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Polypeptide copolymers can self-assemble into diverse aggregates. The morphology and structure of
aggregates can be varied by changing molecular architectures, self-assembling conditions, and introducing
secondary components such as polymers and nanoparticles. Polypeptide self-assemblies have gained

significant attention because of their potential applications as delivery vehicles for therapeutic payloads

and as additives in the biomimetic mineralization of inorganics. This review article provides an overview
of recent advances in nanostructures and bioapplications related to polypeptide self-assemblies. We
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highlight recent contributions to developing strategies for the construction of polypeptide assemblies
with increasing complexity and novel functionality that are suitable for bioapplications. The relationship

between the structure and properties of the polypeptide aggregates is emphasized. Finally, we briefly
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1. Introduction

Over the past several decades, synthetic polypeptides, poly-
(amino acid)s, have received increasing attention in terms
of controlled synthesis, structure-property relationships, and
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outline our perspectives and discuss the challenges in the field.

bio-related applications."™ Polypeptide-based copolymers can
self-assemble into diverse aggregate structures, such as spherical
micelles, cylindrical micelles, vesicles, and hierarchical struc-
tures in selective solvents.”™® Due to their good biocompatibility,
polypeptides and their assemblies are especially promising
candidates as delivery systems for various therapeutic payloads,
for example, drugs and DNA.’? The hydrophilic shell stabilizes
the aggregates in blood circulation, and the hydrophobic core
acts as a nano-reservoir for therapeutic agents. In addition,
mimicking the role of mineral proteins, polypeptide aggregates
have been applied as modifiers to mediate the mineralization
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of inorganics in recent research.>™*> For bio-related applica-
tions such as delivery vehicles and biomineralization additives,
it is essential to control the morphology, structure, and func-
tionality of polypeptide self-assemblies.

The molecular architecture is a basic factor determining
the self-assembly behaviour of copolymers in solution.'®>°
Copolymers with various topologies, including block, graft,
and dendrimer-like, display diverse self-assembly behaviours
in selective solvents. However, synthesis of copolymers with
various topologies and defined chemical compositions is a
daunting task. The cooperative self-assembly of copolymers with
secondary components, such as homopolymers, copolymers,
nanoparticles (NPs), and small molecules, has therefore emerged
as an appealing strategy for constructing various aggregates.”'>*
In addition, copolymer self-assembly behaviour is highly depen-
dent on the preparation conditions such as the nature of the
solvent and the polymer concentration. For the polypeptide-
based copolymers, the ordering of polypeptide rods and the
rod-coil chain conformation transition induce distinct self-
assembly behaviours.>>° Furthermore, because polypeptides
are chiral polymers, chirality should be another distinctive factor
influencing the self-assembly behaviour and function of the
formed structures.?*"*
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A high-performance delivery vehicle has various demands,
such as stability during circulation, delivering payloads to specific
sites, and releasing payloads in a desired manner.**** Poly-
peptide assemblies are good candidates for “smart” delivery,
responding to physical and chemical stimuli based on the following
characteristics. (a) Ionic polypeptides such as poly(rL-glutamic
acid) (PLGA) and poly(r-lysine) (PLL) can be used to physically
bind drugs bearing opposite charge. Changing the pH of the
solution weakens the binding and releases the drugs. With
the change of pH, the conformation of polypeptides may
also change, facilitating the release of the drugs.**° (b) Poly-
peptides contain various reactive groups, which could serve to
chemically conjugate drugs with labile chemical bonds. The
loaded drugs can be released by breaking the labile chemical
bonds.**™** (c¢) Due to the physical or chemical stimuli, the
structure of the deliveries can be disrupted, which induces a
rapid release of payloads.****

Biominerals, generated under the mediation of natural pro-
teins, have hierarchical organization and superior properties.*>™*
Inspired by protein-controlled mineralization, the biomimetic
mineralization of inorganics in the presence of synthetic polymers
has attracted increasing attention.*®*® Due to the resemblance
in chemical composition to that of proteins, the synthetic
hydrophilic polypeptides such as PLGA, polyaspartic acid
(PAsp), PLL and their derivatives have been used to mediate
the mineralization of inorganics.’*® Later, it was found that
polymer self-assemblies are suitable additives mediating the
biomineralization of inorganics.”””® Because the polypeptide
aggregates can mimic the folded structure of the mineral
proteins, these polypeptide aggregates are more attractive for
mediating the mineralization of inorganics.>®**

An experimental understanding of both the self-assembly
behaviour of copolymers and the release behaviour of deliveries
usually suffers from difficulties related to limited experimental
techniques. However, theory and simulation can somewhat
overcome the limitations because they provide more straight-
forward results and detailed information than pure experiments,
including the chain distribution in the aggregates, the release
process of the drugs, structural variation of delivery during drug
release, and crystallization behaviour of biomineralization.*> ®®
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To date, various simulation methods such as molecular dynamics
(MD), dissipative particle dynamics (DPD), and Brownian
dynamics (BD) simulations have been applied as powerful tools
to investigate such behaviours.®®*””> The combination of experi-
ments and simulation has many advantages.”®®> Constructing
valid simulation models to study polypeptide-based copolymers
can not only support the experimental results but also give valuable
information that could not be obtained from experiments.?**"2%7

In this review, we summarize the state of the art in designing
nanostructures of polypeptide self-assemblies and review
the bio-related applications of polypeptide assemblies. This
article is divided into three parts. The first part discusses the
self-assembly behaviour of polypeptide-based copolymers. The
ordered packing of rigid polypeptide segments that induces
distinct self-assembly behaviours is reviewed in detail. In the
second part, the recent advances in polypeptide assemblies
serving as “smart” delivery systems are featured. Special atten-
tion has been paid to the stimuli-induced aggregate structural
variation and stimuli-responsive release behaviour under
various stimuli. In addition, the effect of the chirality of poly-
peptide building blocks on self-assembly behaviour, as well as
the delivery and release behaviour of the vehicles, is emphasized in
the first and second parts. The third part reviews biomimetic
mineralization mediated by polypeptide-based aggregates. In parti-
cular, in each part we emphasize the importance of theoretical
simulations in studies on polymer self-assembly, drug loading and
delivery behaviours, and biomineralization behaviours.

2. Nanostructures of polypeptide-
based self-assemblies

Polypeptide copolymers can self-assemble into diverse aggregate
structures, including spherical micelles, cylindrical micelles, and
vesicles. Moreover, hierarchical structures such as superhelices
have also been observed in recent work.>®* The molecular
architecture is a basic factor determining the self-assembly
behaviour of polypeptide-based amphiphilic copolymers. With
the development of polymer chemistry, copolymers with various
topologies, including block, graft, brush-like, and dendrimer-
like copolymers, have been synthesized. These copolymers dis-
play diverse self-assembly behaviours in selective solvents. In
addition, cooperative self-assembly of polypeptide copolymers
with secondary components has emerged as an appealing
strategy to produce diverse aggregates with designed structures
and functionalities.>' >* A variety of guest components, including
hydrophobic homopolymers,**®” amphiphilic copolymers,*®*°
nanoparticles (NPs),”*! and small molecules,’* have been applied
to cooperatively self-assemble with polypeptide copolymers.
Compared with conventional polymers, a distinguishing
characteristic of polypeptides is that they can adopt various
conformations, including random coil, a-helix, and B-sheet.*°">
The conformation of the polypeptide determines the properties
of chains, such as rigidity and solubility in solution, which
further influences the self-assembly behaviour of the polypeptide
copolymers. For example, poly(y-benzyl L-glutamate) (PBLG) acts
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as a rigid rod in o-helix conformation; when adopting random
coil conformation, PBLG becomes a flexible chain.?® In aqueous
solution, poly(t-glutamic acid) (PLGA) with a random coil con-
formation dissolves better than those with o-helix and -sheet
conformations.®® Under certain conditions, the conformation
of a polypeptide can transform from one to another, and the
morphology and structure of the polypeptide assemblies can be
varied by these transitions.>***°*> In addition, because poly-
peptides are chiral polymers, their chirality should be another
important factor regulating the self-assembly behaviour of
polypeptide copolymers. In this section, the self-assembly into
various nanostructures of polypeptide copolymers and their
corresponding mixtures are reviewed.

2.1 Aggregates self-assembled from single-component
polypeptide copolymers

As elucidated by conventional block copolymer self-assembly
systems, for example, polystyrene-b-poly(ethylene glycol) (PS-b-PEG),
the morphology of the aggregates is mainly determined by the
architecture and composition of the copolymers.”*™ Preparation
conditions such as the nature of the solvent and the polymer
concentration also affect the aggregate morphology. For poly-
peptide copolymers, several distinct factors, including the
ordering of rigid a-helical polypeptide chains, the variation of
chain packing induced by conformation transitions, and the
stimuli-induced solubility change of hydrophilic polypeptides,
are applied to adjust the self-assembly behaviour of polypeptide
copolymers. In the following content, we discuss the self-
assembly behaviour of polypeptide copolymers with various
macromolecular architectures.

2.1.1 Aggregates self-assembled from polypeptide block
copolymers. Block copolymers are the most studied building
units in constructing self-assemblies, and they usually serve as
models to study the principles of polymer self-assembly. In
recent years, the self-assembly of polypeptide block copolymers
has attracted increasing attention.”>”® For polypeptide copolymers
containing rigid hydrophobic polypeptide segments, the ordered
packing of polypeptide rods causes the copolymer to display
distinct self-assembly behaviours.>>>%%%%°

Recently, Lin et al. studied the self-assembly behaviour of
PBLG-b-PEG-b-PBLG (BEB) triblock copolymers as a function
of the PBLG block length and preparation conditions.®® In
the copolymer, PEG (degree of polymerization, DP, is 112) is
hydrophilic and forms a corona around the aggregate core,
whereas PBLG (DP is varied from 80 to 210) is hydrophobic and
adopts a rigid o-helix conformation. They found that PBLG-b-
PEG-b-PBLG triblock copolymers can self-assemble into vesicles
when the PBLG block length is relatively short (BEB8O, “80”
indicates the DP of the PBLG blocks, Fig. 1a). Increasing the
DP of the PBLG block from 80 to 150 and 210 induces a
morphological transition from vesicles to spheres (Fig. 1a-c).
In addition, as shown in Fig. 1d, when the initial polymer
concentration increases, giant vesicles with diameters up to
2 um can be produced. Such giant vesicles possess a larger
hollow space and are promising in bioapplications such as drug
delivery. Moreover, they applied dissipative particle dynamics
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Fig.1 (a—d) Typical SEM images of aggregates formed by: (a) BEB8O,
0.5 g L™ (b) BEB150, 0.5 g L™%; (c) BEB210, 0.5 g L% and (d) BEBS8O,
1g L% Inset plots show the hydrodynamic radius distribution of aggregates
in aqueous solution. (e—g) DPD simulations of the vesicle structure self-
assembled from rod—coil-rod model triblock copolymers: (e) 3D-view of a
vesicle; (f) cross-section of a vesicle; and (g) one-dimensional density
profiles of rod and coil blocks along the x-arrow of the vesicle. Reprinted
with permission from ref. 99. Copyright 2014 Elsevier B.V.

(DPD) simulations on model rod-coil-rod triblock copolymers
to further study the structure of the vesicles. The simulation
results are presented in Fig. 1e-g. It was revealed that the rod-
coil-rod triblock copolymers self-assemble into vesicles and the
rigid PBLG blocks align in parallel with each other to form the
monolayer vesicle wall (Fig. 1e and f). In addition, the simula-
tion provided more information that could not be obtained
from the experiments, such as the chain distributions. As
shown in Fig. 1g, the density profile of the PBLG rods contains
a bimodal feature, whereas that of the PEG coils contains a
tetramodal feature, which is a typical characteristic of the
vesicles. These simulation results can further guide the experi-
mental design of polypeptide self-assemblies. In a very recent
work, He et al prepared two-dimensional (2D) disk-like
micelles with cylindrical pores self-assembled from PBLG-b-
PEG diblock copolymers in solution.? The thickness of the disk
is close to the calculated length of PBLG rods, which implies
that the PBLG segments form the middle layer of the disk-like
micelles and the PEG segments form shell layers. These two
examples revealed that the rigidity of a-helical PBLG blocks
played a key role in the self-assembly behaviours.
Water-soluble polypeptides such as PLL and PLGA can serve
as hydrophilic segments in block copolymers, and the self-
assembly behaviour is usually pH-sensitive because the solution
PH determines the conformation and solubility of the hydrophilic
polypeptides.'® % Monge and co-workers reported the synthesis
and aggregation behaviour of poly(N,N-diethylacrylamide) (PDEAm)-
b-PLL block copolymers.'® The PDEAm-b-PLL was prepared by
ring-opening polymerization (ROP) of N, -trifluoroacetyl-i-lysine
N-carboxyanhydride (NCA) using terminated-thiol PDEAm as
a macroinitiator. After deprotection of the amine groups of
t-lysine, pH- and thermo-sensitive PDEAm-»-PLL block copolymers
were obtained (PLL: pH-sensitive; PDEAm: thermo-sensitive). At
pH 2 and 25 °C, both blocks are water-soluble, and no aggre-
gates are formed. When the acidic solution is converted into
basic solution, the solubility of PLL decreases, and micelles are
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formed with a PLL core and a PDEAm shell. At higher tempera-
ture (60 °C), rod-like (pH 2) or spherical (pH 10) aggregates
always form with a PDEAm core and a PLL shell.

The conformation transition of core-forming polypeptides
usually induces a morphological transformation of the poly-
peptide block copolymer aggregates.*®'%* In a recent work, Li et al.
synthesized = PEG-b-poly(y-(2-methoxyethoxy)esteryl-L-glutamate)
(PEG-b-P(EG,LG)) diblock copolymers via ROP of EG,LG NCA
using PEG-NH, as a macroinitiator."® They observed a poly-
peptide conformation-induced aggregate morphological transition.
In pristine aqueous solution, the P(EG,LG) block adopts primarily
a-helix conformation, and extension of the thermal annealing
time drives the secondary structural transformation of the
P(EG,LG) block into a B-sheet. This polypeptide conformation
change induces the transformation of the aggregate structure
from wormlike micelles into nanoribbons.

