Hydrazides of 3 8 and 1 2 Sequences of Secretin. Justus Liebigs
Ann. Chem. 1975, 1781 1789.

(80) Schoknecht, W.; Albert, K.; Jung, G.; Bayer, E. Synthesis of the
Insulin Segment B 13 20 with the Liquid-Phase Method and Control
of the Synthesis by C-13 NMR-Spectroscopy of the Support-Bound
Peptides. Justus Liebigs Ann. Chem. 1982, 1514 1531.

(81) Bonora, G. M.; Toniolo, C.; Pillai, V. N. R.; Mutter, M. Linear
Oligopeptides 0.74. Synthesis, Characterization, and Conformational-
Analysis of a Series of Monodispersed Homopeptides (up to the
Nonamer) of Glycine. Gazz. Chim. Ital. 1980, 110, 503 510.

(82) Bonora, G. M,; Toniolo, C. Linear Oligopeptides 0.60. Synthesis
by the Liquid-Phase Method and Characterization by Amino-Acid
Analyses of 2 Complete Monodispersed Homologous Series Derived
from L-Alanine (to the Octapeptide) and c-Valine (to the
Hexapeptide). Macromol. Chem. Phys. 1979, 180, 2095 2099.

(83) Le Droumaguet, B.; Nicolas, J. Recent Advances in the Design
of Bioconjugates from Controlled/Living Radical Polymerization.
Polym. Chem. 2010, 1, 563 598.

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



Biomacromolecules

Review

(84) Broyer, R. M.; Quaker, G. M.; Maynard, H. D. Designed Amino
Acid ATRP Initiators for the Synthesis of Biohybrid Materials. J. Am.
Chem. Soc. 2008, 130, 1041 1047.

(85) de Graaf, A. J.; Mastrobattista, E.; Vermonden, T.; van Nostrum,
C. F; Rijkers, D. T. S.; Liskamp, R. M. J; Hennink, W. E.
Thermosensitive Peptide-Hybrid ABC Block Copolymers Obtained by
ATRP: Synthesis, Self-Assembly, and Enzymatic Degradation. Macro-
molecules 2012, 45, 842 851.

(86) ten Cate, M. G. J.; Rettig, H.; Bernhardt, K.; Borner, H.
Sequence-Defined Polypeptide-Polymer Conjugates Utilizing Rever-
sible Addition Fragmentation Transfer Radical Polymerization.
Macromolecules 2005, 38, 10643 10649.

(87) Li, T.; Lin, J. P.; Chen, T.; Zhang, S. N. Polymeric Micelles
Formed by Polypeptide Graft Copolymer and Its Mixtures with
Polypeptide Block Copolymer. Polymer 2006, 47, 4485 4489.

(88) Feuz, L.; Strunz, P.; Geue, T. Textor, M., Borisov, O.
Conformation of Poly(L-lysine)-Graft-Poly(ethylene glycol) Molecular
Brushes in Aqueous Solution Studied by Small-Angle Neutron
Scattering. Eur. Phys. J. E: Soft Matter Biol. Phys. 2007, 23, 237 245.

(89) Chen, C.; Wang, Z.; Li, Z. Thermoresponsive Polypeptides from
PEGylated Poly-L-glutamates. Biomacromolecules 2011, 12, 2859
2863.

(90) Geng, Y.; Discher, D. E.; Justynska, J.; Schlaad, H. Grafting
Short Peptides onto Polybutadiene-Block-Poly(ethylene oxide): A
Platform for Self-Assembling Hybrid Amphiphiles. Angew. Chem,, Int.
Ed. 2006, 45, 7578 7581.

(91) Putnam, D.; Zelikin, A. N.; lzumrudov, V. A; Langer, R.
Polyhistidine-PEG: DNA Nanocomposites for Gene Delivery.
Biomaterials 2003, 24, 4425 4433,

(92) Todd, S. J; Farrar, D.; Gough, J. E; Ulijn, R. V. Enzyme-
Triggered Cell Attachment to Hydrogel Surfaces. Soft Matter 2007, 3,
547 550.

