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Natural biopolymers such as proteins and nucleic acids in living organisms possess an inherent ability to
respond to local environmental stimuli, which motivated researchers to make biomolecule-derived non-
biological macromolecules with a biomimetic structure having stimuli-responsive properties. This review
mainly focuses on stimuli-responsive polymers having natural amino acid units either in the main-chain
or in the side-chain, their self-assembled nanostructures and hydrogel networks. Recent advances in the
design and synthesis of amino acid-derived polymers that are responsive to various physical, chemical, or
biochemical stimuli such as temperature, light, pH, redox-, metal ions, gas, glucose, enzyme, proteins,
DNA or a combination of these are illustrated. Their potential for use as stimuli-responsive “smart” nano-
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materials in biomedical and biotechnological applications such as in controlled drug delivery, gene deliv-
ery, non-fouling materials, etc. is also highlighted. The primary aim of this review article is to motivate
researchers towards the design and synthesis of novel stimuli-responsive biohybrid materials for making
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1. Introduction

Proteins, which are essential for the structure and function of
cells, tissues and organs, the transport of molecules, and the
catalysis of biochemical reactions that are needed to sustain
cellular processes, at molecular levels, are constituted by
natural amino acids." The biological activity of proteins arises
from their specific higher order conformations and also
changes in conformation in response to micro-environmental
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cues such as changes in cellular pH, temperature, ionic
strength, redox state, light, etc. Inspired by nature, researchers
over the years have indulged in the design and construction of
biomolecule-derived synthetic materials with structure and
function similar to those of natural proteins.” In this regard,
polymeric materials with amino acids in the main-chain (poly-
peptides) or in the side-chain are very interesting biomimetic
materials. Apart from being biodegradable and/or biocompati-
ble materials, these biomimetic materials exhibit properties
combined from both the amino acid sequences and the syn-
thetic polymeric backbone. The application of certain stimuli
brings in conformational, physical or chemical change of the
polymeric material in response to them, and has been exten-
sively utilized in biomedicine, bio- and nano-technology. One
unique feature of the polypeptide polymers is their ability to
adopt higher ordered secondary structures (a-helix, f-sheet,
B-turn, etc.) driven by non-covalent forces like H-bonding,
hydrophobic interactions, n-n stacking or electrostatic forces
between the amino acid side-chains and covalent (disulfide)
bonds.? Each of these interactions is sensitive towards its local
environment such as temperature, pH, ionic strength, solvent
polarity and oxidising/reducing environment. Any change in
the local environment is associated with structural reorganiz-
ation, which in turn affects the biological activity.

The past decade has witnessed rapid progress in the field of
stimuli-responsive amino acid-based polymers because of their
extensive applications in bio- and nano-technology. A variety of
amino acid containing stimuli-responsive main-chain (poly-
peptide, polyesters, polyester urethane, etc.) and side-chain
polymers have been exploited to date. Huang et al.* and Li and
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Fig. 1 Schematic illustration of amino acid-derived various stimuli-
responsive polymers.

co-workers™® have previously reviewed advances in stimuli-
responsive polypeptides and highlighted their applications in
tissue engineering, drug delivery and biodiagnostics. An
amino acid is an excellent platform to construct a myriad of
functionalized monomers for controlled living polymeriz-
ations. A number of new approaches have been reported for
incorporation of amino acid moieties into the polymer
chain.”®

In this review article, the most recent advances in the syn-
thesis of amino acid-derived various stimuli-responsive poly-
mers and their use as stimuli-responsive “smart” nano-
materials for a broad range of applications such as in con-
trolled drug delivery, gene delivery, tissue engineering, and
regenerative medicine and as non-fouling materials are high-
lighted. The progress of various stimuli-responsive polypeptide
hydrogels and side-chain amino acid-based hydrogels capable
of sensing diverse biochemical signals, which can facilitate the
environment-responsive drug release, modulate cell behavior,
or disease diagnosis and treatment, is also discussed in this
article. These stimuli can typically be classified into three
different categories: physical stimuli such as temperature and
light; chemical stimuli such as pH, redox (oxidation—
reduction), ionic strength, metal ions, and gas; and biochemi-
cal stimuli such as glucose, enzyme, protein, DNA, etc.