Block copolymers are widely studied in self-assembly research.
For polypeptide-based block copolymers, making use of the
characteristics of the polypeptide segments, including the rigidity
of the chain and conformation transition under certain condi-
tions, has led to diverse self-assembly structures. In addition to
these simple diblock and triblock copolymers, there have been
few studies on the self-assembly of polypeptide-based multi-block
copolymers. Multi-block copolymers, typically (AB),-type and
A(BC),-type, display unique self-assembly behaviours that have
been illustrated through experiments and simulations.'®>%”
Polypeptide-based multi-block copolymers could generate new
assembly features. For example, due to the inherent structural
features of the polypeptide segments, these multi-block poly-
peptide block copolymers are promising materials for the
construction of hierarchical structures with multiple sensitivities
to their surroundings.

2.1.2 Aggregates self-assembled from polypeptide graft
copolymers. Graft copolymers are another important class of
building polymers that lead to aggregates with multiple
morphologies.'®'**'? Compared with block copolymers, graft
copolymers have received less attention but have obvious
advantages in adjusting the self-assembly behaviours by chan-
ging the side chain properties, such as the grafting density,
chain length, and environmental sensitivity. In polypeptide
graft copolymers, the polypeptide segments can serve as either
backbones or side chains.'™*"*°

Kuo et al. used a combination of ATRP, ROP, and click
chemistry to synthesize polystyrene-b-poly(y-propargyl-L-glutamate-
gethylene oxide) (PS-b{(PPLG-g-MEO2)) block-graft copolymers.'"”
The conformation of the PPLG polypeptide segments was con-
firmed to be an o-helix. Their self-assembly behaviour was studied
by adding water (selective solvent) to the polymer solution in DMF
(common solvent). As shown in Fig. 2a-f, the morphology of the
aggregate was dependent on the water content. Increasing the
water content caused the aggregate morphology transition from
spherical micelles to long cylinders, vesicles, and large compound
micelles. This process of aggregate morphological transition as a
function of the water content is illustrated in Fig. 2g.

Upon study of the self-assembly of PBLG-g-PEG graft copoly-
mers, Lin et al. observed a variety of aggregates, including

This journal is © The Royal Society of Chemistry 2016
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Fig.2 (a-f) TEM images of the PS-b-(PPLG-g-MEO2) block-graft
copolymer aggregates in DMF-water at water contents of (a) 1 wt%,
(b) L5 wt%, (c) 2.5 wt%, (d) 4 wt, (e) 4.5 wt%, and (f) 5.5 wt%. (g) Schematic
representation of the morphological changes of the PS-b-(PPLG-g-MEO2)
block-graft copolymer aggregates in the DMF—water system with increas-
ing water content. Reproduced from ref. 117 with permission from The
Royal Society of Chemistry.

spheres, rods, spindles, vesicles, and large compound micelles
(LCMs)."*8'2% various factors were investigated, including
the molecular weight of the PBLG and PEG chains, the degree
of grafting of the PEG chains, initial solvent nature, initial
polymer concentration, and the rate of addition of the selective
solvent. They discovered a first example of vesicles formed by
graft copolymers bearing a rigid backbone."'® Moreover, spindle-
like micelles which have seldom been observed in other polymer
systems were observed (Fig. 3a). The ordering of polypeptide
segments along the long axis of the spindle should take response
for the formation of spindles. Using DPD simulations, they studied
the ordering behaviour of such rod-g-coil graft copolymers. As
shown in Fig. 3b, the simulation results reveal that the rigid
backbones of the spindle-like micelles are aligned along the
long axis in a manner of nematic liquid crystals and the PEG
chains spread out of the aggregates.

Once multiple polymer chains are grafted onto one polymer
backbone, multi-graft copolymers are obtained. The multi-graft
copolymers can possess multiple functions."*""**> By sequen-
tially grafting poly(N-isopropyl acrylamide) (PNIPAM) segments
and 2-hydroxyethyl methacrylate (HEMA) units onto a PLGA
backbone, Chen et al. synthesized a polypeptide-based multi-
graft copolymer (PLGA-g-PNIPAM&HEMA)."*® In acidic solution,
PLGA adopts an a-helix conformation, and a helix-to-coil con-
formation transition of the PLGA chain occurs at approximately
pH 6.5. PLGA becomes more hydrophilic under basic conditions
in the coil conformation. PNIPAM is a thermo-sensitive block

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a and b) Spindle-like aggregates self-assembled from PBLG-g-
PEG (rod-g-coil) graft copolymers: (a) SEM image and (b) DPD simulation
predictions. (c and d) Thermo- and pH-responsive self-assembly behaviour
of PNIPAM-b-(PGMA-g-PLGA) block-graft copolymers: (c) typical SEM
images of micelles formed at pH 10 and 45 °C and (d) schematic illustration
of thermo- and pH-responsive micellization. (a) Reprinted with permission
from ref. 118. Copyright 2010 American Chemical Society. (c and d)
Reprinted with permission from ref. 132. Copyright 2013 Elsevier B.V.

that becomes hydrophobic at temperatures above the lower
critical solution temperature (LCST, approximately 32 °C). The
graft copolymers can fully dissolve in aqueous solution at lower
temperature (for example, 25 °C) and neutral or alkaline pH.
Because these graft copolymers contain both pH-sensitive PLGA
segments and thermo-sensitive PNIPAM segments, their self-
assembly behaviour is pH- and thermo-sensitive. For example,
at pH 8.0 and 60 °C, they self-assemble into spherical micelles
(approximate diameter of 45 nm) with PNIPAM cores and PLGA
shells. Under acidic conditions (pH < 6), the self-assemblies
become unstable due to the lower hydrophilicity of the PLGA
chains. The HEMA units which were incorporated into the
micelle core can polymerize with each other to crosslink the
micelle cores, retaining the diameter of the micelles. The
crosslinked micelles are still pH- and thermo-sensitive. For
example, a thermo-induced volume decrease was observed by
increasing the temperature, which is related to the shrinkage of
the PNIPAM chains. When the pH was lowered from 6.0 to 5.0
at 27 °C, a dramatic increase in the particle size was observed,
as detected by DLS testing. This phenomenon can be explained
by the aggregation of micelles induced by the protonation and
increased hydrophobicity of the PLGA chains.

When the side chains of graft copolymers are densely
distributed on a polymer backbone, so called brush-like copoly-
mers are obtained. Brush-like copolymers exhibit distinct
assembly features.'*'*” There is some work regarding the
synthesis and self-assembly behaviours of polypeptide-based
brush-like copolymers.'***** For example, the self-assembly
behaviour of brush-coil block copolymers can be adjusted

Chem. Soc. Rev., 2016, 45, 5985-6012 | 5989
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through the length of the brush segments."”® Tang et al. reported
the synthesis and self-assembly behaviour of a PNIPAM-b-
(PGMA-g-PLGA) brush-coil copolymer (PGMA: poly(glycidyl
methacrylate))."*> PNIPAM-b-PGMA-EDA was first synthesized
by sequential RAFT polymerization of N-isopropylacrylamide
and glycidyl methacrylate and subsequent reaction with ethyl-
enediamine (EDA). The PNIPAM-b-(PGMA-g-PBLG) brush-coil
copolymer was then obtained by ROP of BLG-NCA with PNI-
PAM-b-PGMA-EDA as the macroinitiator. After deprotection of
benzyl groups on PBLG, the PNIPAM-b-(PGMA-g-PLGA) brush-
coil copolymer was finally obtained. The brush-coil copolymer
dissolves well at pH 10 and room temperature. Increasing the
solution temperature leads to the formation of PNIPAM-core
micelles (Fig. 3c). For this brush-coil copolymer solution,
introducing acid can induce polymer self-assembly into
micelles with a PLGA core and a PNIPAM shell. The PNIPAM
shell shrinks when the temperature of the micelle solution
increases. This pH- and temperature-induced aggregate mor-
phological transition is illustrated in Fig. 3d.

Compared with their block counterparts and conventional
graft copolymers, the polypeptide graft copolymers exhibit some
interesting self-assembly behaviours that mainly result from
(1) the pH-sensitivity enabled by the hydrophilic polypeptides,
(2) the ordered packing tendency of the hydrophobic poly-
peptides, and (3) the convenient control over the hydrophilic/
hydrophobic balance of the copolymers that further affects
the aggregate morphology. However, there has been limited
work on the self-assembly behaviour of polypeptide-based graft
copolymers, and several promising concepts are therefore worth
pursuing. For example, a graft copolymer containing rigid
hydrophobic polypeptide side chains and a hydrophilic backbone
chain can self-assemble into aggregates with a rigid polypeptide
core, and the rigidity of the core-forming polypeptide chains
leaves the aggregate core with sufficient room to encapsulate
various guest species, such as drugs. Furthermore, few studies
have been directed towards the self-assembly of graft copoly-
mers in which both the hydrophilic and hydrophobic segments
are polypeptides. The self-assembly behaviour of this type of
graft copolymer is expected to be associated with the features of
both the hydrophilic and hydrophobic polypeptide segments.
It is expected that polypeptide graft copolymers could display
diverse self-assembly behaviours and have wide potential
applications.

2.1.3 Aggregates self-assembled from polypeptide copolymers
with complex topology. In addition to block and graft copolymers,
polypeptide-based copolymers with complex topology, such as
dendrimer-like and hyperbranched polymers have also been
synthesized, and their self-assembly behaviours have been
studied."*>"** Dendrimer-like polymers are a special type of
polymer in which multiple polymer chains are connected
together from a concentric point (group).'**'*” Although
hyperbranched polymers are highly branched polymers, they
are a special form of dendritic polymers that have a random
branch-on-branch topology."**'*® These polypeptide-based
copolymers with complex topology display unique self-assembly
properties and multivalent characteristics.
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As reported in a recent work by Chen et al, PLLyy-b-D2-
(PLGA;5)4 (D2 is the second generation of poly(amido amine))
dendrimer-like polypeptide block copolymers exhibit multiple
pH-sensitive self-assembly behaviours.’®” The copolymers
can self-assemble into PLGA-core aggregates at acidic pH and
PLL-core aggregates at alkaline pH, which is accompanied by a
coil-to-helix conformation transition of PLGA and PLL segments,
respectively. Self-assembled aggregates with various morphol-
ogies, such as large compound micelles, worm-like micelles, large
compound vesicles, simple vesicles, and rigid tubular structures,
have been obtained by increasing the solution pH. Fig. 4 shows
typical TEM and SEM images of the aggregates prepared at
various pH values. More interestingly, hierarchical assembled
fractal structures of PLL,y-b-D2-(PLGA;5), were observed during
solvent evaporation at higher pH. Fig. 4g displays a scheme of
the structural evolution of these self-assemblies as a function of
solution pH.

Dong et al. reported the synthesis and self-assembly of
hyperbranched poly(e-benzyloxycarbonyl-i-lysine)-block-poly(ethylene
oxide) (HPZLys-b-PEO).'*® The self-assembly behaviour of
the hyperbranched copolymers was compared with a linear
counterpart (PZLys-b-PEO). For the hyperbranched copolymers,
HPZLys was synthesized through click polycondensation of
an AB,-type PZLys macromonomer with a-thiol and w-alkyne
terminal groups (the thiol is the A unit and each 7 bond in the

LCMs atpH 1.4
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LCVs at pH 6.4 Vesicles
at pH 10.2
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Fig. 4 (a—e) Typical TEM images of PLL4o-b-D2-(PLGA;s)4 aggregates
in agueous solutions: (a) pH 1.4, (b) pH 3.4, (c) pH 6.4, (d) pH 10.2, and
(e) pH 12.1. (f) SEM image of aggregates at pH 12.1. (g) Schematic illustration of
proposed pH-responsive “schizophrenic” aggregation behaviours of linear-
dendron-like PLL4g-b-D2-(PLGAs5)4 in aqueous solution. Reprinted with
permission from ref. 137. Copyright 2013 American Chemical Society.
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alkyne is the B unit), and the resulting HPZLys was further
conjugated with thiol-terminated PEO to generate the HPZLys-
b-PEO block copolymer by consecutive thiol-yne chemistry.
HPZLys and HPZLys-b-PEO mainly assume an o-helix confor-
mation similar to their linear precursors. The self-assemblies of
these copolymers were prepared by using DMF as the common
solvent and water as selective solvent. HPZLys-b-PEO copolymers
self-assemble into spherical micelles in aqueous solution. Com-
pared with their linear counterpart of PZLys-b-PEO, HPZLys-b-PEO
displays a much lower critical aggregation concentration, which
demonstrates a dendritic topology effect.

Because of their unusual topological structure, polypeptide-
based copolymers with complex topologies exhibit interesting
self-assembly behaviours. Many peptide- or polypeptide-
containing biomacromolecules, for example, collagen and glyco-
proteins, bear complex topologies, such as dendrimer-like and
hyperbranched."*"'** The knowledge obtained from self-assembly
research on synthetic polypeptide-based copolymers with complex
topologies is helpful for understanding the assembled structures
and functionalities of polypeptide-containing biomacromolecules.
In addition, because they mimic the molecular and assembly
structures of peptide-containing biomacromolecules, these syn-
thetic polypeptide-based copolymers with complex topologies
have potential in bio-related applications, including tissue
engineering and drug delivery. Therefore, self-assembly research
on synthetic polypeptides with various complex topologies pro-
vides an important model for understanding the relationship
between the structure and properties of peptide-containing
biomacromolecules.

2.2 Aggregates self-assembled from polypeptide copolymer
mixtures

Self-assembly of single-component copolymers, typically block
copolymers, has been studied extensively, which provides
opportunities for the construction of various nanostructures.
However, the synthesis of copolymers with defined topologies
and compositions is difficult. In recent work, the cooperative
self-assembly behaviour of copolymers with a secondary hydro-
phobic component, such as homopolymers and NPs, has
been studied through both experiments and simulations, and
a variety of interesting nanostructures have been observed.
In addition, for chiral polymers, introducing polymers with
different chirality is another working strategy to regulate the
self-assembly behaviours.** In this part, research on the control
of the self-assembly structure of polypeptide copolymers through
the introduction of a secondary component is featured.