(93) Todd, S. J.; Scurr, D. J;; Gough, J. E.; Alexander, M. R;; Ulijn, R.
V. Enzyme-Activated RGD Ligands on Functionalized Poly(ethylene
glycol) Monolayers: Surface Analysis and Cellular Response. Langmuir
2009, 25, 7533 7539.

(94) Burkoth, T. S.; Benzinger, T. L. S.; Jones, D. N. M.; Hallenga,
K.; Meredith, S. C.; Lynn, D. G. C-Terminal PEG Blocks the
Irreversible Step in B-Amyloid(10 35) Fibrillogenesis. J. Am. Chem.
Soc. 1998, 120, 7655 7656.

(95) Burkoth, T. S.; Benzinger, T. L. S.; Urban, V.; Lynn, D. G,;
Meredith, S. C.; Thiyagarajan, P. Self-Assembly of A (15 35-PEG
Block Copolymer Filbrils. J. Am. Chem. Soc. 1999, 121, 7429 7430.

(96) Thiyagarajan, P.; Burkoth, T. S.; Urban, V.; Seifert, S,;
Benzinger, T. L. S.; Morgan, D. M.; Gordon, D.; Meredith, S. C,;
Lynn, D. G. pH Dependent Self Assembly of -Amyloid(10 35) and

-Amyloid(10 35)-PEG3000. J. Appl. Crystallogr. 2000, 33, 535 539.

(97) Meijer, J. T.; Henckens, M.; Minten, 1. J.; Lowik, D.; van Hest, J.
C. M. Disassembling Peptide-Based Fibres by Switching the
Hydrophobic Hydrophilic Balance. Soft Matter 2007, 3, 1135 1137.

(98) Collier, J. H.; Messersmith, P. B. Self-Assembling Polymer
Peptide Conjugates: Nanostructural Tailoring. Adv. Mater. 2004, 16,
907 910.

(99) Top, A.; Roberts, C. J.; Kiick, K. L. Conformational and
Aggregation Properties of a PEGylated Alanine-Rich Polypeptide.
Biomacromolecules 2011, 12, 2184 2192.

(100) Hamley, 1. W.; Krysmann, M. J.; Castelletto, V.; Noirez, L.
Multiple Lyotropic Polymorphism of a PEG Peptide Diblock
Copolymer in Aqueous Solution. Adv. Mater. 2008, 20, 4394 4397.

(101) Hamley, 1. W.; Krysmann, M. J.; Newby, G. E.; Castelletto, V.;
Noirez, L. Orientational Ordering in the Nematic Phase of a PEG
Peptide Conjugate in Aqueous Solution. Phys. Rev. E 2008, 57,
062901.

(102) Borner, H. G.; Smarsly, B.; Hentschel, J.; Rank, A.; Schubert,
R.; Geng, Y.; Discher, D. E.; Hellweg, T.; Brandt, A. Organization of
Self-Assembled Peptide Polymer Nanofibers in Solution. Macro-
molecules 2008, 41, 1430 1437.

(103) Castelletto, V.; Newby, G. E.; Zhu, Z.; Hamley, 1. W.; Noirez,
L. Self-Assembly of PEGylated Peptide Conjugates Containing a

1557

Modified Amyloid B Peptide Fragment. Langmuir 2010, 26, 9986
9996.

(104) Tzokova, N.; Fernyhough, C. M.; Butler, M. F.; Armes, S. P.;
Ryan, A.J;; Topham, P. D.; Adams, D. J. The Effect of PEO Length on
the Self-Assembly of Poly(ethylene oxide) Tetrapeptide Conjugates
Prepared by “Click” Chemistry. Langmuir 2009, 25, 11082 11089.

(105) Castelletto, V.; Hamley, I. W. Self Assembly of a Model
Amphiphilic Phenylalanine Peptide/Polyethylene Glycol Block Co-
polymer in Aqueous Solution. Biophys. Chem. 2009, 141, 169 174.

(106) Tzokova, N.; Fernyhough, C. M.; Topham, P. D.; Sandon, N.;
Adams, D. J.; Butler, M. F.; Armes, S. P.; Ryan, A. J. Soft Hydrogels
from Nanotubes of Poly(ethylene oxide) Tetraphenylalanine Con-
jugates Prepared by Click Chemistry. Langmuir 2009, 25, 2479 2485.