(Fig. 1).°

2. Synthetic strategy for main-chain
amino acid based polymers

Various synthetic strategies have been used so far for the syn-
thesis of amino acid-based main-chain polymers. A few poly-
mers such as polyamide or polypeptides, polyesters, and poly

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Various main-chain amino acid functional polymers.

(depsipeptide) were prepared from amino acid-derived mono-
mers. Polymers such as poly(ester amide), polyurethane and
poly(disulfide amide) were also prepared by condensation reac-
tion of amino acid-derivatives with some partner molecules

(Fig. 2).

3. Main-chain amino acid-based
stimuli-responsive polymers

Table 1 summarizes various stimuli-responsive synthetic poly-
peptides and their associated property changes upon the
action of different stimuli. In this section we will highlight
different classes of main-chain amino acid-based stimuli-
responsive polymers.

3.1. pH-Responsive polypeptides

pH-Responsive polymers exhibit reversible changes in solubi-
lity or conformational properties as a function of the pH of the
solution.'”"" These polymers generally contain ionizable moi-
eties that are pendant to the polymer backbone, e.g., tertiary
amino groups in poly(dimethyl amino ethyl methacrylate)
(PDMAEMA) which is cationic at lower pH or carboxyl groups
in poly(acrylic acid) (PAA) which is anionic at higher pH. Since
amino acids possess both primary amino and carboxylic acid
groups, it is expected that amino acid-generated polymers will
display pH-responsive behavior, provided either of the func-
tional groups remains free. Although polypeptides are amino
acid-derived condensation polymers, where both primary
amino and carboxyl acid functional groups are involved, pH-
responsiveness can only result if the precursor amino acid
itself is either an acidic or a basic amino acid such as glutamic
acid or lysine. Most well studied pH-responsive polypeptides
are poly(r-glutamic acid) (PGA) and poly(r-lysine) (PLys).

The self-organization behavior of polybutadiene-b-poly(glu-
tamic acid) (PB-b-PGA)'*™ and polybutadiene-b-poly(lysine)

This journal is © The Royal Society of Chemistry 2018
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(PB-b-PLys)"* diblock copolymers were reported, where these
two block copolymers self-assembled into a vesicle and a
micelle, respectively. In both cases the pH-sensitivity of the
secondary structure of polypeptide segments has been
exploited to manipulate the size and shape of the supramole-
cular structures formed by self-assembly of these block copoly-
mers in aqueous medium. At acidic pH, the poly(glutamic
acid) segment is neutral and forms o-helical structure, but
under basic conditions it transforms into charged random
coiled conformation. Similarly, the PLys block undergoes a
pH-reversible conformational transition from random coil to
a-helix with increasing aqueous solution pH. Lecommandoux
et al. have reported for the first time a novel pH-responsive
schizophrenic vesicle from a zwitterionic diblock copoly-
peptides poly(t-glutamic acid)-b-poly(r-lysine) in pure water. At
acidic pH, the poly(glutamic acid) segment is neutral and
becomes insoluble. On the other hand the poly(r-lysine) block
exists in a protonated form, forcing the polymers to self-assem-
ble into some higher order structure, where PGA forms the
core and PLys forms the shell in the aggregates. Under basic
conditions, protonated -NH;" moieties of the PLys block are
transformed into neutral -NH, groups, forming the core of the
aggregates, and the PGA segment forms the shell (Fig. 3).*

