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ABSTRACT 

In polymer science, thermoresponsiveness refers to macromolecular systems that display a 

marked and discontinuous change in their physical properties with temperature. Such smart 

polymers are the focus of increasing attention as they provide new solutions to many 

applications (e.g., drug delivery, nanotechnology, tissue engineering and biotechnology). This 

review focuses on amino acid based polymers, mainly synthetic polypeptides that are obtained 

by ring-opening polymerization. These include polymers based on natural amino acids, 

synthetic or modified amino acids and N-alkylated glycine derivatives. Based on what is known 

about the behavior of natural proteins in response to temperature variations, this review 

provides a comprehensive overview of the state of the art of thermosensitive polypeptides 

through a detailed description i) of the structure/thermoresponsiveness relationship, ii) of the 

mechanisms involved at the molecular level, iii) of their possible applications both in materials 

science and in biomedical applications. 
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MEG3MA  2-(2-(2- methoxyethoxy)ethoxy)ethyl-methacrylate 

EtBzBuIm+  4-ethylbenzylbutylimidazolium 

MEG2MA (2-methoxyethoxy)ethyl-methacrylate 

METMASPS [Boc-L-methionine-(2- 
methacryloylethyl)]sulfoniopropanesulfonate 

HEMA 2-hydroxyethyl methacrylate 

TCP cloud point – LCST behavior 

TCU clearing point – UCST behavior 

CuAAC copper catalyzed alkyne-azide cycloaddition 

C-UCST coulombic interaction upper critical solution temperature 

DP degree of polymerization 

DNA deoxyribonucleic acid  

ELP elastin-like polypeptide 

ΔHsolv enthalpy of solution 

ΔSsolv entropy of solution 

ΔSwater entropy of the aqueous solvent 

Nor exo/endo-norbornenyl 

ΔGsolv  gibbs free energy of dissolution 

H-UCST hydrogen bonding upper critical solution temperature 

IDP intrinsically disordered protein 

LCST lower critical solution temperature 

 NtBuNOEtG N-(2-(tert-butylamino)-2-oxoethyl)-glycine 

DMA N,N-dimethylacrylamide 

Lys(Z) N- ε -benzyloxy-L-lysine 

AHypOMe N-acryloyl-4-trans-hydroxy-L-proline methyl ester  

NAS N-acryloyloxysuccinimide 

NHS N-hydroxysuccinimide 

PEtOx poly(2-ethyl-2-oxazoline) 

PiPOx poly(2-isopropyl-2-oxazoline) 

P(TrpVBz) poly(4-vinyl benzyl tryptophan) 

PAProOMe poly(acryloyl-proline methyl ester) 

P(Boc-lysA) poly(Boc-L-lysinylacrylamide) 

PEEP poly(ethyl ethylene phosphate) 

PALG poly(γ-allyl-L-glutamate)  

PPLG poly(γ-propargyl-L-glutamate) 

PGA poly(L-glutamic acid)  

PSA poly(L-serinyl acrylate) 

PNtBuNOEtG poly(N-(2-(tert-butylamino)-2-oxoethyl)-glycine) 

PNAAMe poly(N-acryloyl-alanine O-methyl ester) 

PNAGMe poly(N-acryloyl-glycine O-methyl ester) 
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PNAlG poly(N-allylglycine) 

PNDeG poly(N-dodecylglycine) 

PNEtG poly(N-ethylglycine) 

PNOHEtG poly(N-hydroxyethylglycine) 

PNIPAM poly(N-isopropyl acrylamide)  

PNPgG poly(N-propargylglycine) 

PNPrG poly(N-propylglycine) 

PEGxTLG poly(γ-(4-(oligoethylene glycol)-1,2,3-triazol-1-yl)-L-glutamate) 

PEGxLG poly(γ-(oligoethylene glycol)-L-glutamate) 

PMeS+X-PLG poly(γ-3-methylthiopropyl-L-glutamate) 

PPOPhBLG poly(γ-4-(4-propargoxyphenoxycarbonyl)benzyl-L-glutamate) 

PPOBLG poly(γ-4-(propargoxycarbonyl)benzyl-L-glutamate) 

PCMeBLG poly(γ-4-chloro-methylbenzyl-L-glutamate) 

PBLG poly(γ-benzyl-L-glutamate) 

PMLG poly(γ-methyl-L-glutamate) 

PDMAE poly[2-(dimethylamino)ethyl methacrylate] 

P(Boc-TrpVBz) Poly[4-vinyl benzyl (Boc-tryptophan)] 

PCys polycysteine 

PLeu polyleucine 

PLys polylysine 

PMet polymethionine 

PMVE polymethyl vinyl ether 

PVCL poly(N-vinylcaprolactam) 

PPG polypropylene glycol 

PPO polypropylene oxide 

PSar polysarcosine 

PTyr polytyrosine 

RAFT reversible addition−fragmentation chain-transfer polymerization 

RNA ribonucleic acid 

BOC tert-butyloxycarbonyl protecting group 

UCST upper critical solution temperature 

 

 

1. INTRODUCTION 

In Nature, self-assembly and self-organization is a driving force of life at all scales, 

from populations to individual organisms to cells.[1] A full understanding of cellular processes 

must take into account the spatial distribution of key biomacromolecules, the proteins. 

Subcellular organization plays a crucial role in biology, and it is well known that eukaryotic 

cells compartmentalize their components within lipid membranes (nucleus, endoplasmic 

reticulum, mitochondria, etc.).[2] However, it has only recently been shown that the cell also 

organizes its components in a more flexible way: by using controlled phase separation 

http://dx.doi.org/10.1016/j.progpolymsci.2023.101752


Author version of article published in Progress in Polymer Science 147, 101752 (12/01/2023) 

4 
 

processes. Indeed, many membrane-less organelles consisting of biomacromolecules have 

been identified in both the nucleus and cytoplasm of living systems, implying that they offer 

some additional advantages as a compartmentalization strategy.[3,4] Such biomolecular 

condensates are formed though phase separation, in which one or more components undergo a 

demixing transition to form two or more coexisting phases. Understanding the principles 

underlying such phase separation is still a major challenge, in biology as well as in chemistry 

as it has consequences on (bio)chemical reactivity.[5,6] Outside the cell, water-soluble 

macromolecules, whether synthetic polymers or biomacromolecules (nucleic acids, proteins, 

etc.) are also known to undergo phase separation to form condensates (liquid-liquid to 

coacervates or liquid-solid to aggregates).[6]  In materials, this phase separation is an essential 

property in most formulations that include polymers. These processes are based on the same 

thermodynamic principles: the starting point is a thermodynamically stable solution that is 

subjected to conditions that induce demixing, such as a temperature drop or the intrusion of a 

non-solvent.[7,8] In such processes, using synthetic but protein-like macromolecules made of 

amino acids opens up promising perspectives that shed light on biological phase separations 

and pave the way to new biomimetic approaches.[9]  

In general, phase separation of polymers is a powerful tool to formulate nanomaterials 

or to control the fine structure of thin films in coatings. Indeed, combined with the right 

macromolecular engineering, phase separation (or self-assembly) can be used to prepare a wide 

range of materials (membrane, gels, etc.).[10,11] Recent advances in this direction have 

included the design of synthetic polymer structures with stimuli-responsive phase separation 

behavior, specifically with respect to light, pH and temperature.[12] In comparison, the phase 

separation induced by naturally-produced proteins serves many fundamental biological 

processes such as the regulation of biochemical reactions, the sequestration of toxic factors or 

more generally improved subcellular organization in living systems.[9]. It is interesting to note 

that the membrane-less organelles are not all continuously present, but assemble in response to 

the cell cycle, cytosol crowding or oxidative stress.[13] 
 Although proteins are known to be key 

macromolecules for phase separation in vivo, compared to synthetic polymers the factors that 

govern this assembly and their effects on biomolecular chemistry remain poorly understood. 

In cells, proteins achieve most biological functions through binding, catalysis, stimuli 

responsiveness and even as matrix components. They are assembled by ribosomal synthesis, 

according to a programmed genetic sequence. Proteins are derived from around 20 naturally 

occurring amino acids which are linked by amide bonds in the protein chain. It is generally 

accepted that the primary sequence of amino acids give birth to their unique properties and to 

their specific folding into highly organized structures.[14] Proteins are thus sequence-

controlled polymers with defined length and properties: they are generally electrically charged 

heteropolymers composed of hydrophilic and hydrophobic residues (Fig. 1). Depending on the 

nature and distribution of these amino acids in the backbone, the protein presents alternating 

hydrophilic or hydrophobic zones that play a major role in the folding and the physicochemical 

behavior of the system. [15] If the hydrophobic zones are numerous and distributed randomly 

along the chain, the protein will fold up so as to isolate these zones in the core of the assembly 

while the hydrophilic zones that ensure good solubility in water remain at the periphery. This 

is the case of globular proteins. If the hydrophobic zones are few and segment the protein chain 

into homogeneous blocks, chain folding is no longer sufficient to isolate the hydrophobic zones 

and they will adopt a collective behavior to decrease the interaction energy with water. This is 

the case of oligomeric structures of some proteins (cytoskeleton, etc.). The driving force of 

protein self-assembly to fold or to phase separate as nano- and micrometric objects also 
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involves supramolecular bonding, exploiting the amphiphilic properties, the secondary 

structure or the coulombic interactions.[15,16] All these interactions differ in the energy values 

in play, the evolution of interaction energies as a function of intermolecular distances and their 

sensitivity to the physicochemical conditions of the environment. The overall energy input 

ultimately allows the formation of high energy bonds that are promoted by spatial proximity 

such as disulfide bridges and coordination bonding of transition metals. 