2.2.1 Cooperative self-assembly of polypeptide copolymers with
homopolymers. Bearing in mind that hydrophobic/hydrophilic
balance is the most important factor determining the assembly
structure, it is easy to envision the addition of hydrophobic core-
forming polymers to adjust the aggregate morphology.****” In
fact, adding core-forming homopolymers is effective in modify-
ing the morphology of aggregates formed by block copolymers.
The molecular weight of the homopolymer is usually smaller
than or approximate to that of the core-forming blocks. The
morphological transition of block copolymer assemblies, for
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example, from vesicles to spherical micelles or from cylindrical
micelles to vesicles has been observed by adding core-forming
homopolymers.'** For polypeptide-based copolymers, the effect
of hydrophobic homopolymers on their self-assembly beha-
viours has not been well documented.®*®” In this subsection,
the effect of hydrophobic homopolymers on the self-assembly
behaviour of polypeptide copolymers is reviewed, and typical
examples are introduced in detail.

Recently, Cai et al. reported that right-handed superhelical
fibres and rings with uniform diameters and screw-pitch sizes are
formed from a binary system consisting of a rod—coil block copoly-
mer of PBLG-H-PEG and a rigid homopolymer of PBLG.***”'*®
Fig. 5a-c show TEM, SEM, and AFM images of the superhelices.
Note that the molecular weight of the PBLG homopolymers is
much larger than that of the PBLG-b-PEG block copolymers
(more than 10 times). The high molecular weight of the PBLG
homopolymer is crucial for the construction of the fibre-like
structures. When the mixture systems contain low molecular
weight PBLG homopolymers, they form spheres or spindles
rather than superhelices. For example, in a work by Ponchel
et al. on similar PBLG-b-PEG/PBLG mixtures in which the
molecular weight of the PBLG homopolymers is comparable

e
ST -

P o

Fig. 5 (a—c) Morphology of superhelices prepared from PBLG-b-PEG/
PBLG mixtures at 20 °C: (a) HRTEM, (b) SEM, and (c) AFM images.
(d) Simulation predictions for hierarchical structures self-assembled from
rod—coil block copolymers and rigid homopolymers with various levels of
attraction between the rod/rod blocks (e, = 2.4, 2.1, and 1.6, respectively,
from up to down). (e) SEM image of abacus-like structures self-assembled
from PBLG-b-PEG/PBLG mixtures at 40 °C. (f) SEM image of plain fibres
self-assembled from PBLG-b-PEG/PBLG mixtures at 5 °C. (g) Simulation
prediction of wool-ball-like structures formed by rod—coil block copoly-
mers and coil homopolymers. (h) SEM image of wool-ball-like structures
self-assembled from PBLG-b-PEG/PS mixtures at 40 °C. (i) SEM image of
plain balls self-assembled from PBLG-b-PEG/PS mixtures at 5 °C. Scale
bars: 500 nm for a, b, h, and i; 200 nm for e and f. Reprinted with
permission from ref. 87. Copyright 2013 Wiley-VCH.
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to that of the PBLG-b-PEG block copolymers, ellipsoidal parti-
cles with diameters less than 100 nm were obtained from
mixtures with various weight ratios of block copolymers to
homopolymers.%®

The helix is one of the most fundamental geometrical
shapes in nature and can be observed at all length scales: from
the structure of DNA to a planetary helix nebula."**™">*> For
example, tobacco mosaic virus (TMV) has a type of core-shell
superhelix that contains an RNA core and coating proteins that
assemble into a capsid with right-handed chirality.">>"** In
PBLG-b-PEG/PBLG superhelix systems, many possible inter-
actions, including hydrophobic and dipolar n-n interactions,
and the ordered packing tendency of the a-helical polypeptide
rods are believed to be responsible for the formation of super-
helical structures. However, understanding exactly how the
observed structures are formed is a daunting task. To meet
this challenge, Cai et al. carried out a Brownian dynamics (BD)
simulation on a model rod-coil block copolymer/rigid homo-
polymer binary system to study the complex structure and the
formation process.’”'*® As shown in Fig. 5d, the simulation
results revealed that the homopolymers and block copolymers
formed ordered structures. The rod-coil block copolymer can
coat rod homopolymer bundles, and changing the level of
attraction (e,) between rod and rod blocks can result in
different hierarchical structures. Three distinctive hierarchical
morphologies, including abacus-like structures, superhelices,
and plain fibres, were observed by decreasing the ¢, from 2.4
to 2.1 and 1.6 (Fig. 5d). Under the guidance of the simulation
predictions, they further designed a set of experiments on the
PBLG-b-PEG/PBLG pair to experimentally explore the effect of
attraction between rigid PBLG blocks on the structure of the
formed assemblies. The regulation of attraction between the
PBLG blocks is realized through the temperature of the experi-
ment. Higher temperature corresponds to a stronger attraction
between PBLG/PBLG pairs. Abacus-like structures are obtained
at 40 °C (Fig. 5e). As shown in Fig. 5f, decreasing the tempera-
ture to 5 °C gives rise to the formation of plain fibres. These
experimental results are in good agreement with the simulation
predictions.

Furthermore, the rigid PBLG homopolymers were replaced
with relatively flexible PS homopolymers to explore the impor-
tance of the guest homopolymers in the self-assembly behaviour
of block copolymer/homopolymer mixtures.”” A novel wool-ball-
like structure was observed from PBLG-b-PEG/PS binary systems.
The simulation results shown in Fig. 5g reveal that flexible
homopolymers form large spherical aggregates and rod-coil block
copolymers aggregate on the surface of the homopolymer sphere
to form strips, in which the manner of the ordered packing is
similar to that in the superhelices formed by rod-coil block
copolymer/rigid homopolymer systems. The corresponding result
from an experiment carried out at 40 °C is presented in Fig. 5h.
With decreasing temperature, smooth spheres are formed due to
the random packing of the PBLG-b-PEG block copolymers (Fig. 5i).
In addition, they also studied the self-assembly behaviour of
PS-b-PEG/PBLG binary systems, wherein a mixture of smooth
fibres and spherical micelles was observed. For this system, the
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smooth fibres are formed by coating PS-b-PEG block copolymers
on the rigid PBLG homopolymer bundles, while spherical
micelles are formed from pure PS-b-PEG block copolymers. This
set of experiments stresses the importance of the rigidity of the
polymer blocks on the formation of the hierarchical structure.

In another recent work, using a combination of experiments
and computer simulations, Chen and Lin et al. investigated the
self-assembly behaviour of polyacrylic acid (PAA)-g-PBLG in the
presence of high-molecular-weight PBLG homopolymers.">
The aggregate morphologies of the mixture systems were
dependent on the weight fraction of the PBLG homopolymers.
Short rod-like micelles form with a lower weight fraction of
PBLG homopolymers, whereas toroidal micelles appear with a
higher weight fraction of PBLG homopolymers. Studies on the
effect of the added water content on the toroid formation
process revealed that rods and curved rods appear sequentially
before the formation of toroids. Toroid formation via end-to-end
connection of rods/cylinders is a common route.* They also
performed DPD simulations to verify the structural transition as
a function of the weight content of rigid homopolymers in
the mixtures and to explore the formation mechanism of the
toroidal aggregates. As predicted by DPD simulations, when the
weight content of rigid homopolymers in the mixtures was
lower, curved rod-like micelles appeared. Increasing the weight
content of rigid homopolymers increased the length of the
curved rod-like micelles, and toroidal micelles were formed by
the end-to-end connection of curved rods. These simulation
results reproduced the general features of the morphological
transition of PAA-g-PBLG/PBLG mixtures as a function of the
PBLG homopolymer content observed experimentally. In addi-
tion, the simulations showed that the rigid PBLG homopolymers
prefer to locate in the centre of the interior core of the curved
rod-like micelles and toroids. Moreover, they can provide infor-
mation on the dynamic process for the formation of complex
aggregates, which is difficult to attain through experiments.

The above-mentioned works demonstrate that the hydro-
phobic homopolymers can serve as templates for assembling
amphiphilic block and graft copolymers. The structures of the
self-assembled aggregates are determined by the characteristics
of both homopolymers and copolymers. For example, depending
on the rigidity degree (rigid or flexible), the homopolymers
can act as either a fibre-like template or a spherical template,
which determines the overall structure of the final aggregates.
Furthermore, as inspired by the work stated above, some other
available shaped materials such as multiwalled carbon nano-
tubes (MWCNTSs) and crosslinked polystyrene spheres could
serve as simple and effective templates.'”®'>” Polypeptide
copolymers can cover the template and generate patterned
structures on the surface of templates through ordering of
the rigid polypeptide blocks of copolymers. Due to the diverse
ordering behaviours of polypeptide rods, various structures
with different surface patterns could be produced. This should
be an attractive topic in the future.

2.2.2 Cooperative self-assembly of polypeptide copolymers
with copolymers. Similar to the self-assembly strategy for
copolymer/homopolymer mixtures, cooperative self-assembly
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of two copolymers is a promising way to obtain aggregates
with controlled morphologies and structures."***®* In the
past few years, there have been some examples of the self-
assembly behaviour of polypeptide-based copolymer/copolymer
mixtures, and interesting self-assembly phenomena have been
observed.®®%%'%71%% yarious interactions, including hydro-
phobic attractions between hydrophobic polypeptides, electro-
static attractions between oppositely charged polypeptides,
and special interactions between polypeptides of different
chiralities, are associated with the self-assembly behaviours of
polypeptide copolymers/copolymers.

In a recent work reported by Zhuang et al., polypeptide block
copolymers were introduced to cooperatively self-assemble
with polypeptide graft copolymers.'®® Both graft and block
copolymers are constructed from PBLG and PEG segments,
i.e., PBLG-g-PEG graft copolymers and PBLG-b-PEG block
copolymers. Pure graft copolymers self-assembled into vesicles,
and pure block copolymers formed spherical micelles or vesicles.
Fig. 6a and b show the vesicle morphology self-assembled from
pure graft and block copolymers, respectively, while cylindrical
hybrid micelles are formed for the graft/block copolymer mix-
tures (Fig. 6¢). As revealed in their work, the pure graft copolymer
vesicles are evoluted from primarily formed short cylinders.
Therefore, for the graft/block copolymer mixtures, the block
copolymers should prevent such a cylinder-vesicle morphology
transition of the graft copolymers. They further performed self-
consistent field theory (SCFT) simulations on this self-assembly
system to explain such interesting self-assembly phenomena.
The simulation results reproduced the morphological transi-
tions observed in the experiments. As shown in Fig. 6d and e,
the density profiles of the block and graft copolymers along the
long and short axes of the hybrid cylindrical micelles indicate
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Fig. 6 (a—c) TEM images of aggregates self-assembled from (a) PBLG-g-
PEG graft copolymers, (b) PBLG-b-PEG block copolymers, and (c) graft
and block copolymer mixtures (mixture ratio 1:1 in weight). The scale
bars represent 300 nm. (d and e) Density profiles of hydrophobic and
hydrophilic blocks of the aggregates along the arrow in the inset for
the cylindrical hybrid micelles. The insets show the two-dimensional
distribution of the hydrophobic A blocks (presented as red) and hydrophilic
B blocks (presented as blue). Reprinted with permission from ref. 162.
Copyright 2012 American Chemical Society.
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that the block copolymers are mainly located at the ends of the
cylinders, which prevents the fusion of primary self-assembled
cylinders into vesicles.

Kataoka and co-workers prepared a core-shell supramole-
cular assembly from PEG-b-PLL and PEG-b-PAsp polypeptide-
based block copolymers.'®® These two block copolymers are
oppositely charged: the PLL block is positively charged, and the
PAsp block is negatively charged. It was found that polyion
complex (PIC) micelles could be formed when the DP of the
PLL and PAsp blocks was the same. However, the system with
unmatched polymer length pairs could not form PIC micelles
but only charge-neutralized polyion complexes, which are less
stable than those formed from matched pairs. The key assump-
tion by the authors is that the ion pairs have a uniform
distribution in the core of PIC micelles.

Kimura et al. studied the self-assembly behaviour of a binary
mixture containing polypeptide copolymers with opposite
chirality of the polypeptide blocks.'®* These two polypeptide
copolymers are PSar,s-b-P(i-Leu-Aib)s (SLL) and PSar,s-b-P(p-
Leu-Aib)s (SDL). In these copolymers, the PSar block is a
hydrophilic polypeptide and adopts a random coil conformation.
P(i-Leu-Aib) and P(p-Leu-Aib) are core-forming hydrophobic
polypeptides and adopt left- and right-handed a-helix conforma-
tions, respectively (Fig. 7a). The self-assembly behaviour of
the mixtures was studied at 90 °C in Tris-HCI buffer solution
(pH 7.4). As shown in Fig. 7b and f, pure SLL and SDL self-
assembled into nanotubes. Mixtures of SLL and SDL with
compositions of 20/80 or 80/20 (w/w) self-assembled into
nano-sized round-bottom flasks (Fig. 7c and e), and a mixture
with equal weights of SLL and SDL (50/50 w/w) formed vesicles
(Fig. 7d). They explained these unique self-assembly processes as
a stereo-complex formation of the helical amphiphiles. When SLL
and SDL were mixed at 20/80 or 80/20, they were phase-separated
into the pure component domain and the 1/1 stereo-complex

(a)

HOCH,CO-(Sar),5-(L-Leu-Aib)s-OMe (SLL)
HOCH,CO-(Sar),5-(D-Leu-Aib)g-OMe (SDL)

SLL:SDL =100:0 80:20 50:50 20:80 0:100

Fig. 7 (a) Molecular structures and schematic illustration of the polypep-
tide copolymers with right-handed helical blocks (SLL) and left-handed
helical blocks (SDL). (b—f) Aggregate morphology of the SLL and SDL
mixtures with various SLL/SDL weight ratios: (b) 100/0, (c) 80/20, (d) 50/50,
(e) 20/80, and (f) 0/100. The dark dots are gold nanoparticles (10 nm) added
to assemblies on the TEM grid. Scale bar is 200 nm. Reproduced from
ref. 164 with permission from The Royal Society of Chemistry.
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domain to yield the round-bottom flask morphology, which is a
combined morphology of a nanotube and a vesicle.

For the polypeptide copolymer/copolymer mixtures, the
polypeptide aggregates can be designed with various structures.
The self-assembly behaviour is closely related to the mixture
ratio of the two copolymers. Due to the various characteristics
of the polypeptide segments, such as the rigidity and charge of
the chain, the polypeptide-based copolymer/copolymer mix-
tures display diverse self-assembly behaviours. Furthermore,
unique self-assembly behaviours can be observed for the mix-
tures containing two polypeptide copolymers with opposite
chirality, which provides a new way to design the structure
and function of self-assemblies. The cooperative self-assembly
of two amphiphilic copolymers is a promising strategy to obtain
aggregates with controllable morphologies and structures,
which is significant for applications in the biomedical field
and for functional materials.