(107) Castelletto, V.; Gouveia, R. J.; Connon, C. J.; Hamley, 1. W.
Self-Assembly and Bioactivity of a Polymer/Peptide Conjugate
Containing the RGD Cell Adhesion Motif and PEG. Eur. Polym. J.
2013, 49, 2961 2967.

(108) Hentschel, J.; Krause, E.; Borner, H. G. Switch-Peptides to
Trigger the Peptide Guided Assembly of Poly(ethylene oxide)
Peptide Conjugates into Tape Structures. J. Am. Chem. Soc. 2006, 128,
7722 7723

(109) Eckhardt, D.; Groenewolt, M.; Krause, E.; Borner, H. G.
Rational Design of Oligopeptide Organizers for the Formation of
Poly(ethylene oxide) Nanofibers. Chem. Commun. 2005, 2005, 2814
2816.

(110) Vandermeulen, G. W. M.; Tziatzios, C.; Klok, H. A. Reversible
Self-Organization of Poly(ethylene glycol)-Based Hybrid Block
Copolymers Mediated by a De Novo Four-Stranded Alpha-Helical
Coiled Coil Motif. Macromolecules 2003, 36, 4107 4114,

(111) Su, J. Y.; Hodges, R. S.; Kay, C. M. Effect of Chain Length on
the Formation and Stability of Synthetic -Helical Coiled Coils.
Biochemistry 1994, 33, 15501 15510.

(112) Vandermeulen, G. W. M.; Hinderberger, D.; Xu, H.; Sheiko, S.
S.; Jeschke, G.; Klok, H. A. Structure and Dynamics of Self-Assembled
Poly(ethylene glycol) Based Coiled-Coil Nano Objects. ChemPhy-
sChem 2004, 5, 488 494.

(113) Vandermeulen, G. W. M.; Tziakos, C.; Duncan, R.; Klok, H.-A.
PEG-Based Hybrid Block Copolymers Containing -Helical Coiled
Coil Peptide Sequences: Control of Self-Assembly and Preliminary
Biological Evaluation. Macromolecules 2005, 38, 761 769.

(114) Klok, H.-A.; Vandermeulen, G. W. M.; Nuhn, H.; Rosler, A;;
Hamley, I. W.; Castelletto, V.; Xu, H.; Sheiko, S. Peptide Mediated
Formation of Hierarchically Organized Solution and Solid State
Polymer Nanostructures. Faraday Discuss. 2005, 128, 29 41.

(115) Mutter, M.; Gassmann, R.; Buttkus, U.; Altmann, K.-H. Switch
Peptides: pH-Induced -Helix to -Sheet Transitions of Bis-
Amphiphilic Oligopeptides. Angew. Chem., Int. Ed. Engl. 1991, 30,
1514 1516.

(116) Pechar, M.; Kopecekova, P.; Joss, L.; Kopecek, J. Associative
Diblock Copolymers of Poly(ethylene glycol) and Coiled-Coil
Peptides. Macromol. Biosci. 2002, 2, 199 206.

(117) Shu, J. Y.; Lund, R.; Xu, T. Solution Structural Characterization
of Coiled-Coil Peptide-Polymer Side-Conjugates. Biomacromolecules
2012, 13, 1945 1955.

(118) Marsden, H. R.; Korobko, A. V.; van Leeuwen, E. N. M;;
Pouget, E. M.; Veen, S. J; Sommerdijk, N.; Kros, A. Noncovalent
Triblock Copolymers Based on a Coiled-Coil Peptide Motif. J. Am.
Chem. Soc. 2008, 130, 9386 9393.

(119) Marsden, H. R.; Handgraaf, J. W.; Nudelman, F.; Sommerdijk,
N.; Kros, A. Uniting Polypeptides with Sequence-Designed Peptides:
Synthesis and Assembly of Poly(gamma-benzyl L-glutamate)-B-Coiled-
Coil Peptide Copolymers. J. Am. Chem. Soc. 2010, 132, 2370 2377.