 

 

Fig. 1. Proteins and phase separation: the polymer chain represents a protein (violet, hydrophobic residues and 

blue, hydrophilic residues). At the end of ribosomal synthesis, hydrophobic residues (entropy) and other non-

covalent interactions (enthalpy) lead to protein folding. Proteins are stable under specific conditions of pH, ionic 

strength, temperature, etc. If they are subjected to too strong a change in these parameters, denaturation can occur, 

usually resulting in irreversible phase separation of the polymer (aggregation, gel formation, etc.).  

The interactions and driving forces mentioned in the previous paragraph only make 

sense if we consider that proteins are macromolecules that are surrounded by a very specific 

solvent, water. Indeed, to better understand the key role of the aqueous phase on proteins, it is 

interesting to highlight their folding stability. The folding of proteins depends on numerous 

interactions between amino acid side chains and between these chains and the solvent.[17] The 

three-dimensional structure of the polypeptide is stable only within a precise range of physico-

chemical conditions and, outside this range, it denatures (Fig. 1). This denaturation can be 

induced by increasing temperature, pressure, extreme pH or the presence of salts, alcohol or 

surfactants in large quantities.[15,18,19] Usually, the denaturation of proteins is irreversible 

and is associated with aggregation of the polypeptide. Denaturation first causes the breaking of 

low energy bonds within the molecule, which leads to a reorganization of the chain and 

generally to the emergence of the more hydrophobic areas of the protein.[20,21] This decreases 

the protein-solvent interactions in favor of protein-protein interactions leading to the formation 

of aggregates at low concentration and a gel beyond a critical concentration.[22,23] In this 

respect, water plays a crucial role during unfolding, and aggregation processes are usually 

under the control of entropy.[24] 

This review article first gives a detailed description of the influence of temperature on the 

structure and physico-chemical properties of proteins including intrinsically disordered 

proteins. By comparing this behavior to that of synthetic thermosensitive polymers such as 

PNIPAM, this article gives a full overview of how polymer chemistry can afford peptide-based 

polymers having physico-chemical properties that are influenced by the temperature (chemical 

structure, LCST, secondary structure, etc.) and how these fundamental properties impact their 

uses in materials sciences (gel formation, coatings, etc.). 
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2. PROTEINS AND TEMPERATURE 

The context of temperature with proteins can refer to the metabolic reactions occurring in cells 

and that are induced by an increase in temperature: indeed, specific proteins are produced and 

involved in this case (e.g., heat shock proteins) to adapt the living system to such changes. This 

review does not cover this topic nor the impact of this adapted metabolism on the stability of 

other proteins.[25] Readers are referred to specific articles for more information on this 

topic.[26,27]  

As already mentioned in the introduction, the way and the strength with which proteins interact 
with water is crucial to understand their physico-chemical behavior. It can be said that proteins 
generally interact strongly with water, and only the hydrated form is soluble. If the available 
water concentration is reduced by the addition of salts or water-miscible organic solvents (e.g., 
methanol, ethanol, or acetone), the proteins precipitate out of solution. This is why in 
bioconjugate chemistry it is often important to perform chemical reactions with proteins at low 
temperatures: at room temperature, proteins are rapidly denatured by organic molecules added 
to the medium that can be called precipitating agents. Changes in the environmental conditions 
of proteins indeed induce denaturation via different paths and any unfolding of the protein leads 
to aggregation. As with the addition of solvent or salts, proteins are irreversibly denatured by 
heat and start to aggregate when the temperature is increased. This aggregation is usually 
irreversible and has been used to define the folding stability of protein structures (Fig. 
2).[17,28] Studies have shown that this stability depends on the protein sequence and that 
modification of the sequence could prolong the stability of the protein structure despite an 
increase in temperature (structural rigidification, increased hydrophobicity, increased protein-
solvent interaction, etc.).[29] At the molecular level, when the polypeptide backbone is 
subjected to an increase in temperature, there is an increase in molecular motion which leads 
to the weakening and/or breaking of supramolecular bonding interactions (intra, intermolecular 
and also with the water molecules of the solvent). If some supramolecular bonds break, the 
structure of the protein is weakened, i.e., other weaker supramolecular bonds become easier to 
break (Fig. 2). Denaturation by increasing temperature is therefore a process that starts quite 
suddenly at a critical temperature and ends at a slightly higher temperature.[15]  Renaturation 
is sometimes possible with small proteins (ribonuclease, lysozyme) under laboratory 
conditions, but denaturation is most often irreversible. In general, thermal denaturation occurs 
when the temperature is elevated to ~45°C or higher.[30] From a thermodynamic point of view, 
this also highlights the difference in entropy between the folded and denatured states.[15] This 
difference is the main free energy component opposed to the folding, but it is generally not 
large enough to completely counteract the other pro-folding components (mainly the 
hydrophobic effect). When thermal denaturation occurs, the kinetic energy added to the system 
increases the configurational entropy of the denatured state much more than it increases that of 
the folded state. With enough heat, the entropy difference between the two states becomes large 
enough to overwhelm the folding components and this leads to unfolding (and phase 
separation). Interestingly, nonpolar interactions, which at moderate temperatures mainly arise 
from changes in the entropy of the aqueous solvent (Δ𝑆𝑤𝑎𝑡𝑒𝑟), also exhibit temperature-dependent 
behavior.[31] At higher temperatures they are increasingly driven by changes in solvent 
enthalpy (although Δ𝑆𝑤𝑎𝑡𝑒𝑟 is always positive).[32] This shift from an entropy-driven process to 
an enthalpy-driven process is related to the heating-induced decrease in Δ𝑆𝑤𝑎𝑡𝑒𝑟; at high 
temperatures, the kinetic energy of the water molecules surrounding the protein is considerably 
higher and weakens the hydrophobic effect.[32] 
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Fig. 2. Entropy and water solvation of the protein backbone: the polymer chain represents the protein (violet, 

hydrophobic residues and blue, hydrophilic residues) in interaction with water molecules (red and white). When 

the nascent polypeptide chain is hydrated (A), the polymer is unstable as hydrophobic residues (entropy) and other 

non-covalent interactions (enthalpy) lead to protein folding (B). Folded backbones subjected to an increase in 

temperature undergo phase separation (C). This phase separation is irreversible as there is a large difference in 

enthalpy between the polymer conformations in B and C. 

 

3. INTRINSICALLY DISORDERED PROTEINS AND POLYMER-LIKE 

THERMORESPONSIVENESS 

 

Intrinsically disordered proteins (IDPs) are a special class of proteins in biological systems that 

are able to induce reversible phase separations. Indeed, it has long been accepted that the 

primary sequence and structure of a protein (secondary, tertiary and quaternary) directly 

determines its function. This paradigm, supported by the models of Pauling[32] and by the 

folding experiments of Anfinsen[17], is true for many protein systems. For instance, enzymes 

are three-dimensional globular structures that facilitate the organization of binding sites into 

an active site that physically and chemically adapts to natural substrates so that highly efficient 

catalysis can take place. However, and more recently, biochemistry has identified parts of 

proteins, or even whole proteins, without an organized structure: these so-called "intrinsically 

disordered regions" vary in size, ranging from short segments of the polypeptide chain to entire 

proteins. IDPs are thus a class of proteins that are completely disordered. IDPs include proteins 

with different functions, such as DNA packaging and repair, ion transport, nuclear trafficking 

of proteins, and regulation of cellular processes (cell cycle, transcription, and splicing), as well 

as proteins involved in diverse pathologies, such as cancer, neurodegenerative and 

cardiovascular diseases. 

The main difference between folded and disordered proteins reflects the magnitude of 

conformational fluctuations.[33] IDPs are often characterized by a high net charge leading to 

unfavorable electrostatic interactions and low hydrophobicity,[34] even if the real picture 

behind the proteome now seems more complex. Interestingly, net charge and charge 

configuration have both emerged as key features that dictate protein-protein interactions in the 

context of phase separation with IDPs.[35,36] In accordance the first experiments designed to 

discover the proteins that make up biomolecular condensates showed the predominance of 

IDPs.[37,38] These proteins contain relatively long coil segments, possibly interspersed with 

short segments of other secondary structures. Their tertiary structure is either an extended 
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strand or a fused globule. When these disordered segments interact with other proteins, they 

readily bind upon folding to a different secondary and tertiary structure; the partner protein 

then serves as a folding template in the condensate.[39] Even though IDP sequences are not 

yet fully understood, it appears that stretches of many amino acids, sometimes highly repeated, 

maintain an extended coil, preventing the hydrophobic interactions necessary for three-

dimensional folding. 