2.2.3 Cooperative self-assembly of polypeptide copolymers
with nanoparticles. Recently, polymer micelles have been used
as templates to control the organization of nanoparticles.'®>*¢®
Micelles can significantly enhance the stability of the dispersed
state of nanoparticles in solution, which may facilitate their
applications in catalysis, semiconductors, photonics, and bio-
mimetic materials. Meanwhile, upon encapsulation of NPs,
dramatic structural variation of aggregates is usually observed.
For example, a transition between micelles and vesicles has
been observed in conventional PS-b-PAA block copolymers and
AuNP mixtures.'®” The effect of nanoparticles on the self-
assembly behaviour of coil-coil block copolymers has been
studied through experiments and theoretical simulations. Zhang
et al. used SCFT simulation to study the effect of nanoparticles on
the self-assembly behaviour of block copolymers.'®® It was shown
that the aggregate morphology changes from vesicles to a mixture
of spheres and cylinders by increasing the particle radius and
particle volume fraction. The predictions are well in agreement
with the existing experiments. However, there are few examples
of the effect of nanoparticles on the self-assembly behaviour of
polypeptide-based copolymers.””®" Polypeptide chains usually
adopt a rigid a-helix conformation and prefer to adopt an ordered
packing mode in the self-assembly process.’® Introducing NPs
can destroy the local ordering of polypeptide blocks, which
further influences the self-assembly behaviour of the rod-coil
polypeptide-based copolymers. Furthermore, the rigidity of poly-
peptide rods could induce a unique distribution of NPs.

Cai and co-workers reported that physically introduced
AuNPs have a significant effect on the self-assembly behaviour
of rod-coil PBLG-b-PEG block copolymers (Fig. 8a-c).'®® As
shown in Fig. 8a, pure block copolymers self-assemble into
long cylindrical micelles in which the PBLG blocks are orderly
packed in the core. With the introduction of AuNPs, spherical
micelles are obtained (Fig. 8b). Breakage of the ordered packing
of PBLG rods induced by the added AuNPs takes responsibility
for this type of morphological transition. They also performed a
DPD simulation of the self-assembly of a model rod-coil block
copolymer/nanoparticle mixture, which reproduced the experi-
mental findings well. In addition, the order parameters of the
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Fig. 8 (a—c) AuNP-induced cylinder—-sphere morphological transition of
PBLG-b-PEG block copolymer aggregates: (a) TEM image of cylindrical
micelles self-assembled from PBLG-b-PEG block copolymers, (b) SEM image
of spherical micelles prepared from PBLG-b-PEG/AUNP mixtures, and (c)
order parameter of the PBLG blocks as a function of the nanoparticle
concentration. Scale bars in (a) and (b) represent 250 nm. (d—f) Morphological
transition from vesicles to spherical micelles of DMAEMA-b-PBLG block
copolymer aggregates by adding y-Fe,Osz nanoparticles: (d) TEM image of
vesicles self-assembled from PDMAEMA-b-PBLG copolymers, (e) TEM image
of micelles self-assembled from PDMAEMA-b-PBLG/y-Fe,Os mixtures, and
(f) representation of the structure of the micelles with y-Fe,Os (in black)
packed in the PBLG hydrophobic cores (in grey) wrapped by a hydrated
PDMAEMA shell. (a—c) Reprinted with permission from ref. 169. Copyright
2012 American Chemical Society. (d—f) Reproduced from ref. 171 with
permission from The Royal Society of Chemistry.

rod blocks obtained from the simulations reveal that the
ordered packing of rod blocks (PBLG block) in the micelle core
was gradually destroyed by the incorporation of NPs. As shown
in Fig. 8c, the order parameter of the rod block gradually
decreases from approximately 0.8 for cylinders to nearly zero
for spherical micelles. In another recent work, the same group
further reported on the effect of AuNPs on the self-assembly
behaviour of PBLG-b-PEG-b-PBLG triblock copolymers in aqueous
solution."”® A morphological transition from spindle-like micelles
to vesicles was observed when a small portion of AuNPs was
added. The AuNPs were located in the vesicle walls. The main
reason for the transition of the aggregate morphology is believed
to be the weakening of the interchain attraction between the
rigid PBLG blocks caused by nanoparticle-induced disordering
of the PBLG chains. These studies provide an effective method
for controlling the aggregate morphology of polypeptide-based
rod—-coil copolymers.

Lecommandoux et al reported the cooperative self-assembly
behaviour of amphiphilic poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA}-»-PBLG block copolymers and quasi-spherical iron
oxide nanoparticles (y-Fe,05)."”" The PDMAEMA-b-PBLG block
copolymers tended to form vesicles in solution, and the self-
assembly behaviour of the block copolymer was pH- and
temperature-responsive. A morphological transition from vesicles
to micelles was observed by introducing y-Fe,O; nanoparticles,
and the nanoparticles were observed to disperse within the hydro-
phobic PBLG domains. Fig. 8d and e show the TEM images of the
vesicles (self-assembled from copolymers) and the micelles (self-
assembled from copolymer/nanoparticle mixtures), respectively.
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The structure of the micelles self-assembled from the PDMAEMA-
b-PBLG copolymer/y-Fe,O; mixture is represented in Fig. 8f. The
morphological transition is caused by the microphase separation
between nanoparticles and PBLG chains, which is induced by a
decreased attraction of the nanoparticles. This example demon-
strates that the self-assembled structure of block copolymer/
nanoparticle mixtures is governed not only by the amphiphilicity
of the copolymers but also by excluded-volume interactions,
which could be helpful in controlling the distribution of NPs in
polypeptide aggregates.

Nanoparticles are effective additives used to induce a
morphological transition of copolymer self-assemblies. For
polypeptide copolymers containing rigid polypeptide segments
(in o-helix conformation), the morphological transition of the
aggregate is usually accompanied by disarrangement of the
ordering of the polypeptide chains in the aggregate core. Most
of the nanoparticles used are spherical and relatively small in
size (less than 20 nm in diameter). When mixed with larger
nanoparticles, which could serve as templates for polypeptide
self-assembly, polypeptide copolymers may display different
self-assembly behaviours. Furthermore, the effect of certain novel
types of nanoparticles, such as rod-like and Janus nanoparticles,
on the self-assembly behaviour of polypeptide copolymers has not
been well studied. Polypeptide copolymer-based mixture systems
containing non-classical nanoparticles could result in interesting
self-assembly behaviours.

As demonstrated by the above-mentioned works, theoretical
simulation is a powerful tool to investigate both the structure
and the formation mechanism of polypeptide self-assemblies.
Since the molecular weight of polypeptides is usually relatively
high, coarse-gained models have usually been applied in
the present simulation studies. However, the current coarse-
gained simulations are limited in representing some certain
fine structures of polypeptides, such as the chirality of poly-
peptide chains. Cai et al. recently found that the chirality of
superhelices self-assembled from the PBLG-b-PEG/PBLG binary
system can be controlled by experimental conditions such as
the temperature and initial solvent nature.'”” Such a chirality
transition is related to both the chirality of the PBLG backbone
and the arrangement of side phenyl groups. However, this
phenomenon is difficult to be simulated by the general coarse-
grained models where the polypeptides are treated as rods. New
strategies are thus necessary to simulate complex structures and
obtain detailed information of polypeptide assemblies. All-atom
simulation can successfully present the effect of the chirality of
low-molecular-weight peptides on self-assembly behaviours.
For example, using the all-atom simulations, Stupp et al.
studied the self-assembly behaviours of peptide amphiphile
(PA) molecules.””*'”* The packing manners of B-sheets in
different PA aggregates (e.g., stacks of B-sheets, spherical
micelles, and cylindrical fibers) are revealed. The simulated
structures are consistent with the experimental observations.

Although the all-atom simulations show some advantages in
getting information regarding the chain conformation such
as chirality, they still have difficulties in dealing with high-
molecular-weight polypeptide systems, because of the unendurable
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computational cost in simulations. One way to solve this
problem is to further develop the coarse-grained models
by considering the information at the molecular level. For
example, Grason et al. developed a new coarse-grained simula-
tion method, which combines the Frank elastic energy with
SCFT. They used this method to investigate the self-assembly
behaviours of chiral block copolymers in the bulk phase.
The simulation successfully reproduced experimental results,
which indicates that this novel simulation approach can be
useful in studying chiral block copolymers.'”>'”® In addition,
as revealed by Terentjev et al., introducing bond angle and
dihedral potential to the coarse-grained molecular model can
present the rigidity structure information of the polypeptides in
simulations."””” Using the coarse-grained BD simulation
method, they simulated a transformation between an expanded
random coil and a dense helical or a globular state of single
polypeptide chains. Therefore, it is possible to develop suitable
simulation methods based on the coarse-grained model to
simulate the self-assembly behaviour of polypeptide copolymers,
which could be able to cover both the chirality and the rigidity
structure feature of polypeptide chains. These developed simula-
tions should be able to reproduce interesting experimental
phenomena, such as the handedness of superhelices self-
assembled from PBLG-b-PEG/PBLG binary systems, which can
further guide experimental research.

3. Polypeptide assemblies serve as
delivery vehicles

In the past two decades, polymer micelles have been compre-
hensively investigated as carriers to deliver various therapeutic
payloads."”*"*° Polymer micelles are similar in size and struc-
ture to natural carriers of viruses and serum lipoproteins.
However, drug delivery systems usually burst and leak the
payloads in the initial stage, and suffer from slow diffusion of
the payloads in the treatment stage.>*>>'81182 This phenomenon
not only leads to drug loss during storage and blood circulation
but also results in low intracellular drug availability. Efficient
delivery has various requirements, such as stability during
circulation, delivering payloads to specific sites, and releasing
in a desired manner. Two main strategies are usually applied to
meet such requirements: stimuli-induced aggregate structural
variation and stimuli-induced mobility enhancement of the
payloads.

Polypeptide aggregates are good candidates for delivery
vehicles due to the following characteristics.”™* (1) Polypeptide-
based copolymers can self-assemble into core-shell aggregates in
aqueous solution. The aggregate morphology and structure can be
tuned through the polymer composition, preparation conditions,
polypeptide conformation, and introduction of secondary
components. (2) Water-soluble ionic polypeptides such as PLGA
and PLL can be used to bind drugs bearing opposite charge.
When the solution pH changes, the binding ability of the
polypeptide to the drugs decreases, inducing rapid drug release.
(3) Polypeptides usually contain a large amount of reactive groups,
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such as carboxylic groups and amino groups. These reactive
groups can be applied to conjugate drugs with labile chemical
bonds, which can be broken under certain conditions to release
the payloads. In the following section, research concerning
drug-release behaviour under physical or chemical stimuli is
discussed.

3.1 Release behaviour regulated by the binding ability
between polypeptides and payloads

For drug deliveries, payloads are incorporated into aggregates
through physical or chemical means. In physical methods,
payloads are physically encapsulated in the aggregate cores.
To prevent leakage of the drug during storage and delivery, a
strong physical attraction between polymers and payloads is
essential. Hydrophilic ionic polypeptides, such as PLGA, PAsp, and
PLL, can bind payloads through electrostatic attraction.**° In
chemical methods, payloads are covalently conjugated to core-
forming or shell-forming polypeptide blocks via stimuli-responsive
cleavable bonds. When the external surrounding conditions
change, for example, a variation in the solution pH, the chemical
bonds between the polymers and payloads can be broken,
which induces the release of drugs from the aggregates.**™*?
In the following section, changing the binding ability of poly-
peptides to regulate the release of payloads through both
physical and chemical strategies is reviewed.

3.1.1 Release of payloads regulated by decreasing electro-
static attraction. Among the various physical interactions,
electrostatic attraction is especially important in controlling
the release of payloads from polypeptide aggregates.'®*'8
Electrostatic attraction can prevent the bursting and release
in the initial stage, and the electrostatic attraction between the
polymers and drugs can be easily weakened by adjusting the
pH, which thus induces a rapid release of the payloads at
the target sites. Smart drug carriers have been designed and
constructed by making use of the electrostatic attraction
between charged polypeptides and payloads, for example, PLGA
vs. cationic DOX and PLL vs. anionic DNA.

Hong et al. developed drug-loaded micelles using anionic
PEG-b-PLGA and the cationic anticancer drug doxorubicin (DOX)
for cancer treatments.'®® DOX was loaded into the micelles via
electrostatic interactions (between COO™~ of PLGA and NH;" of
DOX) and hydrophobic stacking (among the DOX molecules).
A high loading efficiency was achieved (Fig. 9a) and the DOX-
loaded micelles exhibited a negative surface charge around
—30 to —40 mV (Fig. 9b). As shown in Fig. 9c, the release rate of
DOX from the micelles was slower at physiological pH, but it
clearly increased in acidic pH environments. The increased
release of the drug is related to the decreased binding ability of
PLGA with DOX due to the protonation of the COO™ groups
of the PLGA chains in acidic solution. Cellular uptake and
cytotoxicity studies suggested that micelles are taken up by
A549 cells via endocytosis, with a slightly slower cellular inter-
nalization and lower cytotoxicity compared with free DOX. The
in vivo pharmacokinetic study demonstrated the significant
advantages of DOX-loaded micelles (Fig. 9d), including prolong-
ing the blood circulation time, enhancing the therapeutic efficacy,
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Fig. 9 (a) Drug loading content and drug loading efficiency at different
weight ratios of polymer to DOX; (b) zeta-potential of DOX-loaded
micelles at different weight ratios of polymer to DOX; (c) time and pH-
dependent DOX release profiles of DOX-loaded micelles in PBS at pH 5.5
with 10% FBS (1#), PBS at pH 5.5 (2#), PBS at pH 7.4 with 10% FBS (3#), and
PBS at pH 7.4 (44#); (d) in vivo pharmacokinetic profiles after intravenous
injection of free DOX and DOX-loaded micelles in rats. Reprinted with
permission from ref. 186. Copyright 2013 American Chemical Society.

increasing apoptosis in tumour tissues, and reducing systemic
toxicity. These results demonstrate that the PEG-b-PLGA smart
micelle is a promising vehicle to improve the pharmacokinetics
and efficacy of drugs with reduced toxicity.