Several other pH-responsive vesicles were formed from poly-
peptide-based block copolymers such as poly(r-lysine)-b-poly
(y-benzyl-L-glutamate)-b-poly(i-lysine),'®  poly(r-lysine)-b-poly(r-
phenylalanine),” poly(i-lysine)-b-poly(i-glycine),'® and poly(i-
glutamic acid)-b-poly(i-phenylalanine).'® A series of novel pH-
triggered charge-reversal polypeptide nanoparticles were syn-
thesized by random ring-opening copolymerization of
y-benzyl-L-glutamate ~ N-carboxyanhydride (BLG-NCA) and
3-benzyloxycarbonyl-i-lysine N-carboxyanhydride (ZLys-NCA),
followed by removal of the protecting group.”® These nano-
particles were used as intelligent drug delivery systems for
cancer therapy. Solution pH, r-glutamic acid/t-lysine ratio and
drug loading content have a great influence on the surface
charge of the drug loaded nanoparticles. A protein-mimetic
ampholytic triblock copolypeptide, poly(ethylene oxide)-block-
poly(r-lysine)-block-poly(L-glutamate), was synthesized and its
pH-regulated self-assembly behavior was investigated.*"

Another interesting conformationally dynamic polypeptide is
poly(t-histidine) (PHis). It was found that low molecular weight
PHis is not only pH-responsive but also thermo-responsive. This
homopolypeptide can adopt a random coil conformation at low
pH and temperature, a f-sheet conformation at higher pH, and
probably a broken f-sheet conformation at higher tempera-
ture.”” Yin and co-workers fabricated phospholipid liposomes
mimetic polymersomes from a novel AB,-type miktoarm copoly-
mer, MPEG,p,-b-(PHiS01pa)2- The polymersome nano-structure
was stable above pH 7.4, below which it transformed into a
cylindrical micelle, a spherical micelle and finally to unimers as
pH was decreased. The pH-induced structural transition of the
polymeric nanostructure was attributed to the increased hydro-
philicity of mPEG-b-(PHis), at lower pH.>*

A new library of pH-responsive cationic polypeptides and
block copolypeptides has been developed by Engler et al. Ring
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Table 1 Various stimuli-responsive polypeptides
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Fig. 3 Schematic representation of pH-regulated schizophrenic vesi-
cles from the self-assembly of the diblock copolypeptide PGA;s5-b-
PLys;s in water. Reprinted with permission from ref. 15. Copyright (2005)
American Chemical Society.

opening polymerization (ROP) of propargyl-functionalized
NCA monomer followed by alkyne-azide click chemistry
enables the formation of various synthetic polypeptides with
primary, secondary and tertiary amine side-chain pendant
moieties.”* They demonstrated that these new amine-functio-
nalized polypeptides are strong candidates for drug and gene
delivery.

3.2. Thermo-responsive polypeptides

In nature, several sequence-regulated peptides have been
identified that exhibit stimuli responsive structural behavior.
One such peptide motif that is found in the polymeric elastin-
like polypeptide (ELP) of the mammalian elastin protein is the
repeating pentameric sequence VPGXG (V = r-valine, P =
L-proline, G = glycine). Here X can be any amino acid except
proline. The ELP exhibits a sharp temperature-reversible
hydrophilic-hydrophobic phase transition. The phase tran-
sition temperature, termed lower critical solution temperature
(LCST), is tunable by changing the pH or ionic strength of the
ELP solution. Below LCST, the ELP is soluble and exists in an
extended chain conformation in water, while above LCST, the
pentamer adopts an ordered f-spiral conformation that aggre-

1262 | Polym. Chem., 2018, 9, 1257-1287
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Poly(2-hydroxyethylaspartamide) derivative ~ Forms hydrogels, which showed CO,-revers- 102
modified with r-arginine unit (PHEA-Larg)

ible absorption behavior

SO,-Triggered solubility transition 104

gates out of solution as precipitates. Generally, stimuli-sensi-
tive peptide segments are ligated to some other proteins in
order to make them more attractive for use in biotechnological
applications. The most widely used of such peptides is ELP.
For example, the temperature-responsive sharp solubility tran-
sition behavior of ELPs has been exploited to fabricate numer-
ous systems for purification of biomolecules.>® ELPs have also
been fused to appropriate peptides and proteins for remedia-
tion of toxic metals®® and targeted drug delivery.”””® In
addition, ELPs being genetically encoded biopolymers, their
gene-level design makes them ideal candidates for tissue
engineering scaffolds.