From what is known about this folding, some key features of the primary sequence that promote 

disorder have been identified. [40–42] The amino acid residues should:  

(1) promote solvation (polar and charged residues), 

(2) create intra-chain repulsion (polyelectrolytes), 

(3) create steric barriers to the appearance of secondary structure (for example, amino acids 

like proline and glycine that disrupt helices and beta-sheets). 

These features that prevent folding lead to highly soluble and non-aggregated proteins. Adding 

a large number of hydrophobic amino acids to these sequences results in considerable entropy 

gains upon binding to a partner; these segments often form fused globules (coacervates) and 

present a peculiar temperature response. Indeed, the hydrophobicity of IDPs is correlated with 

polymer-like phase separation upon temperature variation.[43]  The first examples to be studied 

were the phenylalanine-glycine (FG) repeat regions of nuclear pore proteins that can give rise 

to hydrogels.[44] Later, the impact of different hydrophobic residues was explored in other 

protein systems such as RNA-binding proteins,[45] proteins involved in ubiquitination,[46,47] 

or membrane proteins.[48] In these different systems, the sequence of hydrophobicity 

(determined by both aromatic and aliphatic residues) is very important to maintain phase 

separation especially with respect to temperature change[48] or on the basis of their sensitivity 

to different ions, as interpreted by the Hofmeister series.[49] Overall, hydrophobic IDPs are 

able to form thermoresponsive phase separations such as an entropic lower critical solution 

temperature (LCST) phase transition (Fig. 3).[50] Such behavior is primarily explained by the 

fact that the bulky and apolar side chains of hydrophobic amino acids cannot interact favorably 

with water and thus their solvation requires an ordered hydration shell with minimal enthalpic 

advantage. The transfer energy of the displacement of a hydrophobic group in water (solvation 

energy) scales with the accessible surface area of the solvent, so larger aliphatic side chains are 

more hydrophobic.[51] The entropic cost of water confinement increases with temperature, 

which favors self-association of hydrophobic side chains at higher temperature to minimize 

their solvent accessible surface area, resulting in temperature-dependent coacervation or 

aggregation. 
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Fig. 3 Hydrophobic IDPs are  LCST-polymers: the polymer chain represents an IDP (violet and blue) interacting 

with water molecules (red and white). This interaction is disrupted by an increase in temperature (entropy), but is 

easily reversible as the difference in enthalpy between the polymer conformations is small in soluble state or upon 

phase separation.  

The role of hydrophobicity in temperature-induced phase separations has been particularly 

studied in the context of elastin-like polypeptides (ELPs).[52,53] ELPs are a class of 

recombinant IDP-like polypeptides based on -Val-Pro-Gly-Xaa-Gly- pentapeptide repeats that 

were originally identified in tropoelastin and in -elastin (Xaa being Ala, Gly, or Val).[54–56] 

These proteins possess an LCST that can be shifted to a higher or lower temperature by varying 

the hydrophobicity of the "guest" residue (Xaa). The pioneering work in this field by Dan W. 

Urry shows a clear correlation between the solvation energy of the guest residue and the 

LCST.[56,57] Amino acid guest residues with an aromatic side chain have the greatest impact 

on the lowering of the LCST, but tyrosine shifts LCST more than phenylalanine, foiling 

predictions based on hydrophobicity alone and suggesting a unique chemistry conferred by the 

hydrogen bonding ability of the phenol group. In addition, the determinants of UCST versus 

LCST have been explored systematically, notably by Ashutosh Chilkoti’s group.[58–60] Our 

group has also significantly explored ELPs, especially applying chemical modifications of 

ELPs scaffolds to tune their properties[61–64] or to functionalize them with saccharides and 

oligosaccharides,[65–68] in block copolymer structures[69–72] or to develop artificial 

organelles[73,74].  

Overall, proteins that respond to biologically relevant factors by changing their conformation 

or mechanical properties are very promising building blocks for the design of smart 

biomaterials (e.g. for medicine, in nanotechnology).[75–78] Among external factors, 

modulating the temperature of a protein solution is an efficient strategy to induce aggregation 

of proteins, generally in an irreversible manner for structured proteins, but sometimes in a 

reversible manner as observed with IDPs and some other proteins.[79] It is now well 

established that recombinant or natural proteins can be used as a basis for genetic engineering 

to design heat-sensitive polypeptides; these are likely to receive increasing attention in industry 

as new classes of thermoresponsive polymers with enhanced biodegradability. 

 

4. FROM PROTEINS TO THERMORESPONSIVE AMINO-ACID BASED 

POLYMERS. 
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Unlike most proteins, whose thermoresponsive behavior is defined by higher-order structure 

which can be irreversibly disrupted on denaturation, many synthetic polymers display 

reversible thermoresponsive behavior. This behavior is determined by the thermodynamics of 

solution: the balance between polymer-solvent, polymer-polymer and solvent-solvent 

interactions. The field of thermoresponsive polymers is enormous, and we will not attempt to 

review it here. Instead, the following sections briefly reviews some key concepts that have been 

transfered to the design of thermoresponsive amino acid based polymers. 

4.1 LCST and UCST Polymers 

A thermoresponsive polymer, broadly defined, is one whose solution separates into polymer-

rich and polymer-poor phases in response to a change in temperature. Two kinds of behavior 

are commonly observed, depending on whether the polymer solution phase separates on 

heating or on cooling. In the first case, the polymer becomes less soluble as the temperature 

increases, and above a certain temperature, the cloud point (TCP), phase separation occurs. The 

minimum temperature at which phase separation occurs is known as the lower critical solution 

temperature (LCST) – below this temperature the polymer is completely miscible with the 

solvent. In the second case, the polymer becomes more soluble as the temperature increases. 

The maximum temperature at which polymer-rich and polymer-poor phases can coexist is 

known as the upper critical solution temperature (UCST) – above this temperature, the polymer 

is completely miscible with the solvent. In a few cases, both LCST and UCST behaviors can 

be experimentally observed for the same polymer-solvent combination.[80] This behavior is 

driven by changes in enthalpy and entropy on dissolution. Dissolution is thermodynamically 

favorable if the Gibbs free energy of dissolution (ΔGsolv) is negative (equation 1). 

∆𝐺𝑠𝑜𝑙𝑣 =  ∆𝐻𝑠𝑜𝑙𝑣 − 𝑇∆𝑆𝑠𝑜𝑙𝑣 (1) 

If the enthalpy of solution (ΔHsolv) is negative, but the entropy of solution (ΔSsolv) is positive, 

the solution will display LCST-type behavior, becoming soluble when T is lower than 

ΔHsolv/ΔSsolv. This situation is unusual for small molecules, but relatively common for 

polymers with the right balance of hydrophilic and hydrophobic groups, such as poly(N-

isopropyl acrylamide) (PNIPAM). In this case, the water molecules around the polymer chains 

structure themselves, leading to a loss of entropy of the system. Some common examples of 

synthetic polymers that exhibit an LCST in water are the poly(N-alkyl acrylamide)s, poly(N-

vinyl amides), poly(oxazoline)s, poly(oligoethylene glycol) methacrylates, hydroxypropyl 

cellulose[81] and other cellulose ethers (Table 1). 

-TABLE 1– Selected Common LCST polymers 

Polymer 
Representative cloud point TCP 

(°C) 
Ref. 

 
PMVE, poly(methyl vinyl ether) 

37°C for dilute solutions 
25°C for concentrated solutions 

[82] 

 
Poly(propylene glycol) 

16°C Mw=3000 g.mol-1 
43°C Mw=1000 g.mol-1 

[83] 
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PNIPAM 

32°C [84] 

 
PVCL, poly(N-vinylcaprolactam) 

30°C – 40°C 
depending on Mw 

[85] 

 
Poly(2-propyl-oxazoline) 

25°C [86] 

 
Poly(oligo(ethylene glycol) methacrylate-co-2-

(2-methoxyethyl)ethyl methacrylate) 

28°C – 90°C 
depending on composition 

[87] 
 

 
Poly(dimethylaminoethyl methacrylate) 

30°C – 80°C 
depending on Mw and pH 

[88] 

 
Hydroxypropyl cellulose (R = H or 

CH2CH(OH)CH3) 

45°C [89] 

 

It is interesting to note that some of the most widely-used LCST polymers: poly(N-alkyl 

acrylamides)[90] and poly(oxazoline)s[86], are structural isomers of polypeptides. In these 

cases, the LCST behavior is driven by the balance between the polar, hydrogen-bond-forming 

amide groups and the hydrophobic alkyl chains. Dissolution is enthalpically favorable, but 

entropically unfavorable due to the structuring effect of the hydrogen bonds and the 
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hydrophobic substituents. The temperature at which phase separation occurs can be modulated 

by varying the hydrophobic substituents,[90] or by copolymerization of two or more monomers 

with different substituents. 