(120) Jeong, W.-).; Lee, M. S.; Lim, Y.-B. Helix Stabilized,
Thermostable and Protease-Resistant Self-Assembled Peptide Nano-
structures as Potential Inhibitors of Protein Protein Interactions.
Biomacromolecules 2013, 14, 2684 2689.

(121) Petka, W. A; Harden, J. L.; McGrath, K. P.; Wirtz, D.; Tirrell,
D. A. Reversible Hydrogels from Self-Assembling Avrtificial Proteins.
Science 1998, 281, 389 392.

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



Biomacromolecules

Review

(122) Stevens, M. M.; Allen, S.; Davies, M. C.; Roberts, C. J.; Sakata,
J. K,; Tendler, S. J. B.; Tirrell, D. A.; Williams, P. M. Molecular Level
Investigations of the Inter- and Intramolecular Interactions of pH-
Responsive Artificial Triblock Proteins. Biomacromolecules 2005, 6,
1266 1271.

(123) Shen, W.; Zhang, K.; Kornfield, J. A.; Tirrell, D. A. Tuning the
Erosion Rate of Artificial Protein Hydrogels through Control of
Network Topology. Nat. Mater. 2006, 5, 153 158.

(124) Fischer, S. E.; Mi, L.; Mao, H.-Q.; Harden, J. L. Biofunctional
Coatings via Targeted Cross-Linking of Associating Triblock Proteins.
Biomacromolecules 2009, 10, 2408 2417.

(125) stahl, P. J.; Romano, N. H.; Wirtz, D.; Yu, S. M. PEG-Based
Hydrogels with Collagen Mimetic Peptide-Mediated and Tunable
Physical Cross-Links. Biomacromolecules 2010, 11, 2336 2344,

(126) Jing, P.; Rudra, J. S.; Herr, A. B.; Collier, J. H. Self-Assembling
Peptide-Polymer Hydrogels Designed from the Coiled Coil Region of
Fibrin. Biomacromolecules 2008, 9, 2438 2446.

(127) Cho, C.-S;; Jeong, Y.-l.; Kim, S.-H.; Nah, J. W.; Kubota, M.;
Komoto, T. Thermoplastic Hydrogel Based on Hexablock Copolymer
Composed of Poly( -benzyl L-glutamate) and Poly(ethylene oxide).
Polymer 2000, 41, 5185 5193.

(128) Hamley, 1. W.; Cheng, G.; Castelletto, V. A Thermoresponsive
Hydrogel Based on Telechelic PEG End-Capped with Hydrophobic
Dipeptides. Macromol. Biosci. 2011, 11, 1068 1078.

(129) Julich-Gruner, K. K.; Neffe, A. T.; Lendlein, A. Synthesis and
Characterization of Oligo(ethylene glycol)s Functionalized with
Desaminotyrosine or Desaminotyrosyltyrosine. J. Appl. Biomater.
Funct. Mater. 2012, 10, 170 176.

(130) Koga, T.; Kitamura, K.-I.; Higashi, N. Enzymatically Triggered
Self-Assembly of Poly(ethylene glycol)-Attached Oligopeptides into
Well-Organized Nanofibers. Chem. Commun. 2006, 4897 4899.

(131) Koga, T.; Kamiwatri, S.; Higashi, N. Preparation and Self-
Assembly Behavior of B-Sheet Peptide-Inserted Amphiphilic Block
Copolymer as a Useful Polymeric Surfactant. Langmuir 2013, 29,
15477 15484,

(132) Rathore, O.; Sogah, D. Y. Nanostructure Formation through B-
Sheet Self-Assembly in Silk-Based Materials. Macromolecules 2001, 34,
1477 1486.

(133) Rathore, O.; Sogah, D. Y. Self-Assembly of B-Sheets into
Nanostructures by Poly(alanine) Segments Incorporated in Multiblock
Copolymers Inspired by Spider Silk. J. Am. Chem. Soc. 2001, 123,
5231 5239.

(134) Floudas, G.; Papadopoulos, P.; Klok, H.-A.; Vandermeulen, G.
W. M.; Rodriguez-Hernandez, J. Hierarchical Self-Assembly of Poly( -
benzyl-L-glutamate)-Poly(ethylene glycol)-Poly( -benzyl-L-glutamate)
Rod-Coil-Rod Triblock Copolymers. Macromolecules 2003, 36, 3673
3683.