Lecommandoux et al. have shown that chemoselective
alkylation of methionine residues of recombinant ELP
having repeating pentameric sequence of VPGXG (X = meth-
ionine) provides an easy way to modulate its LCST.>°
Although ELP did exhibit LCST, no LCST was identified after
methylation. A higher hydrophilicity of the resulting peptide
chain due to the presence of cationic sulfonium moieties
was believed to be the reason. Again, the benzyl derivative
exhibited a higher LCST value, indicating the hydrophilic
effect of positive charges partially counter balanced by the
hydrophobic benzyl groups. Alkylated polypeptides adopt a
less ordered conformation with increasing hydrophilicity of
ELP (Fig. 4A and B).

Recently, in a detailed study they explored the dependence
of the nature of the alkyl substituents and sulfonium counter-
ions on the LCST of the recombinant ELP.*° Furthermore, they
could tune the thermoresponsive properties of ELP by selective
oxidation of methionine residues. The increased transition
temperature of the oxidized polymer compared to the parent
one is due to the increased hydrophilicity of the sulfoxide or
sulfone groups compared to the thioether groups. A higher
dipole moment of sulfone compared to sulfoxide groups can
lead to sulfone-sulfone and sulfone-protein interactions.
Consequently, a sulfone-derivative shows a decreased water
solubility and a lower LCST value compared to the sulfoxide-
analogue (Fig. 4C).>'

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Chemoselective alkylation of methionine residues of ELP and
(B) their absorbance versus temperature plot. Reprinted with permission
from ref. 29. Copyright (2015) American Chemical Society. (C) Selective
oxidation of methionine residues of ELP for its precise LCST tuning.
Reprinted with permission from ref. 31. Copyright (2017) American
Chemical Society.

In addition to natural ELPs and their modified-forms as
thermo-responsive polypeptides, polymer chemists have devel-
oped various synthetic methods to prepare thermo-responsive
polypeptides. Generally, oligo(ethylene glycol) (OEG)-based
polymers show thermo-responsive behavior.>” Corresponding
polypeptide polymers were prepared either through ROP of
OEG-conjugated NCA monomers or by post polymerization
modification of reactive polypeptide scaffolds. Chen et al. pre-
pared three different OEGylated poly-i-glutamates poly(i-
EG,Glu) with varying ethylene glycol (EG) chain length using
the first synthetic approach. They found that poly-(1-EG;Glu) is
insoluble in aqueous media and common organic solvents,
while poly(i-EG,Glu) and poly(i-EG;Glu) displayed reversible
LCST behaviors in water. Because of its longer EG chain
length, poly(1-EG;Glu) shows a higher LCST compared to that
of poly(.-EG,Glu).>* The same group reported another class of
thermo-responsive polypeptides through ROP of OEGylated
L-cysteine based NCA monomer, which was made via thiol-ene
Michael addition between r-cysteine and monomethoxy OEG
functionalized methacrylate (OEG,MA) and acrylate (OEG,A).>*
Irreversible temperature-induced phase transition behavior
was observed in the case of OEGylated disulfide bond-contain-
ing poly(i-cysteine)s. Such an irreversible thermal-responsive
behavior was attributed to interchain disulfide bond formation
upon heating.*®

Using the second synthetic procedure, Cheng and co-
workers made a series of temperature-sensitive polypeptides
by ROP of y-propargyl-i-glutamate NCA coupled with sub-
sequent click chemistry between pendant alkyne groups and
1-(2-methoxyethoxy)-2-azidoethane (MEO,-N;) and 1-(2-(2-meth-
oxyethoxy)ethoxy)-2-azidoethane (MEO;-N3). The graft polypep-
tide with MEO; grafting units showed clearly a higher LCST
value than that of the MEO, side-chain owing to the greater
hydrophilicity in the former case.’® The same synthetic strat-
egy was used by Hammond’s group to synthesize dual pH and
thermo-responsive polypeptide. OEG and diisopropylamine