Zhang et al. used cationic PLL-based polypeptide micelles to
deliver anionic DNA."®” A series of PEG-b-PLL-b-PLP triblock
copolymers were synthesized. These copolymers self-assemble
into micelles with hydrophobic PLP (poly(i-phenylalanine))
chains as the core and hydrophilic PEG-b-PLL chains as the
shell. Cytotoxicity studies revealed the good biocompatibility of
the copolymers. The micelles exhibit pH sensitivity in their
hydrodynamic size and drug release behaviour, which is attrib-
uted to the protonation/deprotonation of amino groups in the
PLL chains at different pH values. By increasing the pH from 4
to 10, the hydrodynamic diameter of the micelles decreases
from approximately 60 nm to 15 nm. This pH-induced size
variation is related to the deionization of amino groups in the
PLL chains at higher pH, which decreases the repulsion
between the PLL chains and leads to a smaller hydrodynamic
diameter. The micelles possess excellent controlled drug
release properties and apparent disparities in drug release rates
at different pH values. In vitro transfection demonstrated that
DNA-loaded PEG-b-PLL-b-PLP triblock copolymer micelles have
a high transfection efficiency in 293T cells with low cytotoxicity
under optimized conditions.

The electrostatic attraction is a strong interaction, which
ensures high efficiency in drug loading and minimizes drug
leakage during delivery. However, in practice, the situation is
usually rather complex. For example, in the presence of ionic
biomolecules, such as serum and heparin at the targeting site
in the body, the loaded drugs could readily depart from the
polypeptide chains and rapidly release into the delivery site.
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In addition, the release of drugs can decrease the stability of the
drug-loaded micelles, which further accelerates the drug
release rate. Therefore, in practice, the electrostatic attraction
between drugs and polypeptides is effective in loading certain
specific drugs; however, these drug-loaded micelles could
be unstable during delivery, and a fast leakage of the drugs
may occur. Anyway, such a strategy is effective in preparing
polypeptide-based drug deliveries, and could meet the applica-
tion demands in some occasions. It is still essential to design
polypeptide copolymers with optimal chemical composition
and topology to achieve balance among the loading capacity,
delivering stability, and releasing behaviour.

3.1.2 Release of payloads regulated by breaking labile
chemical bonds. The chemically conjugated drug-loaded micelles
have advantages in controlling the release of drugs, which can
protect drugs from the host defence system during the delivery
and release of drugs into the target tissues triggered by specific
stimuli.'®°° Such a strategy improves both the delivering
stability and the therapeutic efficiency of the drugs. The reactive
side groups of polypeptides endow polypeptide copolymers with
advantages in constructing chemically conjugated drug-loaded
micelles.**** Various stimuli-labile bonds including acid-labile
hydrazone bonds and GSH-reducible disulphide bonds are
applied in chemically conjugated, drug-loaded delivery systems
constructed from polypeptide micelles.

Kataoka and co-workers reported a number of examples of
drug-loaded micelles prepared by a chemical strategy.'®’™'
Fig. 10a shows a model of the polypeptide copolymer/drug
conjugates. They prepared a targeted and pH-sensitive micellar
drug carrier from Fol-PEG-b-P(Asp-Hyd-ADR) (Fol: folate;
Hyd: hydrazine; ADR: adriamycin) drug-conjugated polypeptide
block copolymers (Fig. 10b)."*" Folate on the surface of the
micelle targets cancer cells, and the anticancer drug ADR is
connected to the side chain of the core-forming PAsp segment
through an acid-sensitive hydrazone bond. As represented in
Fig. 10c, the drug-loaded micelles can be guided to the cancer
cells in the body. After the micelles enter the cells, in the
intracellular acidic environment (pH 5-6), hydrazone bonds are
cleaved and DOX is released.

Lin et al. applied both physical and chemical strategies
to encapsulate two drugs in a single polypeptide micelle.”
Two model drugs, DOX and naproxen (Nap), were loaded into
PPO-h-PBLG-b-PEG triblock copolymer micelles (Fig. 11a). Spherical
micelles with PEG corona, PBLG/DOX shells, and PPO/Nap
cores were formed with diameters of approximately 150 nm,
which means that these micelles are suitable drug-delivery
vehicles. In the micelles, DOX is chemically linked to PBLG
backbones through an acid-cleavable hydrazone bond, whereas
Nap is physically encapsulated in the cores. This core-shell-
corona structure was further elucidated by DPD simulations
(Fig. 11b). In vitro studies revealed pH- and thermo-sensitive
release of DOX and Nap from the micelles. As shown in Fig. 11c,
due to the cleavage of the hydrazone bonds, the release rate of
DOX is faster in acidic solutions. Furthermore, because PPO
dehydrates at higher temperatures, a faster release of the two
drugs can be observed at higher temperatures. By adjusting the
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Fig. 11 (a) Mapping between the experimental sample and DPD simula-
tion model. (b) Density profiles along the x-arrow of different segments of
terpolymer/drug micelles. The red, blue, green, yellow, and black colours
are respectively assigned to A, B, C, Drugl, and Drug2, and the solvents are
omitted for clarity. (c) The influence of pH on the release profiles of DOX
from dual-drug-loaded micelles. T = 37 °C. (d) Simulation of the release of
Drugl (DOX) from dual-drug loaded micelles under various pH conditions.
The case of P = 0.02 and apys = 29.5 corresponds to a higher pH
condition, whereas the case of P = 0.075 and ap,s = 30.0 corresponds
to a lower pH condition. (e) Typical simulation snapshots of the release
of Drugl and Drug2 at P = 0.075 and ap,s = 30.0. The simulation times are
t = 0, 480, and 2000+. Reprinted with permission from ref. 79. Copyright
2014 Wiley-VCH.
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experimental conditions to align with the simulation parameter
settings, they simulated the release behaviours of the drug
carriers. The simulations reproduced the experimental observa-
tions well. Fig. 11d shows the simulation results for the release
behaviour of DOX as a function of solution pH. In the figure,
P and ap,s represent the probability of breaking the bond
between DOX (Drug1) and the PBLG blocks and the interaction
parameter between Nap (Drug2) and water, respectively. The case
of P=0.02 and ap,s = 29.5 corresponds to a higher pH condition,
whereas the case of P = 0.075 and ap,s = 30.0 corresponds to a
lower pH condition. In addition to representing the release
behaviours, the simulations suggest that the entire micellar
structure remains unchanged during the release, but its size
decreases gradually with time (Fig. 11e).

Lin et al. also carried out in vitro cytotoxicity and uptake
studies. The results reveal that these dual-drug-loaded micelles
significantly improve the biocompatibility and retention time
of drugs and therefore enhance the therapeutic effects of the
drugs. Furthermore, these biocompatible dual-drug-loaded
micelles can enter cells and release drugs in the cytoplasm.
These results demonstrate that polypeptide copolymer micelles
can be utilized to deliver multiple drugs that act on the same
cells, maximizing the therapeutic effect. The significant advan-
tage of this work is the combination of experiments and
simulations to study the structure and the release behaviour
of drug-loaded micelles. For the polymer micelle drug delivery
systems, a number of studies have been reported, but the
release mechanisms are still not well understood due to the
limitation of the currently available experimental techniques.
Theoretical simulations conducted on the basis of experimental
observations can address these challenges because they can
provide straightforward microscopic information.%97*7681
For example, Buxton and co-workers developed a new coarse-
grained simulation method, which captures the dynamics of
the polymer nanoparticle and the diffusion of the encapsulated
drug.'**'*® Using this method, they simulated the drug release
performance of nanoparticles with a pH-responsive shell material.
An increased release rate of a chemotherapeutic agent near
tumours was observed. The interactions between the DDS and
the plasma membrane were also studied with the help of simula-
tions. Zhang et al. performed DPD simulations of the pathways of
vesicle/liposome-membrane interactions.'®>'®” The pathways of
interaction may be varied under different DDS or membrane
conditions. The procedures of cellular internalization, even
the transformation and drug release performance of the DDS
were clearly shown. Those simulation works not only support
experimental investigations, but also provide molecular-level
insight into the drug delivery behaviours, which greatly benefits
the design of desirable DDSs.

Compared with the physical loading method, conjugating
drugs to a polypeptide backbone through chemical bonds can
enhance the stability of carriers and decrease the toxicity of the
drugs. The chemically conjugated drug-loaded micelles are
efficient in loading drugs and controlling the release of drugs.
However, the premature release of drugs during delivery still
occurs with chemically conjugated drug-loaded micelles.
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For example, when the drug-loaded micelles are exposed to
acidic intercellular surroundings, the labile chemical bonds
between the polypeptide backbone and payloads can break,
which consequently induces rapid release of the payloads
before arrival at the target sites. To improve delivery perfor-
mance, several strategies such as crosslinking the deliveries
could be effective in reducing the premature release of drugs.

3.2 Release behaviour regulated by the structural variation of
aggregates

Stimuli-induced structural variation of polymer aggregates, such as
reassembly and disassembly, is extremely useful for the triggered
release of payloads in targeted tissues and intracellular
compartments.’®*'* Both physical and chemical processes, for
example, conformation transition and deprival of the side groups
of polypeptide chains, can induce reassembly and/or disassembly of
aggregates.*>*+?°02% gych features can be applied to design stimuli-
sensitive drug deliveries from polypeptide-based copolymers.
The aforementioned stimuli-sensitive behaviours are generated
from polypeptide chains, and those induced by non-polypeptide
chains are outside of the scope of this article.

3.2.1 Solubility and conformation changes of polypeptide
chains. External stimuli, such as pH and temperature, may
induce a conformation transition of polypeptide chains as the
solubility of the polypeptide chains changes. With the variation
of polypeptide conformation and solubility, the self-assembly
structure of polypeptide aggregates can be varied.>**°* In
some cases, the aggregates even disassemble into single chains.
As a result, the physically encapsulated drugs and other payloads
can be quickly released from the aggregate.

Qiao et al. reported the pH-induced reassembly of polypep-
tide micelles self-assembled from PEG-block-poly(p,L-lactide)-
block-poly(r-histidine) (PEG-b-PLA-b-PHis) to trigger the release
of payloads.>** The micelles consist of PLA and unprotonated
PHis blocks as the hydrophobic core and PEG as the hydro-
philic shell at neutral pH. Reassembly of the micelles in acidic
environments was observed, which triggered the release of
physically incorporated DOX. These DOX-loaded micelles are
promising pH-sensitive delivery vehicles. For example, when
the micelles enter endolysosomes (acidic environment) after
endocytosis, the PHis block is protonated and the micelles
reassemble, which subsequently induce the release of the
incorporated drugs from the micelles.

In addition to the single copolymer systems, copolymer
mixture systems have also been applied to construct “smart”
drug delivery systems.>**?'* Polypeptide copolymer mixtures
advantageously control the structure and function of the delivery.
Lin et al. designed and constructed hierarchical micelles from a
mixture of two block copolymers for drug delivery applications.***
They first constructed a simulation model containing A;oB-A;0
triblock copolymers and B;C; diblock copolymers, and then
used MD simulations to predict the self-assembly behaviour of
the polymer mixtures and the structure of the hierarchical
micelles. The simulation results revealed that micelles with B
blocks as a core and A and C blocks as a mixed corona
were formed (Fig. 12a). With a change in the solubility of the
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corona-forming A blocks, a structural variation of the micelles
was predicted, i.e., formation of a channel in the micelle corona
(Fig. 12b). The formation of a channel in the polymer micelle
is interesting, and such a microstructure could be useful in
designing and constructing ‘“smart” drug delivery systems.
Under the guidance of the simulation predictions, they pre-
pared a polypeptide-based drug delivery system containing
PLGA-b-PPO-b-PLGA and PEG-b-PPO block copolymers. DOX
was used as a model drug. For the drug delivery vehicles, PPO
blocks formed the core, and PLGA and PEG blocks formed the
corona. Under basic conditions, the flexible PLGA and PEG
chains are well mixed, forming the corona of the micelles,
which is unfavourable for drug release. As the pH value
decreases to acidic levels, the solubility of PLGA worsens.
Therefore, the PLGA chains collapse and phase separate from
the PEG chains, resulting in the formation of a PEG channel, as
predicted by the simulations. Meanwhile, the collapse of the
PLGA chains generates stress on the core of the micelles,
inducing a faster release of the drugs from the hierarchical
micelles through the PEG channels. This pH-sensitive struc-
tural variation accelerates the release of DOX (Fig. 12c). These
hierarchical micelles exhibit a highly tunable drug release
behaviour in response to a change in the external pH without
sacrificing the colloidal stability. A proposed scheme represent-
ing the pH-sensitive release mechanism of the PLGA-b-PPO-b-
PLGA/PEG-b-PPO drug-loaded micelles is presented in Fig. 12d.
Theoretical simulation shows the important role in designing
drug carriers. Under the guidance of simulation predictions, it
is possible to construct polypeptide drug carriers with designed
structures and functions. Because experimentally screening
premium structures for drug carriers is a daunting task, designing
with assistance of simulations is clearly useful and essential to
build effective drug delivery systems. Conducting experiments
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Fig. 12 (a and b) Typical simulation snapshots of A;oB7A1o triblock copo-
lymer and B;1Cs diblock copolymer self-assemblies: (a) both A and C blocks
dissolve well in solution and (b) the solubility of the A block decreases. The
blue, green, and red lines represent the A, B, and C blocks, respectively.
Arrows point to the C block aggregation areas. (c) Experimental results for
the release of DOX from hierarchical micelles formed by mixtures of
PLGA-b-PPO-b-PLGA/PEG-b-PPO with a ratio of 5/5 (wt/wt) at various
pH values. (d) Schematic representation of the pH-sensitive release
mechanism proposed for the hierarchical micelles. Reprinted with permis-
sion from ref. 204. Copyright 2009 Elsevier B.V.
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under the guidance of simulation predictions can significantly
improve the efficiency of the prepared efficient carriers.