(135) Parras, P.; Castelletto, V.; Hamley, I. W.; Klok, H.-A.
Nanostructure Formation in Poly( -benzyl-L-glutamate)-Poly-
(ethylene glycol)-Poly( -benzyl-L-glutamate) Triblock Copolymers in
the Solid State. Soft Matter 2005, 1, 284 291.

(136) Cho, C.-S.; Kim, S.-W.; Komoto, T. Synthesis and Structural
Study of an ABA Block Copolymer. Makromol. Chem. 1990, 191, 981
991.

(137) Cho, C--S.; Jo, B.-W.; Kwon, J.-K.; Komoto, T. Synthesis and
Structural Study of an ABA Block Copolymer Consisting of Poly( -
benzyloxycarbonyl-L-lysine) as the a Block and Poly(ethylene oxide) as
the B Block. Macromol. Chem. Phys. 1994, 195, 2195 2206.

(138) Cho, I.; Kim, J.-B.; Jung, H.-J. Synthesis and Characterization
of Di- and Triblock Copolymers of Poly(ethylene oxide) and Poly(pL-
valine-co-pL-leucine). Polymer 2003, 44, 5497 5500.

(139) Hammond, M. R;; Klok, H. A.; Mezzenga, R. Self-Organization
on Multiple Length Scales in “Hairy Rod"-Coil Block Copolymer
Supramolecular Complexes. Macromol. Rapid Commun. 2008, 29,
299 303.

(140) Tanaka, S.; Ogura, A.; Kaneko, T.; Murata, Y.; Akashi, M.
Precise Synthesis of ABA Triblock Copolymers Composed of
Poly(ethylene oxide) and Poly( -benzyl-L-aspartate): A Hierarchical

1558

Structure Inducing Excellent Elasticity. Macromolecules 2004, 37,
1370 1377.

(141) Anraku, Y.; Kishimura, A.; Yamasaki, Y.; Kataoka, K. Living
Unimodal Growth of Polyion Complex Vesicles via Two-Dimensional
Supramolecular Polymerization. J. Am. Chem. Soc. 2013, 135, 1423
1429.

(142) Wang, K,; Dong, H. Q.; Wen, H. Y,; Xu, M; Li, C;; Li, Y. Y,;
Jones, H. N.; Shi, D. L.; Zhang, X. Z. Novel Vesicles Self-Assembled
from Amphiphilic Star-Armed PEG/Polypeptide Hybrid Copolymers
for Drug Delivery. Macromol. Biosci. 2011, 11, 65 71.

(143) Harada, A.; Kataoka, K. Formation of Polyion Complex
Micelles in an Aqueous Milieu from a Pair of Oppositely-Charged
Block Copolymers with Poly(ethylene glycol) Segments. Macro-
molecules 1995, 28, 5294 5299.

(144) Koide, A.; Kishimura, A.; Osada, K.; Jang, W. D.; Yamasaki, Y.;
Kataoka, K. Semipermeable Polymer Vesicle (Picsome) Self-
Assembled in Aqueous Medium from a Pair of Oppositely Charged
Block Copolymers: Physiologically Stable Micro-/Nanocontainers of
Water-Soluble Macromolecules. J. Am. Chem. Soc. 2006, 128, 5988
5989.

(145) Fukushima, S.; Miyata, K.; Nishiyama, N.; Kanayama, N.;
Yamasaki, Y.; Kataoka, K. PEGylated Polyplex Micelles from Triblock
Catiomers with Spatially Ordered Layering of Condensed pDNA and
Buffering Units for Enhanced Intracellular Gene Delivery. J. Am. Chem.
Soc. 2005, 127, 2810 2811.

(146) Shen, J.; Chen, C.; Fu, W,; Shi, L.; Li, Z. Conformation-
Specific Self-Assembly of Thermoresponsive Poly(ethylene glycol)-B-
Polypeptide Diblock Copolymer. Langmuir 2013, 29, 6271 6278.