This journal is © The Royal Society of Chemistry 2018
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side groups were incorporated into the polypeptide, where the
OEG-functionalized system showed only temperature respon-
siveness and the diisopropylamine pendant system exhibited
dual pH and thermo-responsiveness.>” Zhang et al. followed
the same methodology to achieve thermo-responsive dendro-
nized polyproline from a polypeptide precursor having azide
pendant and alkyne-core OEG dendrons.”® Dynamic covalent
chemistry between the primary amino groups of polylysine
and aldehyde-terminated OEG-based dendrons enables the for-
mation of another class of temperature-sensitive polypep-
tides.”® A new class of thermoresponsive dendronized polypep-
tides was accomplished through a highly efficient oxime lig-
ation between oxyamino-substituted polylysines and aldehyde-
cored OEG dendrons. In addition, phenylboronic acid moieties
were introduced to afford dendronized copolypeptides with a
thermally driven recognition ability of catechols.*® Recently,
Meng and co-workers reported a facile and efficient approach
to prepare a class of dual-responsive copoly(i-glutamate)s by
random ring opening copolymerization of y-propargyl-L-gluta-
mate and y-benzyl-L-glutamate, followed by post-modification
steps. In this case, both OEG and glutamic acid residues were
incorporated to offer thermal- and pH-responsive behavior
simultaneously.**

Polymers bearing zwitterionic groups exhibit an upper criti-
cal solution temperature (UCST)-type phase behavior in
water.** Zwitterions appended polymers are insoluble in water
at low temperature because of intra- and inter-chain electro-
static interactions between the adjacent zwitterionic moieties.
Mostly, thermo-responsive polypeptides with UCST-type phase
transition have been developed by incorporating charged
species with associated counter-ions. For example, Tang et al.
attached ionic liquid moieties (imidazolium*® or pyridinium®*)
to a functionalizable polypeptide chain by a post-polymeriz-
ation modification technique followed by an ion exchange
reaction to afford water-soluble UCST-type polypeptides. They
compared the effect of polymer and salt concentrations on
UCST of Y-shaped imidazolium pendant polypeptide with a
traditional pendant one.*” Recently, they reported a new class
of thermo and pH dual responsive polypeptides from the click-
able precursor poly(y-3-methylthiopropyl-L-glutamate)
(PMTPLG). After alkylation of the PMTPLG, sulfonium moi-
eties endow the resulting polypeptides with UCST-type
thermo-responsiveness in alcoholic solvents. Their UCSTs are
greatly influenced by the type of alkyl pendant (methyl, n-butyl
and propargyl), which can also be modulated by adjusting the
counter-anion via ion exchange reactions (Fig. 5A and B).
Again a UCST-type doubly thermo and pH-responsive polypep-
tide was accomplished through the [2 + 3] cycloaddition reac-
tion between an alkylated polypeptide having a propargyl
pendant and 2-azidoethylamine followed by counter-anion

exchange with tetrafluoroborate (BF,~).*°

3.3. Redox-responsive polypeptides

Because of the high redox potential gradient between the
extra-cellular and intra-cellular environments, as well as
between tumorous and normal tissues, redox (reduction-

Polym. Chem., 2018, 9, 1257-1287 | 1263


https://doi.org/10.1039/c7py02014g

Published on 30 2018. Downloaded on 22/04/26 06:34:34.