The opposite case, UCST-type behavior, is enthalpy driven: this is observed in polymers that 

have strong polymer-polymer interactions in the solid state, such as through hydrogen bonding 

(H-UCST) or coulombic interactions (C-UCST). In this case, dissolution is entropically 

favorable – the polymer solution is less ordered than the 2-phase system – but enthalpically 

unfavorable, as the polymer-solvent interactions are weaker than the polymer-polymer 

interactions. Thus, the polymer is insoluble at lower temperatures, and becomes soluble at 

higher temperatures when the increase in entropy on solution (TΔSsolv) is sufficient to 

compensate for the loss of enthalpy (ΔHsolv). UCST behavior is less commonly observed in 

synthetic polymers than LCST behavior, although many synthetic polymers will display 

UCST-type behavior under appropriate conditions of temperature and pressure.[91] A few 

examples of synthetic polymers that display UCST-type behavior in water at atmospheric 

pressure include poly(acrylamide-co-acrylonitrile)[92], derivatives of poly(N-acryloyl 

glycinamide)[93], zwitterionic copolymers[94], poly(ampholyte)s[95] and poly(ionic liquid) 

copolymers[96]. 

-TABLE 2 – Examples of UCST polymers 

Hydrogen bonding (H-UCST) 
Representative cloud point TCU 

(°C) 
Ref. 

 
Poly(N-acryloyl glycinamide) 

24°C [93] 

 
Poly(acrylamide-co-acrylonitrile) 

6°C – 60°C 
depending on composition 

[92] 

Coulombic (C-UCST) 
Representative cloud point TCU 

(°C) 
Ref. 

 

33°C [97] 
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Poly(2-(N-3-sulfopropyl-N,N-dimethyl 
ammonium)ethyl methacrylate) 

 
Poly(4-vinylbenzyl 

triphenylphosphonium chloride) 

38°C in 475 mM NaCl [98] 

 
Poly(2-dimethylaminoethyl 

methacrylate-co-methacrylic acid) 

25°C in 50% ethanol/water [95] 

 

Both LCST and UCST behavior are sensitive to changes in the nature of the solvent, as well as 

the structure of the polymer. Changes to the solvent, such as the addition of salts, neutral solutes 

such as sugars, or cosolvents, can have a dramatic effect on the thermoresponsive behavior. 

This is especially relevant for biological applications, as results obtained in distilled water may 

not be applicable to physiological conditions. In general, increasing the ionic strength of a 

solution results in a decrease in LCST, although the effect of different salts varies depending 

on their position in the Hofmeister series.[99–102] In some cases, addition of chaotropic salts 

such as sodium thiocyanate may even increase the LCST of the polymer solution (Fig. 4). The 

effect on UCST behavior can be very complex: in general increasing the ionic strength of the 

solution reduces the UCST for zwitterionic copolymers,[103] but specific interactions between 

the polymer and counterions may lead to the development of UCST behavior where none 

existed before, as in the case of poly(4-vinylbenzyltriphenyl phosphonium chloride), which 

shows UCST behavior only in the presence of additional chloride anions.[98] The complex 

interactions between counterions and UCST polymers have been reviewed by Niskanen and 

Tenhu.[104] 
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Fig. 4. Transmittance curves during the heating scans (cooling scans not shown for better readability) with 

poly(diethyl vinyl-phosphonate) PDEVP and different sodium salts of the Hofmeister series. The cloud point was 

determined at a 10% decrease in transmittance for 2.5 wt% aqueous solutions with a salt concentration of 500 mM 

of the respective salt (NaSCN, NaI, NaCl, NaF, NaOAc, Na2S2O3 and Na2SO4) (heating/cooling rate=1°Cmin-1, 

holding time=0.05 min). Figure adapted from [104]. 

Changes in the structure of the polymer can also have a strong effect. The LCST or UCST of 

many thermoresponsive polymers is dependent on their molar masses, with a higher molar 

mass leading to a reduced LCST or a higher UCST. UCST polymers in particular frequently 

show strong dependence on molar mass as polymer-polymer interactions are stronger for 

higher molar mass polymers.[104] Many LCST polymers, including PNIPAM, are relatively 

insensitive to changes in molecular weight, however. For low molecular weight polymers, the 

end groups can also have a strong effect on the solubility behavior, with hydrophilic end groups 

increasing solubility, while hydrophobic groups decrease it (Fig. 5). [82,105,106] A similar 

effect is observed in block copolymers, with the addition of a hydrophilic block to an LCST-

type polymer leading to an increase in the cloud point at a specific concentration.[106] 
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Fig. 5. Cloud points (1 wt %) for C12NIPAMm (in D2O) as a function of the degree of polymerization, m. Circles 

are C12NIPAMm and squares are PNIPAM oligomers with no hydrophobic group attached. Figure adapted from 

[105] (C12NIPAMm) with data from [107] (PNIPAM oligomers without hydrophobic end groups). 

Copolymerization is another approach to tune thermoresponsive behavior. Incorporation of 

hydrophilic or hydrophobic monomers into a polymer that shows LCST behavior in water will 

result in an increase or decrease, respectively, of the LCST. This approach can be used to tailor 

LCST behavior over a wide temperature range, as exemplified by the poly(oligoethylene glycol 

methacrylate)s.[87] In some cases, copolymerization can lead to the emergence of 

thermoresponsive behavior exhibited by neither homopolymer, as in the case of copolymers of 

acrylamide and acrylonitrile, which exhibit UCST behavior that can be adjusted from 6 to 60°C 

by varying the copolymer composition.[92]  

It should be noted that the exact position of a cloud point depends on the technique used to 

measure it: turbidimetry, dynamic light scattering and differential scanning calorimetry being 

the most commonly used techniques.[108] The dispersity of the polymer may also play a role, 

as highly disperse polymers will undergo fractionation as they precipitate, leading to broader 

transitions. For these reasons, it is sometimes difficult to compare cloud point values between 

different studies.[84] Considering that turbidimetry is currently the most widely used technique 

for cloud point determination, Zhang and coauthors have provided recommendations in a recent 

tutorial review .[108]  

 

4.2 Amino-acid based vinyl polymers 

Thermoresponsive materials with improved biocompatibility and biodegradability are highly 

desirable, especially in the biomedical sector, and a simple way to achieve this is to combine 

synthetic thermoresponsive polymers with peptidic structures. In addition, materials that 

incorporate amino acids can possess novel properties not easily found in other synthetic 

polymers. This strategy is developed here through a selection of representative examples 

(conjugates, grafting from, grafting onto, etc.).  In this direction, reversible deactivation radical 

polymerization of vinyl monomers has been largely used to prepare a wide range of polymers 

bearing amino acids on their side chains.[109] By transforming amino acids to vinyl esters, 

(meth)acrylates, vinyl carbamates and (meth)acrylamides, RAFT polymerization can be used 

to produce  polymers bearing the amino acid’s pendant side chain.[110] Scheme 1 summarizes 

the 3 methods to prepare such vinyl monomers: by implementing an N-alkylation or amidation 

of the amino-acid (a), by making a peptide coupling with the carboxylic acid function (b) or by 

preparing a conjugate using the side chain of the amino acid (c). Upon polymerization, the 

polymers thus retain the chiral center of the amino-acid unit, and either display the native side 

chain of the amino acid (pathway a and b in scheme 1) or can behave as weak electrolytes via 

the amino-acid’s carboxylic acid group (pathway c in scheme 1). Some of the many examples 

that can be found in the literature have proven to be thermoresponsive by using specific amino 

acids to functionalize the side chain of water soluble polymethacrylamides. 
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Scheme 1. Possible synthesis pathways to introduce polymerizable double bonds units on amino-acids. Pathway 

a, b and c showcase respectively the addition on the amine group of the amino-acid, the carboxylic acid group 

with N-Boc protection and on the side chain of the amino acid with N-Boc protection of a vinyl monomer. The 

R’’ group (a) will be C=O and for (b) CO2CH2CH2 and once polymerized via RAFT these polymers may express 

thermoresponsive behavior.  