(147) Cammas, S.; Harada, A.; Nagasaki, Y.; Kataoka, K. Poly-
(ethylene oxide-co-B-benzyl L-aspartate) Block Copolymers: Influence
of the Poly(ethylene oxide) Block on the Conformation of the Poly( -
benzyl L-aspartate) Segment in Organic Solvents. Macromolecules
1996, 29, 3227 3231.

(148) Thunemann, A. F.; Beyermann, J.; Kukula, H. Poly(ethylene
oxide)-b-Poly(L-lysine) Complexes with Retinoic Acid. Macromolecules
2000, 33, 5906 5911.

(149) Thunemann, A. F.; Schutt, D.; Sachse, R.; Schlaad, H.;
Mohwald, H. Complexes of Poly(ethylene oxide)-Block-Poly(L-
glutamate) and Diminazene. Langmuir 2006, 22, 2323 2328.

(150) Hamley, 1. W.; Krysmann, M. J. Effect of PEG Crystallization
on the Self-Assembly of PEG/Peptide Copolymers Containing
Amyloid Peptide Fragments. Langmuir 2008, 24, 8210 8214.

(151) Krysmann, M. J.; Hamley, I. W.; Funari, S. S.; Canetta, E. The
Effect of PEG Crystallization on the Morphology of PEG Peptide
Block Copolymers Containing Amyloid B Peptide Fragments.
Macromol. Chem. Phys. 2008, 209, 883 889.

(152) Kyte, J.; Doolittle, R. F. A Simple Method for Displaying the
Hydropathic Character of a Protein. J. Mol. Biol. 1982, 157, 105 132.

(153) Black, S. D.; Mould, D. R. Development of Hydrophobicity
Parameters to Analyze Proteins Which Bear Post- or Cotranslational
Modifications. Anal. Biochem. 1991, 193, 72 82.

(154) White, S. H.; Wimley, W. C. Membrane Protein Folding and
Stability: Physical Principles. Annu. Rev. Biophys. Biomol. Struct. 1999,
28, 319 365.

(155) Moon, C. P.; Fleming, K. G. Side-Chain Hydrophobicity Scale
Derived from Transmembrane Protein Folding into Lipid Bilayers.
Proc. Natl. Acad. Sci. US.A. 2011, 108, 10174 10177.

(156) van Dijk, M.; van Nostrum, C. F.; Hennink, W. E.; Rijkers, D.
T. S.; Liskamp, R. M. J. Synthesis and Characterization of
Enzymatically Biodegradable PEG and Peptide-Based Hydrogels
Prepared by Click Chemistry. Biomacromolecules 2010, 11, 1608
1614.

(157) Castelletto, V.; McKendrick, J. M. E.; Hamley, 1. W.; Cenker,
C.; Olsson, U. PEGylated Amyloid Peptide Nanocontainer Delivery
and Release System. Langmuir 2010, 26, 11624 11627.

(158) Castelletto, V.; Hamley, I. W.; Hule, R. A,; Pochan, D. J.
Helical Ribbon Formation by a B-Amino Acid Modified Amyloid B
Peptide Fragment. Angew. Chem,, Int. Ed. 2009, 48, 2317 2320.

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



Biomacromolecules

Review

(159) Adamcik, J.; Castelletto, V.; Hamley, 1. W.; Mezzenga, R.
Direct Observation of Time-Resolved Polymorphic States in Self-
Assembly of End-Capped Heptapeptides. Angew. Chem., Int. Ed. 2011,
50, 5495 5498.

(160) Li, J.; Ge, Z,; Liu, S. PEG-Sheddable Polyplex Micelles as
Smart Gene Carriers Based on MMP-Cleavale Peptide-Linked Block
Copolymers. Chem. Commun. 2013, 49, 6974 6976.

(161) Torchilin, V. P. Micellar Nanocarriers: Pharmaceutical
Perspectives. Pharm. Res. 2007, 24, 1 16.

(162) Kataoka, K.; Harada, A.; Nagasaki, Y. Block Copolymer
Micelles for Drug Delivery: Design, Characterization and Biological
Significance. Adv. Drug Delivery Rev. 2001, 47, 113 131.

(163) Otsuka, H.; Nagasaki, Y.; Kataoka, K. PEGylated Nanoparticles
for Biological and Pharmaceutical Applications. Adv. Drug Delivery Rev.
2003, 55, 403 419.