3.2.2 Cleavage of side groups from polypeptide chains.
Reactive side groups on polypeptide chains, such as -COOH
and -NH,, are useful for conjugating hydrophobic moieties
onto polypeptide copolymers. When the chemical bonds are
cleavable under external stimuli, such as acid, light, and tempera-
ture, stimuli-responsive polypeptide aggregates can be constructed
by assembling these polypeptide copolymers.”*®>% With the
cleavage of the chemical bonds, the hydrophobic moieties leave
the polypeptide chains, which shifts the hydrophilic-hydrophobic
balance and induces a reassembly or disassembly of the aggre-
gates. As a result, the physically incorporated payloads can be
rapidly released from the polypeptide delivery system.

Kwon et al. prepared PEG-block-poly(ketalized serine) (PEG-
b-poly(kSer)) micelles that served as a pH-sensitive DNA delivery
system.>®® Upon acid-hydrolysis of ketal linkages, the amino
ketal moieties depart from the polypeptides, and hydrophobic
poly(kSer) converts to hydrophilic poly(serine). Therefore, the
DNA-loaded micelles disassemble and release DNA. As shown
in Fig. 13a, DLS testing revealed that the diameter of the PEG-b-
poly(kSer)/DNA micelles markedly increases with hydrolysis at
pH 5.0, which indicates that the micelle structure has been
destroyed and loosened. The TEM images presented in Fig. 13b
provide direct evidence for the increase in the diameter of the
micelles. Such disassembly triggers the rapid release of loaded
DNA under acid conditions. In vitro studies demonstrated that,
due to their ability to disassemble, PEG-b-poly(kSer)/DNA micelles
are more efficient than PEG-b-PLLys/DNA micelles and PLlys/DNA
polyplexes in transfecting NIH 3T3 cells. Developing safe and
efficient gene transfer methods is an indispensable technol-
ogical requirement for achieving clinical success for gene
therapy. This study demonstrates that acid-transforming
micelles are promising carriers for stimuli-responsive and
targeted drug/gene delivery.

Light-sensitive micelles are important candidates for drug
delivery applications, which can trigger drug release at a designed
time at a light exposure site by turning on/off a light.**>”*** Dong
et al. used UV light to trigger the release of DOX from poly(S-(o-
nitrobenzyl)-L-cysteine)-b-PEG (PNBC-b-PEG) polypeptide micelles
by varying the structure of the PNBC-b-PEG micelles.”"”> Under
UV exposure, the UV-sensitive o-nitrobenzyl groups are cleaved
from the hydrophobic PNBC chains, which induces the struc-
tural variation of the micelles. After UV irradiation, a decrease in
aggregate size was observed, which was induced by cleaving the
o-nitrobenzyl groups from the core-forming PNBC chains. As a
result, the physically loaded DOX is released from the micelle.
In addition, the release rate can be controlled by changing the
duration of light irradiation.

Compared with UV or visible light, near-infrared (NIR) light
is more suitable as a stimuli source in biomedical applications
because it penetrates deeper into live tissues and is less
harmful to healthy cells.>'*>'® Zhao et al. reported the NIR
light-triggered release of drugs from polypeptide micelles.*'®
Polypeptide block copolymers composed of PEO and PLGA
bearing a number of 6-bromo-7-hydroxycoumarin-4-ylmethyl
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Fig. 13 (a) Particle diameters of various PEG-b-polypeptide/DNA micelles
before and after hydrolysis at pH 5.0 for 4 h at 37 °C. (b) TEM images of
PEG5k-b-poly(kSer)/DNA (i—iii) and PEG2k-b-poly(kSer)/DNA micelles (iv—vi)
before and after hydrolysis in pH 5.0 buffer for 1 and 4 h. Scale bar: 200 nm.
Reprinted with permission from ref. 206. Copyright 2010 Elsevier B.V.

groups (COU), PEO-b-P(LGA-co-COU), were synthesized. Under
the excitation of 794 nm NIR light, the chemical bonds between
the coumarin moiety and the polypeptide backbone could be
broken, disrupting the micelles. The removal of coumarin
groups from the polypeptide block shifts the hydrophilic-
hydrophobic balance, which further destabilizes the micelles.
This characteristic is useful for designing and preparing NIR
light-triggered drug release carriers. By loading model drugs
(Rifampicin and Paclitaxel) into the PEO-b-P(LGA-co-COU)
micelles, Zhao et al. found that the drugs could be effectively
released upon NIR light exposure of the micellar solution.
Variation of the chemical structure of polypeptide chains,
such as removal of hydrophobic moieties, usually leads to
a hydrophobic-to-hydrophilic transition of the polypeptide
chains, which further decreases the stability of the aggregates.
As a result, release of physically loaded payloads is achieved.
Diverse bonds that are cleavable by specific stimuli, including
acid, UV light, and NIR light, are applied in such systems.
Among these stimuli, pH is commonly used to cleave the
chemical bonds with high efficiency, which further triggers
the removal of hydrophobic moieties from polypeptide chains.
For example, the local pH value in some target tissues is
significantly lower; therefore, pH-sensitive delivery systems that
can remove hydrophobic moieties and release payloads under
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acidic conditions are favourable. In addition, light is an excel-
lent tool to trigger drug release because it is safe and easily
operated from outside of the body. However, one of the main
obstacles is that light cannot reach inner tissues of the body.
Therefore, suitable applications of light stimulus systems could
be limited to treating diseases of the skin, in which light
can have a great effect. Selecting an appropriate stimulus based
on clinical demands can not only provide high efficiency in
drug delivery but also simplify clinical treatment. More work
is needed to design and prepare carriers that meet various
clinical demands.

3.2.3 Dis-crosslinking of crosslinked aggregates. Covalent
crosslinking the core or shell of the drug delivery carrier has
emerged as a viable strategy to significantly improve the
stability of delivery vehicles and reduce the premature release
of payloads during transport.>'°>?> However, crosslinked
micelles usually present difficulties in drug release because of
their increased stability. Therefore, it is essential to break the
crosslink bonds under an external stimulus.***”**> Remarkable
progress has been made in developing stimuli-responsive
crosslinked micelles, including pH-cleavable, disulphide-
bond-containing, and hydrolysable ester-bond-containing
crosslinked micelles. Polypeptides and their deliveries are
chemically functionalizable with various reactive groups that
can be applied to crosslink the polypeptide chains. When the
crosslinked bonds are broken by a stimulus, including lower pH,
higher temperature, or a higher concentration of glutathione (GSH)
or other expressed enzymes, disassembly of the polypeptide-based
crosslinked micelles usually occurs in the target tissues.>** >3
Making use of such characteristics, it is possible to construct
efficient polypeptide-based drug delivery systems that are
stable during circulation and can release payloads at specific
sites in a desired manner. The following section features
research on the release of drugs induced by dis-crosslinking
of polypeptide micelles.

Zhong et al. developed reversibly core-crosslinked (CCL)
polypeptide micelles with dual sensitivity to reduction and
pH from PEG-b-P(LL-CCA/LA) block copolymers decorated with
lipoic acid (LA) and cis-1,2-cyclohexanedicarboxylic acid
(CCA).>*° The crosslinked micelles exhibit high stability against
extensive dilution (Fig. 14a). As shown in Fig. 14b, in vitro
studies reveal that the release of physically loaded DOX at
pH 7.4 is significantly inhibited by crosslinking. However,
under reducing conditions containing glutathione (GSH), rapid
DOX release was observed, which resulted from the dissocia-
tion of the micelles into unimers. The cellular uptake (HeLa
cells) and intracellular drug release behaviours of DOX-loaded
crosslinked micelles were further investigated using CLSM.
As shown in Fig. 14c, DOX is delivered and released into the
nuclei of cells following a prolonged incubation time of 12 h.
The observations of intracellular drug release are in line with
the high anti-tumour activity of DOX-loaded crosslinked
micelles, confirming that pH- and reduction-sensitive cross-
linked micelles promote fast intracellular drug release. These
responsive core-crosslinked polypeptide micelles appeared to
be an advanced platform for cancer therapy.

This journal is © The Royal Society of Chemistry 2016


https://doi.org/10.1039/c6cs00013d

Published on 09 September 2016. Downloaded by East China University of Science & Technology on 10/25/2020 11:55:21 AM.

Chem Soc Rev

(a) (b)

——NCLM

+— CLM (pH 7.4+10mM GSH)
+— CLM (pH 5.0+10mM GSH)

304 ——cm +—NCLM (pH 7.4)
——— NCLM, 1000-fold dilution 100 Stm ESE 3'2;
—— i -

Volume (%)

Cumulative Release (%)

25 ——— CLM, 1000-fold dilution )
201 8 S
L g
60 x P
164 -
A ol
104 E { A s ——
ol )
o
o 0

1000 4 8 12 16 20 24
SIZe (nm) Time (h)

20 um 20 um

Fig. 14 (a and b) Properties of the core-crosslinked PEG-b-P(LL-CCA/LA)
micelles: (a) colloidal stability of the micelles against 1000-fold dilution,
(b) in vitro release of DOX at pH 7.4 or 5.0 in the presence or absence of
10 mM GSH. (c) CLSM images of Hela cells incubated with DOX-loaded
crosslinked PEG-b-P(LL-CCA/LA) micelles for 12 h. The images from left to
right show cell nuclei stained by DAPI (blue), DOX fluorescence in cells
(red), and overlays of the two images. Reprinted with permission from
ref. 229. Copyright 2013 Elsevier B.V.
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In addition to CCL polypeptide micelles, shell crosslinked
(SCL) polypeptide micelles are also employed as delivery vehi-
cles. Zhang et al. prepared SCL drug carriers from PEG-b-poly(r-
cysteine)-b-poly(t-phenylalanine) (PEG-b-PCys-b-PPhe) triblock
copolymers.*® The copolymers self-assemble into core-shell-
corona micelles in aqueous solutions. The shells of the micelles
can be crosslinked by oxidation of the thiol groups in the PCys
segments. As indicated by DLS testing, by increasing the volume
percentage of DMF in the micelle solution, the SCL micelles
could maintain their micellar structure with an increase in
diameter, whereas non-crosslinked micelles dissociated, result-
ing in a sharp decrease in the observed scattering intensity.
In vitro drug release studies revealed that crosslinking of the
shell significantly reduces drug loss in the extracellular environ-
ment. In the presence of GSH, the crosslinked disulphide bonds
are cleaved, which accelerates drug release from the micelles.
These GSH-responsive SCL micelles show potential for use in
intracellular drug delivery. For example, these SCL micelles were
successfully internalized by HeLa cells after 4 h of incubation,
with demonstrated enhanced cytotoxicity.

Ideal drug delivery systems are required to be stable in
circulation, while instable at targeted sites to induce rapid drug
release. In vitro studies revealed that crosslinking the core/shell
of micelles can effectively restrain premature drug release and
improve drug accumulation. With the cleavage of crosslinking
bonds in the intracellular environment, accelerated drug
release from the micelles can be achieved in the target tissues.
Further achievement should be done to meet the practical
clinical demands. For example, according to the release rate
of the drugs in specific targets, the cleavage rate of crosslinking
bonds should be controllable. In some cases, breakage of the
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crosslinked vehicles to give a burst release of payloads is
necessary. Under such conditions, a complete degradation rather
than discrosslinking should be necessary. Furthermore, the in vivo
microenvironment is complex, which could disrepute a precise
spatiotemporal drug release. With the guidance of practical
clinical demands and the feedback, high efficient delivery vehicles
with delicate structure and function should be designed.

3.3 Release behaviour regulated by the chirality of
polypeptides

Compared with normal polymers, polypeptides are chiral polymers
built from 1~ or p-form units.****> When - and p-form peptide
units are copolymerized, achiral polypeptides (poly(racemic-amino
acid)) can be obtained. The chirality of polypeptides imparts many
unique characteristics to polypeptide copolymers. For example,
poly(levo-amino acid) or poly(dextro-amino acid) has a rigid a-helix
conformation, whereas poly(racemic-amino acid) is a flexible
polymer. However, the effect of polypeptide chirality on the
properties of the carrier such as drug loading, delivery, and release
has not been well documented to date. Few existing studies have
demonstrated that changing the chirality of the polypeptide can
influence the properties of polypeptide DDSs.>¥*23¢

Gu et al. synthesized racemic polypeptide copolymers with
different leucine residues (PEG-b-poly(racemic-leucine) (PEG-b-
PRL)).>** As revealed by the CD spectra in Fig. 15a, the PRL
segments appear as flexible chains while PLL segments are in
rigid a-helix conformation. The assemblies of these PEG-b-PRL
racemic block polypeptides were applied as drug carriers using
hydrophobic docetaxel (DTX) as a model drug. As shown in
Fig. 15b, spherical particles with tunable sizes from 170 to
250 nm were obtained by changing the length of the hydro-
phobic blocks. Compared with the corresponding L forms
(PEG-b-PLL), a higher drug-loading ability and an easier drug-
loading process of the racemic hybrid polypeptide-based copolymer
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Fig. 15 (a) CD spectra of various PEG-b-polyleucine copolymers in
aqueous solution. (b) TEM image of docetaxel-loaded PEG-b-PRL
micelles. (c) Schematic representation showing the drug-loading process
and self-assembly structure of micelles based on PEG-b-PLL and PEG-b-
PRL copolymers. Reprinted with permission from ref. 235. Copyright 2012
Dove Medical Press.
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assemblies were observed. The difference in drug loading
between the two polypeptides hints that the chirality of the
hydrophobic peptide block may play an important role in the
drug-loading process. Such chirality-facilitated drug-loading
behaviour is clearly interesting. They explained the main reason
for the different drug-loading abilities of the PEG-b-PLL and
PEG-b-PRL micelles as follows. As presented in Fig. 15¢, the PLL
blocks from PEG-b-PLL adopting an a-helical conformation are
packed to form a rigid and compact hydrophobic micelle core,
leaving a limited and restricted space for loading drug mole-
cules. However, in the case of PEG-b-PRL, the PRL blocks are in a
coiled conformation and form a relatively malleable and loose
hydrophobic core, which could encapsulate many more drug
molecules compared with PEG-b-PLL. These results indicate that
racemic polypeptides could facilitate drug loading by providing a
much higher drug-loading capacity compared with the corres-
ponding levo or dextro forms.