Representative examples can be found in the works of Endo’s group. They first prepared 

poly(acryloyl-proline methyl ester) (PAProOMe) by combining N-acryloylation and RAFT 

polymerization.[111] (pathway a in Scheme 1). This polymer was known to show LCST 

behavior at around 14℃ [112] but the use of RAFT techniques allowed the preparation of well-

defined polymers. This design introduces a hydrophilic amide bond between the amine of the 

proline and the acrylic backbone to counterbalance the hydrophobic side chain of the proline 

units. The equilibrium between these two behaviors gives rise to the LCST behavior. The much 

more hydrophilic non-methylated counterparts of the same polymers were not 

thermoresponsive.  The LCST could be further tuned by copolymerizing the proline-containing 

monomer with more hydrophilic monomers such as N,N-dimethylacrylamide (DMA) or N-

acryloyl-4-trans-hydroxy-L-proline methyl ester (AHypOMe).[113] With this new design, 

Endo and coauthors were able to tune the LCST to a temperature up to 44°C by increasing the 

DMA content and up to 55°C by increasing the AHypOMe content. (Table 3) The 

macromolecular engineering of such polymers was studied further, and they have been shown 

to be highly versatile in more complex polymeric systems.[109,114] 

Alanine-based acrylamides have also been investigated in a similar context using amidation 

(pathway a in Scheme 1).[115,116] Yu et al. were able to vary the transition behavior by 

changing the substituent on the alanine’s carboxylic acid (Table 3). Changing from acrylamides 

to methacrylamides resulted in lower transition temperatures, while all polymers’ behavior was 

dependent on the molar masses. The chirality of the amino acid had little effect on the 

thermoresponsiveness. On the other hand, the free carboxylic counterpart showed UCST 
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behavior at low pH.[117] This was due to strong polymer-polymer hydrogen bonding (H-

UCST) due to the protonated carboxylic acid functions. 

While it provides neither a side chain nor a chiral center, glycine-based methyl ester 

acrylamides were also shown to produce thermoresponsive polymers. Poly(N-acryloyl-Glycine 

O-methyl ester) (PNAGMe) synthesized via pathway a (Scheme 1) displayed an LCST around 

72℃.[117,118]. Copolymers of this monomer with the previously discussed alanine-based 

acrylates, gave polymers with LCSTs between those of the two homopolymers.[116,117] 

(Table 3) Interestingly, glycinamide-based polymers showed reverse thermogelling 

behavior.[119] Gels formed by poly(N-acryloyl-glycinamide) PNAGA at room temperature 

became soluble on heating to around 30°C, (Table 3) and the polymers showed H-UCST 

behavior at lower concentrations.[120] The UCST behavior in dilute solution was disrupted by 

ionic contaminants that bonded with the amide groups.[121] Remarkably, this UCST behavior 

was hysteretic with heating and cooling cycles that had not previously been reported.(Table 3) 

Other polymers based on asparaginamide (modified asparagine) also showed UCST behavior. 

These polymers bearing two amide moieties (PNAAAM) (Table 3) showed similar hysteretic 

behavior to that of PNAGA.[122]  

Poly(N-acryloyl-L-valine N′-methylamide) (PAVMA) obtained from a valine derivative also 

showed LCST-like behavior.[123] These polymers presented low transition temperatures 

around 8°C for all molar masses. (Table 3) This was due to the high hydrophobicity presented 

by the valine side chain. Bose and coauthors also used methionine and introduced an acrylic 

unit by C-protecting the carboxylic acid with concomitant Boc protection on the amine group. 

(pathway b in Scheme 1) They further modified the sulfur bearing side chain to produce [Boc-

L-methionine-(2-methacryloylethyl)]sulfoniopropanesulfonate (METMASPS) zwitterionic 

monomers that were later polymerized by radical polymerization. (Table 3) Both monomer and 

polymer exhibited thermoresponsive C-UCST behavior influenced by the pH and the presence 

of anions. The monomer was insoluble at room temperature near its isoelectric point (pH=4.8 

- 6.8) and exhibits a UCST type transition at 57°C due to the weakening of the electrostatic 

attraction between opposing charges. Upon polymerization, the macromolecule was soluble at 

all temperatures and pH values in aqueous solutions. Nonetheless, the addition of certain anions 

aggregated the polymer and allowed for a UCST-type transition in agreement with the 

properties of the monomer units (TCU between 15°C and 65°C varying with the molar masses 

and the concentration of the anions).The authors also observed UCST behavior in the presence 

of citrate and acetate anions at higher pH levels (around 8), and demonstrated that the 

thermoresponsive behavior of such zwitterionic polymers could be tuned by both changing the 

pH and the salt.[124] 

By modifying the side chain of N-Boc protected lysine (pathway c in Scheme 1), Dinda and 

coauthors also formed poly(Boc-L-lysinylacrylamide) [P(Boc-lysA)] displaying UCST 

behavior.[125] This behavior was only observed in mixtures of water and organic solvents 

(DMF, DMSO and MeOH) because of the hydrophobic Boc protecting group. They thus 

determined a minimal water content to form aggregates at room temperature that become 

soluble upon heating. Increasing the water content led to a corresponding increase in transition 

temperature until a maximum content where the polymers became insoluble in all conditions. 

(Table 3) This behavior was attributed to the polymer-organic solvent dipole-dipole interaction 

that is much more stable than the water-protic organic solvent hydrogen bonding. As expected, 

both water content and polymer length increased the TCU. The same researchers were also able 

to induce an LCST type property in these polymers by adding large organic cations or ionic 

liquids to the solution. For instance, by solubilizing the polymers in aqueous solution at pH 8.5 
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and above, the carboxylate groups of the lysine units formed complexes with counterions such 

as Bu4N+, Bu4P+ or EtBzBuIm+ (from 4-ethylbenzylbutylimidazolium) to afford 

thermoresponsiveness. (Table 3) This behavior was attributed to the increasing hydrophobic 

interactions between the large organic groups of the counter ions at increasing temperature, in 

agreement with the fact that longer chains showed lower TCP values since there were more 

hydrophobic interactions. [125] The LCST could thus be varied over a large temperature range 

(40°C – 80°C) by changing the polymer concentration, the type of salt and its concentration. 

Overall, by adding lysine units to the side chain of a thermoresponsive polyacrylamide, the 

authors were able to tune both the UCST and LCST behaviors. 

Very similar results, including UCST behavior in mixtures of water and organic solvents and 

LCST behavior in the presence of bulky hydrophobic cations, were observed by the Mandal 

group in polymers of 4-vinylbenzyl (Boc-tryptophan). Boc-protected tryptophan was 

functionalized with 4-vinyl-benzyl on its side chain amine (pathway c in Scheme 1) and 

subsequently polymerized.[126] After Boc deprotection, the zwitterionic polymers PTrpVBz  

showed C-UCST behavior that could be tuned by changing the pH (due to the protonation state 

of both the amine and carboxylic acid of tryptophan). Thermoresponsive behavior was 

observed at lower pH where the ammonium and carboxylic acid moieties are more prevalent 

than the carboxylate ones.[126] (Table 3) At higher pH, the polymer was completely soluble. 

Using the alcohol on the side chain of serine (pathway c in Scheme 1) it was also possible to 

prepare thermoresponsive polyacrylates. (Table 3) Given the zwitterionic nature near its 

isoelectric point, the electrostatic attraction between counterions of poly(L-serinyl acrylate) 

(PSA) formed aggregates at low temperature. This interaction could be disrupted at higher 

temperatures giving reversible C-UCST behavior.[127] 

-TABLE 3 – Structures and thermoresponsive properties of amino-acid modified vinyl polymers 

Polymer structure (in red vinyl polymer 
backbone, in black the amino-acid and 

in green protecting groups and/or 
modifications to the amino-acid) 

LCST TCP (°C) and conditions 
UCST TCU (°C) and 

conditions 
Ref. 

 
PAProOMe and copolymers with DMA 

14°C – 44°C 
n:m = 1:0 –1:1 

- [111] 
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PAHypOMe-co-PAProOMe 

14°C – 55°C 
n:m = 1:0 – 0:1 

- [113] 

 
P(M)A(D,L)AlaR2 

14°C – 38°C 
depending on R1 or R2 and Dp 

45°C – 55°C 
if R1 = H and R2 = OH 

and pH=2 
 

[115][
117] 

 
PNAAMe-co-PNAGMe  

17°C – 72°C 
n:m = 1:0 – 0:1 

- 
[116–
118] 

 
PNAGA 

- 

Gel to sol 27°C – 
32°C depending on 

Mw and concentration 
[119] 

22°C – 23°C upon 
heating and 7°C – 
10°C upon cooling 

depending on 
temperature ramp rate 

[120,1
21] 

 
PNAAAM 

- 

4°C – 28°C  
depending on 

concentration and Mw 
with varying 

hysteresis 

[122] 
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PAVMA 

7°C – 10°C - [123] 

 
PMETMASPS 

- 

15°C – 65°C 
pH=3.5 with SO4

2- or 

H2PO4
- 

pH=8 with Ct3- or Ac-   

[124] 