(164) Nishiyama, N.; Bae, Y.; Miyata, K.; Fukushima, S.; Kataoka, K.
Smart Polymeric Micelles for Gene and Drug Delivery. Drug Discovery
Today: Technol. 2005, 2, 21 26.

(165) Nishiyama, N.; Kataoka, K. Nanostructured Devices Based on
Block Copolymer Assemblies for Drug Delivery: Designing Structures
for Enhanced Drug Function. Adv. Polym. Sci. 2006, 193, 67 101.

(166) Harada, A.; Kataoka, K. Novel Polyion Complex Micelles
Entrapping Enzyme Molecules in the Core: Preparation of Narrowly-
Distributed Micelles from Lysozyme and Poly(ethylene glycol)-
Poly(aspartic acid) Block Copolymer in Aqueous Medium. Macro-
molecules 1998, 31, 288 294.

(167) Yuan, X.; Harada, A.; Yamasaki, Y.; Kataoka, K. Stabilization of
Lysozyme-Incorporated Polyion Complex Micelles by the -End
Derivatization of Poly(ethylene glycol)-Poly( , -aspartic acid) Block
Copolymers with Hydrophobic Groups. Langmuir 2005, 21, 2668
2674,

(168) Yokoyama, M.; Miyauchi, M.; Yamada, N.; Okano, T.; Sakurai,
Y.; Kataoka, K.; Inoue, S. Characterization and Anticancer Activity of
the Micelle-Forming Polymeric Anticancer Drug Adriamycin-Con-
jugated Poly(ethylene glycol)-Poly(aspartic acid) Block Copolymer.
Cancer Res. 1990, 50, 1693 1700.

(169) Yokoyama, M.; Sugiyama, T.; Okano, T.; Sakurai, Y.; Naito,
M.; Kataoka, K. Analysis of Micelle Formation of an Adriamycin-
Conjugated Poly(ethylene glycol) Poly(aspartic acid) Block-Copoly-
mer by Gel-Permeation Chromatography. Pharm. Res. 1993, 10, 895
899.

(170) Yokoyama, M.; Fukushima, S.; Uehara, R.; Okamoto, K
Kataoka, K.; Sakurai, Y.; Okano, T. Characterization of Physical
Entrapment and Chemical Conjugation of Adriamycin in Polymeric
Micelles and Their Design for in Vivo Delivery to a Solid Tumor. J.
Controlled Release 1998, 50, 79 92.

(171) Takae, S.; Miyata, K.; Oba, M.; Ishii, T.; Nishiyama, N.; Itaka,
K.; Yamasaki, Y.; Koyama, H.; Kataoka, K. PEG-Detachable Polyplex
Micelles Based on Disulfide-Linked Block Catiomers as Bioresponsive
Nonviral Gene Vectors. J. Am. Chem. Soc. 2008, 130, 6001 6009.

(172) Kakizawa, Y.; Harada, A.; Kataoka, K. Environment-Sensitive
Stabilization of Core-Shell Structured Polyion Complex Micelle by
Reversible Cross-Linking of the Core through Disulfide Bond. J. Am.
Chem. Soc. 1999, 121, 11247 11248.

(173) Nakanishi, T.; Fukushima, S.; Okamoto, K., Suzuki, M.;
Matsumura, Y.; Yokoyama, M.; Okano, T.; Sakurai, Y.; Kataoka, K.
Development of the Polymer Micelle Carrier System for Doxorubicin.
J. Controlled Release 2001, 74, 295 302.

(174) Bae, Y.; Nishiyama, N.; Fukushima, S.; Koyama, H.; Yasuhiro,
M.; Kataoka, K. Preparation and Biological Characterization of
Polymeric Micelle Drug Carriers with Intracellular pH-Triggered
Drug Release Property: Tumor Permeability, Controlled Subcellular
Drug Distribution, and Enhanced in Vivo Antitumor Efficacy.
Bioconjugate Chem. 2005, 16, 122 130.