Very recently, Ding et al. reported chirality-mediated poly-
peptide micelles from PLL-b-PEG-b-PLL and PRL-b-PEG-b-PRL
triblock copolymers for regulated drug delivery.”*® In aqueous
solution, the PLL-b-PEG-b-PLL and PRL-b-PEG-b-PRL amphi-
philic copolymers self-assembled into spherical micelles with
diameters of approximately 200 nm. The micelles with a
racemic polypeptide core exhibited a smaller critical micelle
concentration and diameter compared with those with a levo
polypeptide core. Similar to that observed in Gu’s work,***
the PRL-b-PEG-b-PRL micelles exhibited higher drug-loading
efficacy of DOX than those with a PLL core. This significant
difference in drug-loading efficacy could be attributed to the
flexible and compact PRL core of the micelle. Note that PLL
takes a rigid a-helix conformation, whereas PRL takes a random
coil conformation. Moreover, as revealed by in vitro release
behaviour, the DOX-loaded PRL-b-PEG-b-PRL micelles are more
durable during in vitro DOX release compared with the PLL-b-
PEG-b-PLL micelles, which further contributes to the enhanced
tumour inhibition efficacies and in vivo lower cytotoxicity of
the former. These micelles appear to show great potential in
smart antitumor drug delivery to lesion regions with enhanced
chemotherapy efficacies and reduced side effects.

The chirality of the polypeptide chains is an important factor
influencing the properties of drug carriers self-assembled from
polypeptide copolymers. Compared with conventional copolymers,
variation of the chirality of polypeptides gives the polypeptide
micelle carrier special properties for drug delivery applications.
Systematic and comprehensive investigations are still needed
to identify the role of polypeptide chirality in nanostructure
formation and explore the potential applications of these
nanostructures as useful drug-delivery vehicles.

4. Polypeptide assemblies serve as
biomimetic mineralization additives

Biominerals, acting as essential parts in living organisms, are
well known for their hierarchical organization, complex shapes,
controlled polymorphism, and superior properties.*>™*’
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Because of their fascinating characteristics, biominerals have
intrigued scientists for decades due to the theoretical
and practical values. Inspired by natural protein-controlled
mineralization in organisms, biomimetic mineralization of
inorganics in the presence of synthetic polymers is an attractive
research topic.*®*® Hydrophilic polypeptides such as PLGA,
PAsp, PLL, and their derivatives have been used to mediate
the mineralization of inorganics.”*~*® For example, Gower et al.
found that PAsp homopolymers can induce a polymer-induced
liquid-precursor (PILP) process in calcium carbonate (CaCOs;)
crystallization to produce a helix superstructure.’® Yu et al.
used PEG-b-PLGA block copolymers to direct CaCO; crystal-
lization and generate monodispersed vaterite microspheres.>
Yamamoto et al. prepared helical CaCOj; superstructures in the
presence of PEG-b-PAsp block copolymers.”*

However, hydrophilic polypeptides and their derivatives are
structurally different from mineral proteins. Mineral proteins
contain both hydrophobic and hydrophilic peptide units and
fold into defined nanostructures. The amphiphilicity and
folded structure of proteins play crucial roles in generating
minerals with complex nanostructures. Amphiphilic copolymers
containing hydrophilic polypeptide segments and hydrophobic
polymers can self-assemble into diverse aggregates with defined
structures, where the polypeptide segments resemble the charged
peptide residues of minerals and the assembled structure can,
to some extent, mimic the three-dimensional supramolecular
structures of mineral proteins.>*”>*" For example, Valiyaveettil
et al. used self-assemblies of amphiphilic polypeptides as
mimics of eggshell matrix proteins to tune the morphology of
calcite since the self-assembling characteristics of polypeptides
resemble the self-aggregation structure of proteins.>*” There-
fore, polypeptide aggregates could be suitable candidates for
the mediation of mineralization. Although there are only a
few related examples, polypeptide aggregates are effective
modifiers of crystal growth.

In this section, we focus on the biomimetic mineralization of
inorganics in the presence of polypeptide self-assemblies. These
polypeptide copolymers are classified into two types: those with
both the hydrophobic and hydrophilic components derived
from amino acids and those with polypeptide-nonpolypeptide
copolymers containing hydrophilic polypeptide blocks and
hydrophobic non-polypeptide blocks.

4.1 Mineralization mediated by polypeptide-polypeptide
copolymer aggregates

From the aspect of chemical structure, full polypeptide-based
copolymers that contain both hydrophilic and hydrophobic
polypeptide segments exhibit similarity to natural mineral
proteins.>*® These full polypeptide-based amphiphilic copolymers
are capable of self-assembling into micelle-like aggregates in
aqueous solution which can somewhat mimic the folded structure
of natural proteins. Therefore, the full polypeptide-based copoly-
mers can be applied as models for natural mineral proteins to
study the protein-mediated mineralization of inorganics.
Meldrum et al. investigated the effect of aggregates self-
assembled from aspartic acid and serine random copolypeptides
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Fig. 16 Bulk crystallization of calcium carbonate in the presence of
various random copoly(amino acid)s. (a—c) POM images of films formed
at the air—water interface in the presence of (a) polypeptides containing
80 mol% aspartic acid residues (image recorded after annealing at 300 °C
for 2 h), (b) polypeptides containing 50 mol% aspartic acid residues, and
(c) polypeptides containing 20 mol% aspartic acid residues. SEM images of
crystals formed in bulk in the presence of polypeptides containing 80 mol%
aspartic acid residues and polypeptides containing 50 mol% aspartic acid
residues are shown in (d) and (e), respectively. The inset in (d) gives an
overview of the overall morphology of the crystal (scale bar: 10 mm). (f) Light
microscopy image of rhombohedral calcite crystals grown in the presence of
polypeptides containing 20 mol% aspartic acid residues. Reproduced from
ref. 59 with permission from The Royal Society of Chemistry.

on the mineralization of CaCO;.>® A series of random copoly-
peptides constructed from aspartic acid and serine residues
with various compositions were synthesized. The polypeptide
random copolymers formed aggregates in solution with dia-
meters ranging from 20 to 70 nm depending on the copolymer
compositions. In the experiments, only the polypeptides con-
taining 80 mol% aspartic acid residues induced the formation
of continuous CaCO; films and roughened elongated particles
at the air-water interface and in bulk solution, respectively
(Fig. 16a and d). With polypeptides containing 50 mol% aspartic
acid residues, relatively large, sheet-like patches precipitated but
did not fuse into a continuous film at the water-air interface
(Fig. 16b), and round particles formed in the solution that were
coarser and more facetted than those observed with the poly-
peptide containing 80 mol% aspartic acid residues (Fig. 16e).
However, polypeptides containing 20 mol% aspartic acid residues
only mediated the formation of extremely small patches at the
interface (Fig. 16c), and the bulk crystals took on a form of
rhombohedra with smooth surfaces (Fig. 16f). These results there-
fore offer new insight into the relationship between polypeptide
composition and mineralization behaviours and provide the basis
for discussion of a highly acidic, protein-induced, biomineraliza-
tion pathway from amorphous precursors.

The designed self-assembling structures of the polypeptide
aggregates were able to promote the synthesis of crystals with a
desired morphology. Stucky et al. investigated the crystallization
behaviour of CaCO; under the mediation of aggregates formed
by anionic, amphiphilic block copolypeptides, including poly(r-
aspartate sodium salt),yo-block-(poly(L-phenylalanine),s-random-
(t-leucine),s) (polymer 1) and poly(r-glutamate sodium salt); -
block-(poly(i-phenylalanine),s-random-(i-leucine),s) (polymer 2).*°
The two copolymers self-assembled into aggregates approximately
65 and 55 nm in diameter, respectively. The self-assembled
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aggregates were able to act as templates to mediate the for-
mation of CaCO; microspheres. The CaCO; microspheres were
found to be composed of nanocrystals with sizes of 10 to 60 nm
(polymer 1) or 20 to 100 nm (polymer 2). As a control experi-
ment, they used random copolymers with similar chemical
compositions to control the crystallization of CaCO;. Because
these random copolymers cannot self-assemble into defined
aggregates, the resulting CaCO; morphologies are similar to
those formed upon addition of poly(i-aspartate sodium salt)
or poly(i-glutamate sodium salt) polypeptide homopolymers.
This research emphasizes the importance of the aggregated
structure of polypeptides in mediating the mineralization
behaviour of CaCOj; crystals.

4.2 Mineralization mediated by polypeptide-nonpolypeptide
copolymer aggregates

As stated above, different from hydrophilic polypeptide addi-
tives, the amphiphilic polypeptide-based copolymers and natural
proteins play two roles in the mineralization of inorganics.>****
First, the amphiphilicity of the copolymers enables them to self-
assemble into diverse aggregates, which provide a suitable
template for the nucleation of biominerals. Second, the hydro-
philic part (usually ionic polypeptides) of the copolymers is able
to bind with ionic species and further mediate the mineraliza-
tion of inorganics. Therefore, the hydrophilic polypeptides are
essential to mediate mineralization, whereas the hydrophobic
polypeptides in the micelle core should have less effect on
mineralization. Furthermore, synthesis of polypeptide-polypeptide
copolymers is a daunting task. To simplify the synthesis process,
aggregates formed by polypeptide-nonpolypeptide copolymers
are applied as crystallization modifiers.®®* The polypeptide-
nonpolypeptide copolymer aggregates also show high efficiency
in mediating mineralization of inorganics.

Lin et al. used PLGA-b-PNIPAM block copolymers to mediate
the mineralization of CaCO;.°" The effects of polymer unimers
and aggregates on the biomimetic mineralization behaviour
were compared. PLGA-b-PNIPAM block copolymers were synthe-
sized by a combination of ROP and ATRP reactions. The PNIPAM
is a thermo-sensitive polymer that possesses an LCST of approxi-
mately 33 °C. These block copolymers dissolve well in aqueous
solution at 25 °C and self-assemble into micelles at 50 °C. On one
hand, in the presence of PLGA-b-PNIPAM unimers at 25 °C,
rosette-like CaCO; calcite crystals consisting of rhombohedral
subunits are generated (Fig. 17a). The formation of such rosette-
like crystals arises from a mesoscale self-assembly process in
which the building units are temporarily stabilized by the
copolymers and stacked irregularly due to the repulsive inter-
actions among the polymer chains. On the other hand, the
micelles formed above the LCST have a distinct effect on CaCO;
crystallization. Fig. 17b and c present SEM and TEM images of
CaCOj; precipitates obtained in the presence of a 2.0 g L™*
micelle solution at 50 °C. The formed structures have a hier-
archical coral-like cluster appearance, which is composed of
aragonite fibres with lengths up to tens of micrometres
(Fig. 17b). The fibres are covered with densely aligned nanorods
parallel to one other (Fig. 17¢). The nanorods are organized to
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Fig. 17 (a—f) TEM and SEM images of the formed CaCOs; and BaCOsz
crystals in the presence of PNIPAM-b-PLGA: (a) CaCOs, 25 °C, SEM;
(b) CaCOs3, 50 °C, SEM; (c) CaCOs, 50 °C, TEM, the inset shows the SAED
pattern of the fibre; (d) BaCOs, 50 °C, SEM; (e) BaCOs3, 50 °C, TEM image of
part of a formed spiral belt (the arrow on the left side points to the spicules,
and the arrow on the right side points to the axis); and (f) BaCOs, 50 °C,
TEM image of a single spicule. (g) Proposed mechanism for the formation
of a spiral. (a—c) Reproduced from ref. 61 with permission from The Royal
Society of Chemistry. (d—g) Reproduced from ref. 14 with permission from
The Royal Society of Chemistry.

some degree with polycrystalline structure indicated by the SAED
pattern displaying obvious rings as shown in the inset of Fig. 17c.
This research reveals that the polypeptide-based micelles and
unimers play different roles in the crystallization of CaCO;, which
demonstrates the significant influence of the self-assembled
structures of polymers on biomimetic mineralization.

Lin et al. also carried out studies on the mineralization of
barium carbonate (BaCO;) under the mediation of PLGA-b-
PNIPAM micelles.'* Interesting spirals were observed. Fig. 17d
shows a typical SEM image of spiral structures. The spirals are
constructed from crystal belts and can have up to eight circles.
The nanostructure and growth orientation of the crystals were
further characterized by TEM. Fig. 17e shows the TEM image of
an individual crystal belt. The belt possesses a fishbone-like
structure with spicules arranged in parallel along the thick axis.
The spicules grow preferentially along a-axis, as judged by the
lattice fringe distance of approximately 0.318 nm (Fig. 17f).
These fibers could be formed through a solution-precursor-
solid (SPS) process associated with the polymer induced liquid-
precursor (PILP) mechanism under diffusion-limited conditions.
The PILP phase is a highly hydrated, amorphous mineral pre-
cursor. In the SPS process, a growth point which possesses
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higher surface energies is created from the PILP droplets. The
higher surface energies induce the preferential adsorption of
PILP droplets on the growth point, resulting in one-dimensional
growth of the crystals.®***>?*® As shown in Fig. 17g, the liquid
precursor of BaCO; is stabilized by PLGA-b-PNIPAM aggregates,
which then serves as growth points for nanobelt growth. During
crystallization of the PILP phase, the polypeptide aggregates are
excluded, and the excluded polymers produce a concentration
gradient of liquid droplets around the formed crystals. There-
fore, the concentration gradient, which drives the growth direc-
tion, always tilts towards the direction of the formed nanobelt,
resulting in the formation of a spiral structure. The spiral pattern
of BaCO; produced in this research has similarity to that of some
minerals discovered in nature, for example, the spiral pattern of
aragonite on the inner surface of nacre. Such findings may
provide a new strategy for the design of biomimetic minerals
by applying polypeptide-based aggregates in mineralization.

The minerals mediated by polypeptide aggregates can be
extended to bio-related applications, for example, drug delivery
vehicles. Lee et al. reported the preparation of calcium phos-
phate (CaP) nanocarriers by polypeptide micelle-mediated
mineralization for drug delivery (Fig. 18).>*” Drug-loaded
micelles of PEG-b-PAsp-b-poly(r-phenylalanine) (PEG-b-PAsp-b-
PPhe) were prepared as nanotemplates for mineralization. The
micelles contain three distinct domains: the hydrophobic PPhe
core, the anionic PAsp shell, and the solvated PEG corona.
Inorganic CaP is selectively mineralized in the middle shells,
acting as a diffusion-controlling barrier to drug release
(Fig. 18a). The intracellular localization and drug-release prop-
erties of hybrid nanocarriers with mineralized shells were
examined using confocal laser scanning microscopy (CLSM).
As shown in Fig. 18b, after incubation for 30 min, almost all
the DOX molecules have accumulated in the nucleus, and
no molecules remain in the endosomes. It is clear that the
DOX-PEG-b-PAsp-b-PPhe micelle-CaP is taken up by the cells via
endocytosis. The material is transferred into endosomes and
then into lysosomes to facilitate the release of DOX in the
nucleus. In addition, the speed of drug release can be con-
trolled by the thickness of the CaP shells.