 
PBoc-LysA 

At pH = 8.5 (carboxylate form) 
60.8°C in the presence of 

Bu4NBr 
54.4°C in the presence of 

Bu4PBr 
46.7°C in the presence of 

Bu4NCl 
43.4°C in the presence of 

EtBzBuImBr  

Values at maximum 
amount of water 

36.7°C in MeOH:H2O 
(72:38) 

45.6°C in DMF:H2O 
(55:45) 

72.5°C in DMSO:H2O 
(72:38)  

[125]  

 
PBocTrpVBz 

At pH = 8.5 (carboxylate form) 
58°C in the presence of Bu4NI 

56°C in the presence of 
Bu4NBr 

51°C in the presence of Bu4NCl 

Values at maximum 
amount of water 

58°C in MeOH:H2O 
(82:18) 

72°C in DMSO:H2O 
(63:27) 

70°C in DMF:H2O 
(53:37)  

[126]  
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PTrpVBz  

at its isoelectric point (pH = 4.5) 

- 
38°C – 65°C 

pH = 1.50 – 1.95 

 
PAS 

at its isoelectric point (pH = 2.85) 

- 

18°C – 80°C 
depending on Mw, 
concentration and 

salts 

[127] 

 

These polymers of vinyl monomers that have been conjugated to amino acids show that 

thermoresponsiveness is particularly influenced by the presence of peptide/amide bond 

linkages. It is also interesting to consider combinations of true polypeptide backbones with 

thermoresponsive polymers.  Moving one step closer to proteins, polymer chemistry makes it 

easy to prepare amino acid-based structures that have fully peptidic backbones. For the last two 

decades, the study of these polymers has revealed a relationship between structure and 

thermoresponsiveness that allows a better understanding of the thermoresponsiveness of 

proteins and enables the development of new classes of thermoresponsive polymers that 

integrate the advantages of the biomimetic backbones (degradation, etc) with the processability 

of synthetic polymers (gels, etc.). Yet in order to do so, one must first master the polymerization 

technique which allows the preparation of peptidic polymers. The ways to obtain such materials 

will be discussed briefly in the following section. 

4.3 Synthetic polypeptides by ring-opening polymerization: combining protein 

and synthetic polymer features in the same backbone 

While the use of proteins for material design holds tremendous promise in many 

applications, polyaminoacid backbones are not always easy to prepare.[128] Approaches that 

use genetic engineering or synthetic biology are quite promising but require significant 

development of biological platforms thus still restricting their scale and scope. Moreover, they 

have not been very useful to prepare materials at large scale due to their poor stability and high 

cost of production.[129] Indeed, proteins inspire the use of amino acids as monomers in 

synthetic analogues called polypeptides, which are much easier to produce by a simple 

chemical process while also being biocompatible and biodegradable. In this context, polymer 

chemistry is the most economical and efficient route to synthetic polypeptides, combining 
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advantageous features of synthetic polymers (solubility, processability, rubber elasticity, etc.) 

with those of natural proteins (secondary structure, functionality, biocompatibility, etc.).[130] 

Amino acids are very difficult to polymerize in their native form. A common and efficient way 

to afford polypeptides by polymerization is to cyclize the amino acid to their corresponding (4-

substituted)-1,3-oxazolidine-2,5-diones (Scheme 2), more commonly known as N-

carboxyanhydrides (NCAs).[131]  

 

 

Scheme 2. Schematic representation of the transformation of an α-amino acid into its corresponding N-

carboxyanhydride. These monomers can be ring-opened, releasing CO2 and producing polypeptide polymers. 

These cyclic molecules are more active due to the high electrophilicity of the 5-position 

carbonyl and the acidic nature of the nitrogen proton. Moreover, the liberation of CO2 on ring 

opening results in a significant increase in entropy on polymerization, making these monomers 

highly unstable under ambient conditions. Thus, they must be handled and used under inert 

conditions, either under a Schlenk line with N2 flow or argon protection, or in a glovebox. The 

ring-opening polymerization of NCAs involves the simplest reagents, and allows the 

preparation of polymers made of amino acids in both good yield and large quantity.[132] 

Historically, the limitations of NCA polymerization have been (1) the purification of the 

monomers, which usually had to be achieved by crystallization; (2) the presence of side 

reactions that can significantly reduce molecular weight control. These two limitations have 

now been fully overcome. First, several catalysts/strategies have been developed in recent years 

to avoid side reactions during the polymerization process, which allows precise control of the 

molecular weight. Second, the purification of often non-crystalline NCA monomers can be 

efficiently achieved by other methods, such as filtration. The living ROP of NCAs has 

specifically proved very useful in the preparation of synthetic copolymers with very narrow 

dispersity.[133] Peptidic polymers have been available for many decades, but have been used 

primarily as inert materials to develop biocompatible matrices. However, the synthesis of 

peptidic polymers has progressed significantly over the last 10 years, and it is now possible to 

prepare polypeptides via different living processes, allowing the introduction of numerous 

functionalities including ones that are useful for thermoresponsiveness.[132] These 

preparations are easily extended to other macromolecular engineering technologies. 

Furthermore, these polymers are being synthesized in solvents not previously studied such as 

aqueous media.[134] In this context, as simplified analogues of proteins, polypeptides are 

easier to prepare and are promising candidates for new applications such as nanomedicine or 

bioprinting. Compared to natural proteins, synthetic polypeptides are simple macromolecules 

in which an amino acid is repeated many times, but they have a similar tendency to adopt 

ordered secondary conformations such as α-helices or -sheets, a property that is sought-after 

in polymer science.[135] For instance, polypeptide polymers offer a unique way to direct 

nanoscale structure formation through intermolecular and/or intramolecular interactions and 

therefore, polypeptide polymers have found significant interest in a variety of biomedical 

applications.[136] Furthermore, the chemical structure of the entire macromolecule (and in 
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particular the polymer backbone) is similar to the chemical structure of proteins. The polymers 

retain the degradation properties of their natural models. Unlike synthetic polymers made by 

radical polymerization processes, polypeptides are inherently biodegradable and could improve 

polymer sustainability.[137] 

Moving a step beyond the approaches developed in section 4.2, synthetic thermoresponsive 

polymers have been conjugated to polypeptides or proteins. Indeed, several studies have 

combined sequence-controlled peptidic structures and even proteins to synthetic polymers to 

confer thermoresponsiveness. The reader can refer to many examples in the literature that cover 

these different topics.[138] In the following sections, we will focus on peptidic polymers 

prepared via polymer chemistry, mainly by the ROP of NCAs. First the macromolecular 

engineering techniques employed to conjugate the thermoresponsive polymers to the 

polypeptide block will be described. These include grafting polypeptides onto 

thermoresponsive polymers (section 5.3) and the preparation of block copolymers using 

grafting-from approaches with thermoresponsive macroinitiators: indeed, the ROP of NCAs is 

highly compatible with other classical polymerization techniques (section 5.3 and 5.4).  

4.4 Grafted copolymers 

In this section, thermoresponsive polymers obtained by grafting polypeptides onto synthetic 

polymer backbones will be discussed. (Fig. 6) 

 

Fig. 6. Two macromolecular engineering techniques to bestow thermoresponsiveness on polypeptides. The first 

approach (top): grafted copolymers. This can be done in two ways: 1- grafting polypeptides from (using NCA 

polymerization) or onto a thermoresponsive polymer backbone; 2- grafting a thermoresponsive polymer from or 

onto the reactive side chains of a polypeptide. The second approach (bottom): diblock copolymers with one 

polypeptide block and one thermoresponsive polymer block. This approach can be carried out sequentially, with 

one block serving as the macroinitiator for the other, or by conjugating both blocks after polymerization.  

The most studied polypeptide, poly(L-glutamic acid) (PGA) has been grafted several times 

with LCST-type polymers.[139] Jing’s group prepared similar copolymers by partially grafting 

PNIPAM onto PGA that was functionalized with N-hydroxysuccinimide (NHS).[140] The 

latter served as coupling intermediate to graft with amino-semitelechelic PNIPAM to obtain 

PGA-co-P(GA-g-PNIPAM) (Table 4). These polymers showed LCST behavior at neutral pH 
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at around 35°C, consistent with the PNIPAM block (5-7). However, when the pH was lowered, 

the LCST first disappeared (pH=4.5) then reappeared around pH=4.2 with a TCP around 25°C. 