Review

(A)
o o
HOWOH 0 o o]

o
H,SO0, i
NH, 2904 \S/\/\OWLOH Triphosgene PPN
* HF s ° o

T
S _~_OH NH, HN
MTPLG MTPLG-NCA o
-Butylami
n-Butylamine }}\ (;; zla)o(r RBr )}1 RI = CHgl X=Br, |, BF4
¢
DMF ng RBr =g~ B
oo "N o 0/\/\?,
PMTPLG PPLG-DMS-X, R = methyl, X =1, BF4;
PPLG-MBS-X, R = n-butyl, X = Br, |, BF;
PPLG-MPS-X, R = propargyl, X = Br, |, BF 4
. ®)
N)A [e)
n (1) CuBr, PMDETA, DMF H}
oBr (2) NaCl, HCI, H,0 n
®
o 0/\/\8/\\\ (3) NaBF,4, H,O gx
PPLG-MPSBr | o TSN
+ P N=y —\—NH:;@?
NHZ/\/NG PPLG-MSEA-X, X = Cl, BF4

Fig. 5 (A) Synthetic route of PMTPLG and polypeptides bearing various
alkyl methyl sulfonium moieties. (B) Synthetic route of polypeptides
bearing methyl sulfonium linkages and ethyl ammonium pendants.
Reproduced with permission from ref. 46. Copyright (2017) The Royal
Society of Chemistry.

oxidation) stimulus has been recognized as a valuable strategy
for rapid and effective drug release in tumor cells. The high
reducing potential in cells is primarily due to the abundance of
a tripeptide, glutathione (GSH). Recently, reactive oxygen
species (ROS) have attracted much attention owing to their close
connection with many diseases. That is why much effort has
been devoted to the design and synthesis of redox-responsive
polypeptides because of their potential applications in gene and
drug delivery, especially in cancer therapy. The most extensively
investigated redox-responsive polypeptide includes the incorpor-
ation of (a) a disulfide linkage into the main-chain and side-
chain of the polypeptide or crosslinked matrices; (b) a thioether
moiety into the side-chain of the macromolecules.

Generally, two synthetic strategies have been developed for
the synthesis of polypeptide containing disulfide bonds. This
is achieved either by employing an amino group terminated di-
sulfide functionalized mPEG macroinitiator or using poly
(cystine) as a component. A series of novel reduction-respon-
sive disulfide core-crosslinked nanogels were synthesized
through  one-step ring opening polymerization of
L-phenylalanine NCA and r-cystine NCA with amino group ter-
minated poly(ethylene glycol) monomethyl ether (mPEG-NH,)
as a macroinitiator. It has been found that the nanogels (NGs)
were biocompatible, and the cleavage of disulfide bonds trig-
gered by intracellular GSH could accelerate the intracellular
doxorubicin (DOX) release from DOX-loaded NGs, and thus
enhance the in vitro cell proliferation inhibition.*”

Shell-crosslinked micelles have been constructed using a
triblock copolymer, poly(ethylene glycol)-b-poly(i-cysteine)-b-
poly(i-phenylalanine), from disulfide-linked amino group ter-
minated macroinitiator (mPEG-NH,) initiated successive ROP
of r-cysteine and r-phenylalanine-derived NCAs. By the oxi-
dation of the thiol groups of poly(i-cysteine) segment, a self-
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crosslinked core-shell-corona micellar aggregate was achieved
in aqueous solution. This crosslinked shell was found to be
helpful to reduce drug loss in the extracellular environment.
Under intracellular conditions, disulfide bonds get cleaved,
disrupting the shell, which is followed by an accelerated drug
release from the micelle (Fig. 6).**

By taking advantage of the disulfide cleavage reaction
under a reductive environment, Kataoka and co-workers
designed a novel block catiomer through the insertion of a bio-
cleavable disulfide linkage between PEG and the polycation
segment to act as a nonviral gene vector. The -cationic
segment, which acts as a buffering moiety inducing endo-
somal escape with minimal cytotoxicity, was achieved by reac-
tion of benzyl aspartate with diethylenetriamine. These di-
sulfide-linked cationic polyplex micelles showed 1-3 orders of
magnitude higher gene transfection efficiency and a more
rapid onset of gene expression than micelles without disulfide
linkages. This is due to a much more effective endo