(175) Osada, K.; Cabral, H.; Mochida, Y.; Lee, S.; Nagata, K;
Matsuura, T.; Yamamoto, M.; Anraku, Y.; Kishimura, A.; Nishiyama,
N.; Kataoka, K. Bioactive Polymeric Metallosomes Self-Assembled
through Block Copolymer Metal Complexation. J. Am. Chem. Soc.
2012, 134, 13172 13175.

1559

(176) Kakizawa, Y.; Kataoka, K. Block Copolymer Micelles for
Delivery of Gene and Related Compounds. Adv. Drug Delivery Rev.
2002, 54, 203 222.

(177) Osada, K.; Yamasaki, Y.; Katayose, S.; Kataoka, K. A Synthetic
Block Copolymer Regulates S1 Nuclease Fragmentation of Super-
coiled Plasmid DNA. Angew. Chem., Int. Ed. 2005, 44, 3544 3548.

(178) Tockary, T. A;; Osada, K.; Chen, Q. X.; Machitani, K.; Dirisala,
A.; Uchida, S.; Nomoto, T.; Toh, K.; Matsumoto, Y.; Itaka, K.; Nitta,
K.; Nagayama, K.; Kataoka, K. Tethered PEG Crowdedness
Determining Shape and Blood Circulation Profile of Polyplex Micelle
Gene Carriers. Macromolecules 2013, 46, 6585 6592.

(179) Hua, S. H,; Li, Y. Y,; Liu, Y.; Xiao, W.; Li, C.; Huang, F. W.;
Zhang, X. Z.; Zhuo, R. X. Self-Assembled Micelles Based on PEG-
Polypeptide Hybrid Copolymers for Drug Delivery. Macromol. Rapid
Commun. 2010, 31, 81 86.

(180) Katayose, S.; Kataoka, K. Remarkable Increase in Nuclease
Resistance of Plasmid DNA through Supramolecular Assembly with
Poly(ethylene glycol) Poly(L-lysine) Block Copolymer. J. Pharm. Sci.
1998, 87, 160 163.

(181) Trubetskoy, V. S.; Gazelle, G. S.; Wolf, G. L.; Torchilin, V. P.
Block-Copolymer of Polyethylene Glycol and Polylysine as a Carrier
of Organic lodine: Design of Long-Circulating Particulate Contrast
Medium for X-ray Computed Tomography. J. Drug Targeting 1997, 4,
381 388.

(182) Jang, W. D.; Nishiyama, N.; Zhang, G. D.; Harada, A.; Jiang, D.
L.; Kawauchi, S.; Morimoto, Y.; Kikuchi, M.; Koyama, H.; Aida, T.;
Kataoka, K. Supramolecular Nanocarrier of Anionic Dendrimer
Porphyrins with Cationic Block Copolymers Modified with Poly-
ethylene Glycol to Enhance Intracellular Photodynamic Efficacy.
Angew. Chem,, Int. Ed. 2005, 44, 419 423

(183) Jeong, Y. I.; Cheon, J. B.;; Kim, S. H.; Nah, J. W.; Lee, Y. M,;
Sung, Y. K.; Akaike, T.; Cho, C. S. Clonazepam Release from Core-
Shell Type Nanoparticles in Vitro. J. Controlled Release 1998, 51, 169
178.

(184) La, S. B.; Okano, T.; Kataoka, K. Preparation and
Characterization of the Micelle-Forming Polymeric Drug Indometha-
cin-Incorporated Poly(ethylene oxide)-Poly( -benzyl L-aspartate)
Block Copolymer Micelles. J. Pharm. Sci. 1996, 85, 85 90.

(185) Nollmann, F. I.; Goldbach, T.; Berthold, N.; Hoffmann, R.
Controlled Systemic Release of Therapeutic Peptides from PEGylated
Prodrugs by Serum Proteases. Angew. Chem., Int. Ed. 2013, 52, 7597
7599.

(186) Geng, Y.; Dalhaimer, P.; Cai, S. S.; Tsai, R.; Tewari, M.; Minko,
T.; Discher, D. E. Shape Effects of Filaments versus Spherical Particles
in Flow and Drug Delivery. Nat. Nanotechnol. 2007, 2, 249 255,

dx.doi.org/10.1021/bm500246w | Biomacromolecules 2014, 15, 1543 1559