This was attributed to the protonation of the glutamic acid side chains that confers a more 

hydrophobic nature to the whole polymer.  In another study, Zhao and co-workers developed 

thermo-responsive micelles of poly(NIPAM-co-N-acryloyloxysuccinimide) grafted with 

PBLG.[141] On precipitation in DMF/water these copolymers assembled in either spherical or 

worm-like micelles. The authors first copolymerized NIPAM and N-acryloyloxysuccinimide 

(NAS) via RAFT. They then reacted the NAS group with a protected diamine giving the 

corresponding acrylamide while expelling N-hydroxysuccinimde. The further deprotection of 

the amine allowed for initiating points for the ROP of BLG NCA chains affording P(NIPAM-

co-NAS)-g-PBLG (Table 4). These copolymers expressed LCST behavior at 36.3°C consistent 

with that of the thermoresponsive PNIPAM block. The morphology of the assemblies was 

tuned by the blocks’ respective lengths and by the functionalization of the PBLG. In similar 

work, Chen and co-workers developed cross-linked micelles based on PGA grafted with 

PNIPAM and 2-hydroxyethyl methacrylate (HEMA). This polymer self-assembled above the 

LCST of PNIPAM but nanomaterials were only observed at higher pH values as the pH-

induced coil-to-helix transition of PGA at low pH caused the polymer to aggregate and 

destabilized the micelle formation. To counterbalance this effect, the micelles were further 

cross-linked by the free radical polymerization of HEMA units to form PGA-co-(PGA-g-

PNIPAM)-co-(PGA-g-PHEMA) . (Table 4) The resulting micelles were responsive to both 

temperature and pH.[142] These examples show the advantages of combining the polypeptide 

backbone with thermoresponsive synthetic polymers for further drug delivery applications. 

Another polypeptide widely used to prepare conjugates with thermoresponsive polymers is 

poly(L-cysteine). For instance, Mandal and co-workers synthesized polycysteine-graft-poly(2-

isopropyl-2-oxazoline) (PCys-g-PiPOx) (Table 4) and studied its thermoresponsive 

behavior.[143] The group used propargylated L-cysteine N-carboxyanhydride to produce the 

corresponding polypeptide by ROP. In a second step, using azide end-functional poly(2-

isopropyl-2-oxazoline), they used the copper(I) catalyzed alkyne–azide ‘click’ reaction to 

produce the corresponding grafted polycysteines. A higher TCP was observed at higher molar 

masses of polyoxazoline, in agreement with the thermoresponsive behavior of the 

homopolymer. On the other hand, higher molar masses of PCys grafted with the same PiPOx 

length exhibited lower transition temperatures due to the increased hydrophobicity. In the same 

direction, by keeping the same length of polypeptide backbone, longer PiPOx showed lower 

transition temperatures than their shorter counterparts. Much like classical LCST expressing 

polymers, the phase diagram of these graft copolymers showed the typical U-shape transition 

between the soluble and biphasic mixture with respect to concentration in H2O. Furthermore, 

these amphiphilic copolymers self-assembled to form “composite” vesicles. Changing the 

polypeptide to poly(L-tyrosine), Mandal and co-workers synthesized polytyrosine-graft-

poly(2-ethyl-2-oxazoline) (PTyr-g-PEtOx) (Table 4) that displayed LCST at  TCP = 64°C – 

68°C.[144] The same behavior as in the case of the polycysteine-g-polyoxazoline was 

observed: higher molar masses of PTyr showed lower TCP due to higher hydrophobicity and 

lower overall content of LCST exhibiting polymer. The LCST could be further decreased by 

increasing the concentration and/or the DP of PEtOx. 

All these examples of grafted copolymers were designed to self-assemble into different 

nanoobjects, driven by the polypeptide. Indeed, the choice of polypeptides was not only driven 

by their biodegradable nature and the self-assembly was significantly influenced and tuned by 

the polypeptide block, either because they were hydrophobic (PBLG), or they formed insoluble 
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secondary structures (PGA, PCys and PTyr). The self-assembly promoted dye and drug 

encapsulation, while the thermoresponsiveness allowed on demand drug release by heating.  

4.5 Diblock copolymers 

Polypeptides have also been used to prepare di-block copolymers where one block is an LCST 

or UCST polymer. In such designs, the polypeptide block can be prepared via the ROP of NCA 

using a grafting from approach using a thermoresponsive macroinitiator to allow easy workup. 

(Fig. 6) 

Rao and coauthors investigated this grafting-from approach by using monoamine-terminated 

PNIPAM as a macroinitiator for the polymerization of BLG NCA.[145] After deprotection, the 

resulting PNIPAM-b-PGA (Table 4) formed micelles in response to changes in both pH and 

temperature, properties conferred by the PNIPAM and the polypeptide block respectively. At 

room temperature and basic pH, both blocks were soluble but by reducing the pH to more acidic 

conditions the carboxylate side chains were protonated, inducing micellization driven by 

formation of insoluble PGA helices. On the other hand, while the PGA was in its soluble form, 

PNIPAM was aggregated by heating above its TCP (around 32°C) forming the reverse micelle 

with a shell of PGA. (Fig. 7) This was further tuned by only partially deprotecting the BLG 

monomer units. Retaining some hydrophobic benzyl groups allowed thermoresponsiveness to 

be obtained at other pH values and at lower temperatures.[146] (Table 4) Mezzenga’s group 

performed a study with similar polymers but changed the macromolecular engineering to a 

triblock structure. Using PNIPAM with amines at both chain ends, BLG NCA was polymerized 

on both sides in a single step and then deprotected to afford the corresponding PGA blocks. 

This design allowed for hydrogel formation, showcasing the versatility of this type of approach 

to prepare thermoresponsive materials.[147] Following similar methodologies, Huang and 

coauthors used -propargyl-L-glutamate (PLG) NCA and diamine end-capped polypropylene 

glycol (PPG) to produce triblock copolymers (PPLG-b-PPG-b-PPLG). The pendant alkynes 

were further grafted with azido-PEG units and the triblock copolymers formed micelles.[148] 

Zhao et al. extended this principle to replace the PGA block by a polylysine (PLys) 

backbone.[149] In this case, PNIPAM with a terminal amine function was used as a 

macroinitiator for N′-benzyloxy-L-lysine NCA (Lys(Z)-NCA) and the deprotected polymer 

(PLys-b-PNIPAM) (Table 4)  presented a TCP around 32-34°C consistent with PNIPAM 

behavior. This diblock copolymer was also pH-responsive due to the free amine side chains of 

PLys, owing for self-assembly interplay with temperature and pH, much like in the case with 

PGA block but in a higher pH range. 

  

Fig. 7. pH and thermoresponsive diblock copolymers based on polypeptides (in blue) and PNIPAM (in red). The 

water-soluble polypeptides undergo a secondary structure change when the pH is changed (left) and become 

insoluble forming the core of the micelles. In the case of PGA, the carboxylate groups (at high pH) allow for 
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solubilization, and the carboxylic acid groups (at low pH) induce formation of the insoluble α-helix. Inversely, 

PLys has pendant hydrophilic ammonium groups at low pH that, when deprotonated, fold the PLys into the 

hydrophobic micelle core. The PNIPAM block undergoes dehydration upon heating (right) above its TCP forming 

the hydrophobic core of the micelles. This Fig. was adapted from [145] 

A grafting from approach was also achieved from the polypeptide block. Zhang’s group used 

this alternative strategy by polymerizing NIPAM from a PBLG macro chain transfer agent . 

(Table 4) After deprotection, the polymers were water soluble and responsive to both pH and 

temperature as previously described.[150] Mokrus and coauthors have controlled the 

morphology of nanomaterials made of such copolymers by modifying the PGA side chains 

using different saccharides (P(SacLG)-b-PNIPAM) . (Table 4) Interestingly, particles with a 

saccharide corona were smaller than their sugar-free counterparts and the LCST was slightly 

shifted towards higher temperatures. The authors claimed the formation of polymersomes upon 

saccharide grafting and the TCP could be further tuned by changing the substitution degree, the 

size of the saccharide, and its hydrophilicity. Incorporating such saccharides was also useful 

for further cellular recognition in vivo.[151] 

Using another design with acrylates, Lecommandoux and coauthors developed polymeric 

micelles or polymersomes from poly[2-(dimethylamino)ethyl methacrylate]-block-

poly(glutamic acid) (PDMAE-b-PGA). (Table 4)[152] These polymers were prepared by 

copper catalyzed alkyne-azide cycloaddition (CuAAc) click reaction between ω-azido and ω-

propargyl functionalized polymers. By taking advantage of the LCST behavior of PDMAE 

around 40℃ it was possible to form polymersomes by self-assembly above pH 11 making them 

both pH and temperature responsive. The LCST could also be increased with higher PGA 

length as it adds hydrophilicity to the system. With other monomers, Zhang and coauthors also 

developed thermoresponsive nanomaterials by polymerizing BLG NCA with amine end-

functionalized poly(ethyl ethylene phosphate) (PEEP) forming poly(γ-benzyl-L-glutamate)-

block-poly(ethyl ethylene phosphate) (PBLG-b-PEEP) . (Table 4)[153] Upon self-assembly, 

the micellar solutions presented LCST behavior that decreased with high concentration, molar 

mass content and NaCl concentration but were not pH responsive. Poly(γ-glutamic acid) was 

also explored in this design,[154] but these will not be discussed here as these polymers were  

produced by bacterial fermentation and not by synthetic routes. 