Biomineralization is a complex process involving behaviour on
many scales ranging from the atomistic scale to the mesoscale.
Understanding this process can resort to theoretical simulations.
It is better, yet difficult, to study the full process due to extremely
large scales for simulations (from nanometers to microns, and
from picoseconds to seconds). Most recent simulations were
carried out at the atomic level, which can be helpful for under-
standing the peptide- or polypeptide-mediated crystallization
process. Almora-Barrios and Leeuw applied MD simulations
to investigate the early processes of the nucleation of hydroxy-
apatite in a collagen template.”* A triple helical collagen
molecule, which can be considered as a complex kind of
polypeptides, is immersed in a stoichiometric solution of
Cca*', PO,*>", and OH™ ions. The calculations of the interactions
between a collagen peptide and the (0001) and (0110) surfaces
of hydroxyapatite at body temperature (310 K) show a clear
energetic preference for the peptides to absorb on the (0110)
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Fig. 18 (a) Illustration of the spatial mineralization of drug-loaded
polymer micelles and facilitated drug release under specific intracellular
conditions. (b) CLSM of MCF-7 cells (with GFP-labelled endosomes, green
fluorescence) treated with DOX-PEG-b-PAsp-b-PPhe micelle-CaP for
30 min. (i) Differential interference contrast microscopy (DICM) image,
(i) green fluorescence (GFP), (iii) red fluorescence (DOX), (iv) overlap image
of green and red fluorescence. DICM and CLSM images of cells treated
with free DOX for 30 min (v and vi) and DOX-PEG-b-PAsp-b-PPhe
micelle-CaP for 30 min (vii and viii). Reproduced from ref. 247 with
permission from The Royal Society of Chemistry.

surface. Nucleation processes are affected by the interaction of
the mineral phases with collagen peptides, which inhibits
crystal nucleation and leads to morphologies closer to the
natural materials. This can help to explain the biological
morphology of the hydroxyapatite mineral where the (0110)
surface is expressed preferentially as a result of the growth-
directing effect of the protein matrix. To understand whether a
nucleation template for orientated hydroxyapatite could be
formed in different peptide conformations, Sahai et al. conducted
MD simulations to study the conformational effect on the dis-
tributions of Ca®" and inorganic phosphate ions in solutions.”> No
apparent nucleation template for the hydroxyapatite crystal lattice
is formed with different peptide conformations. They suggested
that the templating effect with the o-helical conformation is not
likely to be the dominant mechanism. Peter et al. performed the
MD simulations to study the effect of the peptide sequence of
several amphiphilic peptides on aggregate stability and ion-
peptide interactions.**® The results provided a valuable micro-
scopic insight into the way that the ions and peptide templates
mutually affect each other during the early stage of biominer-
alization preceding nucleation. In the presence of cations,
peptide aggregates with Asp (aspartic acid) side chains were
found to be less structurally stable than peptide aggregates with
Glu (glutamic acid) side chains. This effect is relevant to
templating mineral nucleation and growth in two possible
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ways. They suggested that the higher flexibility of the peptide
aggregates with Asp side chains could be advantageous to
support the growing mineral and the peptides with Glu side
chains seem to be more suitable if template rigidity is relevant
to the mineralization process. In addition to MD simulations,
Muthukumar et al. presented a new model based on a competi-
tion between adsorption of polymers onto selective interfaces
and nucleation growth of minerals.>*® The theory predicted the
relative growth rates of different sectors altered by selective
adsorption of polymers. The theoretical prediction of the
dependence of the aspect ratio on polypeptide concentration
was found to agree with experimental results. The main pro-
blem with the theory is that they require one to start with the
knowledge of the structures that could emerge.

To our best knowledge, less attention has been paid to the
mesoscale modeling of biominerals, which can help address the
problems beyond classical crystallization theory. For example, the
mesoscale simulations can provide useful information on biomi-
neralization controlled by peptide aggregates. Camp and Lenoci
used BD simulations to study the self-assembly of peptide and the
formation process of biosilica spheres mediated by different
peptide aggregates.>®® It was found that the model peptides
self-assemble into spherical clusters, networks of strands, and
bicontinuous structures, upon increasing the concentration of
peptides. They suggested that the aggregates act as either
nucleation points or scaffolds for the deposition of silica-
peptide building blocks and there are two different scenarios
each relevant to a different range of peptide concentrations. At
low peptide concentrations small aggregates could provide
nucleation surfaces from which amorphous silica spheres
could expand radially, while at higher concentrations growing
amorphous silica blocks would be confined by the surrounding
peptide networks.

Despite the above examples, the simulation studies regarding
biomineralization are limited. Simulation on the full process of
biomineralization from atomistic scale to mesoscale crystal-
lization could be the future directions in this field. Concerning
the methods, attempts should be made to develop simulation
techniques adaptable in a wide range of space scales and time-
scales. It is also necessary to find a robust set of interactions that
can connect different types of force fields in a physically sensible
fashion for the simulations at different scales. Moreover,
the simulation studies on polypeptide- or protein-mediated
biomineralization are limited. There still remain a daunting
variety of problems to be tackled such as the influence of the
structure of polypeptide aggregates or proteins on the full
process of mineralization.

Fundamentally, further investigation of polypeptide aggregate-
mediated mineralization will deepen our understanding of the
natural phenomenon of protein-mediated mineralization. In
organisms, proteins mainly play two roles in biomineralization:
(1) the polar peptide units concentrate ionic species, and (2)
the hydrophobic peptide units serve as localized nucleation
centres for crystallization. Polypeptide-based aggregates can
play these two roles in mineralization. The soluble polypeptide
blocks sequester ions, and the insoluble blocks (polypeptide or
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non-polypeptide) act as nucleation centres. Therefore, polypeptide
copolymer aggregate-directed mineralization could be considered
as a model for studying protein-mediated biomineralization. In
addition, because the composition and structure of polypeptide-
based aggregates are highly modifiable, the specific effect of each
block and the defined structure of the aggregates can be evaluated.
The results obtained can be useful for explaining the biominer-
alization behaviour directed by natural proteins in vivo.

In applied science, it is expected that the polypeptide-based
aggregates could be used to synthesize inorganic materials with
hierarchical structures, because the synergistic effect between
aggregated structures and polypeptide blocks can achieve pre-
cise control over the nucleation and assembly of nanoscale
mineral building blocks.*** In addition, it has been revealed that
the copolymer aggregates can effectively incorporate within the
lattice of crystals to form organic-inorganic composite materials.***
Therefore, the polypeptide-based copolymer aggregates show great
potential in the fabrication of organic/inorganic hybrid materials
with specific macro- and microshapes and biocompatibilities that
can be applied in drug delivery and tissue engineering. Many novel
composite materials with useful properties are expected to be
produced through this method in the future.

5. Concluding remarks and outlook

In this review, we presented a summary of recent advances in the
construction of polypeptide-based copolymer self-assemblies for
bio-related applications. The properties of polypeptides depend
on not only the chemical structure but also the conformation
structure. Due to the following characteristics, polypeptide-based
copolymer self-assemblies are an attractive class of materials
suitable for bioapplications such as delivery vehicles and bio-
mimetic mineralization additives: (1) good biocompatibility derived
from peptide components, (2) designable and well-defined
nanostructures with various morphologies, (3) responsiveness
to external stimuli through variation of the conformation and
chemical structure of polypeptides, (4) small size and core-
shell structure of assembled aggregates acting as delivery
vehicles, and (5) assemblies that can mimic natural mineral
proteins to act as biomimetic mineralization modifiers.
Benefitting from the development in polymer chemistry,
copolymers with various architectures have been successfully
synthesized. The architecture of amphiphilic copolymers is a
fundamental factor determining the self-assembly structures.
Many self-assembled structures have been observed from
polypeptide-based copolymers. For example, polypeptide
copolymers with A(BC),, molecular structure display unique
self-assembly behaviours, as demonstrated in experiments
and theoretical simulations. The self-assembly of polypeptide
copolymers with complex but defined structures could be a
direction of research. On the other hand, cooperative self-
assembly of polypeptide copolymers with a secondary component,
such as homopolymers, block copolymers, and nanoparticles, is
effective in controlling the structure and function of aggregates in
a designed way. For multicomponent self-assembly, systematic
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studies are needed to explore the self-assembly mechanism and
inherent structure of the aggregates. Furthermore, the rigidity
and chirality of the polypeptide segments impart distinct self-
assembly behaviours, but detailed research on these effects is
lacking. For example, the ordering of rigid polypeptide segments
from polypeptide copolymers around fibre-like polymer templates
can induce the formation of superhelices with identical chirality.
The formation mechanism for the identical handedness and the
effect of template dimension are important issues to be explored,
which should be closely related to the rigidity and chirality
characteristics of the polypeptides.

In recent years, great advances in polypeptide drug delivery
have been achieved, but there are still critical challenges in the
development of polypeptide copolymer assemblies as delivery
vehicles. From the viewpoint of delivery applications, the
principal demands for delivery systems can be summarized as
high loading capacity, high stability during delivery, and con-
trollable release of payloads at target tissues. These demands
might be met by using multifunctional polypeptide copolymers
(either derived from polypeptides or nonpolypeptide blocks) to
construct multi-responsive polypeptide nanocarriers because
they have a better release profile than their non-responsive or
single-responsive counterparts. Dual- and multi-responsive
polypeptide nanocarriers are attracting increasing attention
because they offer greater control over drug release.

In addition to the widely studied delivery application, polypeptide
assemblies are used as additives to control the biomimetic
mineralization of inorganics. Self-assembled aggregates with
hydrophilic polypeptides as coronae mimic the essential feature
of the folded structure of natural mineralization proteins, which
contain both hydrophilic and hydrophobic peptide units and
self-assemble (fold) into specific nanostructures. In addition
to typical spherical micelles and vesicles, using polypeptide
aggregates with non-spherical morphologies, such as cylinders,
plates, and rings, to mediate mineralization could create novel
structures. Research on polypeptide aggregate-mediated bio-
mimetic mineralization helps elucidate the role that proteins
play in biomineralization and solve the problems related to
protein-mediated mineralization. Controlling the structure of
biominerals to meet the requirements of practical applications
should be the core of future work.

The self-assembly of polypeptide copolymers, the drug
loading and release of polypeptide aggregate vehicles, and
the mineralization of inorganics are complicated physical-
chemical processes. Understanding these physical-chemical
processes is generally difficult using the experimental methods.
Theoretical simulations have thus emerged as a complementary
method to investigate these complex physical-chemical processes,
because they can provide detailed microscopic information on
the dynamic process in a straightforward way. However, insight
into these processes by theoretical simulations needs abundant
information in a wide range of space scales from nanometers
to microns and timescales from picoseconds to seconds. For
example, to understand biomineralization, we have to collect
the information on crystallization at different scales, which
presents a fundamental challenge in simulations. Full atom
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models will lead to an expensive computational cost, while
current coarse-grained simulations are difficult to represent
certain fine structures of the polypeptide, such as the chirality
of polypeptide chains. Therefore, effective simulation methods,
incorporating the polymer information at atomic/molecular
levels and the structural information at microscopic levels,
should be developed. Developing multi-scale simulation
approaches requires a lot of technical problems to be solved
and would be an important topic in future research of
polypeptide-based systems. Furthermore, conducting experi-
ments under the guidance of simulation predictions can
significantly improve experimental efficiency.

With their inherent advantages, constructing polypeptide-based
copolymer self-assemblies for bio-related applications will undoubt-
edly continue to be an attractive research topic in contemporary
macromolecular science. The rapid development in the self-
assembly of polypeptide-based copolymers will greatly accelerate
the advancement of the fabrication of “smart” delivery systems and
diverse mineralization modifiers. However, polypeptide materials
are structurally different from natural proteins, which possibly
results in altered biocompatibility and enzymatic degradation
behaviours. Therefore, evaluating the biocompatibility and bio-
degradation of these polypeptide materials should be another
research focus. We are convinced that, as advanced biomaterials,
polypeptide-based assemblies could play an increasingly important
role in biorelated applications that is not limited to delivery
vehicles and mineralization modifiers.
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AFM Atomic force microscopy

BD Brownian dynamics

CCL Core-crosslinked
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pL-PA Poly(pr-alanine)

DLS Dynamic light scattering
DMF N,N’-Dimethylformamide

DP Degree of polymerization
DPD Dissipative particle dynamics
DOX Doxorubicin

GSH Glutathione

HEMA 2-Hydroxyethyl methacrylate
L-PA Poly(r-alanine)

LCST Lower critical solution temperature
MD Molecular dynamics
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PAsp Polyaspartic acid
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PBLG Poly(y-benzyl L-glutamate)

PDEAmM Poly(N,N-diethylacrylamide)

PDI Polydispersity index

PDMAEMA Poly(2-(dimethylamino)ethyl methacrylate)
PEG Poly(ethylene glycol)

PEO Poly(ethylene oxide)
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PGMA Poly(glycidyl methacrylate)

PIAA Poly(isocyano-r-alanine-r-alanine)

PIAH Poly(isocyano-L-alanine--histidine)

PLeu Poly(i-leucine)

PLGA Poly(L-glutamic acid)

PLL Poly(r-lysine)

PLP Poly(1-phenylalanine)

PNIPAM Poly(N-isopropyl acrylamides)

PPLG Poly(y-propargyl L-glutamate)

PPO Poly(propylene oxide)

PS Polystyrene

PZLys Poly(e-carbobenzoxy-L-lysine)/poly(e-
benzyloxycarbonyl-i-lysine)

RAFT Reversible addition-fragmentation chain transfer

ROP Ring-opening polymerization

SCFT Self-consistent field theory

SCL Shell-crosslinked

SEM Scanning electron microscopy

SLS Static light scattering

TEM Transmission electron microscopy

THF Tetrahydrofuran
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