Beyond nanomaterials, and taking advantage of the tendency of α-helix and  β-sheet forming 

peptides, [155–157] or polypeptides from NCAs [158,159] to form hydrogels, copolymer 

design was also achieved to make them thermoresponsive.[160] For instance Zhu and coauthors 

synthesized poly(ethylene glycol)-block-poly(O-benzyl-L-threonine) (PEG-b-P(OTre)) (Table 

4) copolymers that were able to form hydrogels at low temperatures (5°C) at high copolymer 

loading (above 12%).[161,162] This was attributable to the formation of β-sheet nanofibers 

that stabilized this structure as verified by FTIR and circular dichroism (CD). As the 

temperature rose, these secondary structures destabilized and formed more spherical 

nanoparticles that transitioned into a “sol” state. On further heating, the thermoresponsive 

behavior of PEG allowed for the formation of a gel due to its dehydration. The low temperature 

gel formation was highly dependent on the length of the threonine block as low DP polymers 

do not form stable secondary structures.[161] Replacing the L-threonine monomer units by L-

tyrosine resulted in thermogelling block copolymers with a transition around body temperature 

. (Table 4)[163] In this case, the authors polymerized benzyl-protected tyrosine NCA from a 

PEG inititator and subsequently deprotected to obtain the desired copolymer. Interestingly, a 

study suggested that soluble compositions could thermogel after prolonged treatment at 

temperatures lower than the critical one. This means that gelation could also be kinetically 
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controlled and there is no clear connection between the secondary structure shift and the 

thermoresponsivness. Hao’s group combined the same PEG block with poly(L-valine), PVal, 

to produce thermogelling copolymers. The formation of β-sheet filaments was induced by the 

PVal segment and contributed to the formation of thermoresponsive hydrogels.[164] Other 

amino acids were later added to this design to implement other properties. For example, by 

sequentially polymerizing Lys(Z)-NCA and Valine NCA from a PEG macroinitiator, 

thermoresponsive hydrogels have been designed with pH responsiveness.[165] (Table 4) 

Terpolymerizing glycine, alanine and isoleucine NCAs from PEG-NH2 macroinitiator also 

afforded hydrogels.[166] These copolymers had much longer polypeptidic blocks (Table 4) 

than other examples while showing similar thermogelling behavior. The polypeptide block has 

a higher β-sheet content at high temperature, and its gelation temperature is dependent on the 

copolymer composition. It is notable that the thermogelling behavior was not reversible on 

cooling and sonication was necessary to retrieve soluble polymers that could be readily 

thermogelled. These hydrogels were further tested for drug loading/release triggered by 

enzymatic degradation.[166]   

Polymerizing L-alanine NCA alone from PEG macroinitiator has also proven useful in such 

applications (Table 4). [167,168] The thermal behavior of the block copolymers could easily 

be tuned by end capping with different hydrophobic moieties and changing the lengths of the 

blocks.[169,170]  The thermal behavior was further tuned by copolymerizing Ala NCA with 

more hydrophobic BLG NCA. (Table 4) In this case, both nano-objects and hydrogels were 

obtained and studied. Block copolymers of PEG and alanine-co-phenylalanine have also been 

studied and formed thermoresponsive organogels in chloroform.[171] Similar behavior was 

also observed in aqueous solutions, where the copolymers (Table 4) underwent a sol to gel 

transition on heating.[172] The key role of β-sheets was showcased in this design by 

introducing D-Alanine monomer units to disrupt the secondary structure. This considerably 

increased the transition temperatures due to the resulting increased solubility.[173] However, 

the loss of secondary structure had little effect on the hydrogels’ mechanical properties. 

Thermogelling behavior was also obtained with PGA backbones. Chen’s team prepared a series 

of alkyl glutamates and ring opened the corresponding NCAs using PEG-NH2.[174,175] They 

showed that shorter alkyl chains like methyl and ethyl had lower transition temperatures than 

longer ones like n-propyl and butyl. (Table 4) This was explained by the easier β-sheet 

formation for the monomer units with the smaller alkyl chains. It was also shown that the 

alkyne group on PPLG’s pendant chain could be used for clicking moieties that could form 

similar thermogelling polymers. In this way extra functionality could be added to the polymer 

for example by adding bioactive moieties like sugars or biotin[176] (Table 4) Another non-

natural amino acid known to give β-sheet secondary structures gave similar results.[177] 

Triblock copolymers of oligomers of allylglycine and PEG showed thermogelling behavior 

even at high temperatures. (Table 4) Beyond β-sheets, helical polypeptides were less effective 

at promoting hydrogel formation in response to changes in temperature. PEG-b-peptides 

formed gels at room temperature and had modulus change at higher temperature. In the 

examples above, although the PEG block is thermoresponsive, the behavior is arguably due to 

the peptide block that changes its conformation upon heating. Nonetheless, the thermal 

behavior of such secondary structures is not yet proven, and the behavior might stem from the 

interaction between the PEG, the peptidic backbone’s secondary structure and the solvent.[160] 

Indeed, given the high copolymer loading, it seems this behavior is consistent with the known 

thermosensitivity of PEG.[178] 
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-TABLE 4 – Structures and thermoresponsive properties of graft or block copolymers between polypeptides and 

thermoresponsive polymers 

Polymer structure (in green: thermoresponsive 
polymer, in black polypeptide polymer and in 

red linkers and/or modifications) 

Amino 
acid 

LCST TCP(°C) 
and conditions 

UCST TCU(°C) 
and conditions 

Ref 

 
PGA-co-P(GA-g-PNIPAM) 

glutamic 
acid 

25°C – 35°C 
Depending on 
pH and Mw 

- [140] 

 
P(NIPAM-co-NAS)-g-PBLG 

glutamic 
acid 

35.5°C - [141] 

 
PGA-co-(PGA-g-PNIPAM)-co-(PGA-g-

PHEMA). 

glutamic 
acid 

32°C – 37°C - [142] 

http://dx.doi.org/10.1016/j.progpolymsci.2023.101752


Author version of article published in Progress in Polymer Science 147, 101752 (12/01/2023) 

29 
 

 
PCys-g-PiPOx 

cysteine 

36°C – 50°C 
depending on 

Mw and 
concentration 

- [143] 

 
PTyr-g-PiPOx 

tyrosine 

64°C – 68°C 
depending on 

Mw and 
concentration 

- [144] 

 
PNIPAM-b-PGA and PNIPAM-b-P(GA-co-

BLG) 

glutamic 
acid 

If x = 1 32°C 
If x < 1 

21°C – 40°C 
depending on pH 

and x values 

- 
[145,1

46] 

 
PNIPAM-b-PLys 

lysine 
32°C – 36°C 
depending on 
PLys length 

- [149] 
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PGA-b-PNIPAM 

glutamic 
acid 

32°C – 39°C 
depending on pH 

- [150] 

 
P(SacLG)-b-PNIPAM 

glutamic 
acid 

32°C – 39°C 
depending on the 

grafted 
saccharides 

- [151] 

 
PDMAE-b-PGA 

glutamic 
acid 

36°C – 48°C 
depending on 

PGA length and 
pH 

- [152] 

 

 
PEEP-b-PBLG 

glutamic 
acid 

29°C – 37°C 
depending on 
MW, salt and 
concentration 

- [153] 

 
PEG-b-PBLT 

threonine 

Sol to Gel 58°C 
– 64°C 

depending on 
Mw and the 

concentration 

Gel to Sol 7°C 
– 10°C 

depending on 
the Threonine 

units 

[161] 
[162] 
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PEG-b-PTyr 

tyrosine 

Sol to Gel 50°C 
– 25°C 

depending on 
concentration 

- [163] 

 
PEG-b-PVal 

valine 

Sol to gel 58°C – 
64°C 

depending on 
Mw and the 

concentration 

- 
[164] 

 

 
PEG-b-PLys-b-PVal 

lysine and 
valine 

Sol to gel 25°C – 
65°C 

depending on the 
concentration 

and pH 

- [165] 

 
PEG-b-P(Ala-co-Gly-co-Ile) 

alanine, 
glycine and 
isoleucine 

Sol to gel 18°C – 
90°C depending 
on copolymer 

composition and 
concentration 

- [166] 

 
PEG-b-PAla 

alanine 

Sol to gel 5°C – 
40°C depending 
on concentration 

and Mw 

- 
[167,1
69,17

0]  

 
PEG-b-P(Ala-co-BLG) 

alanine and 
glutamic 

acid 

Gel contraction 
with increasing 
temperature. No 
clear transition. 

zzz- [167] 

 
PEG-b-P(Ala-co-Phe) 

alanine and 
phenylalani

ne 

Sol to gel 
10°C - 40°C 

depending on the 
weight fraction 
and molecular 

weight 

- 
[172,1

73] 
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PEG-b-P(D,L-Ala-co-Phe) 

D,L-alanine 
and 

phenylalani
ne 

Sol to gel 
20°C - 80°C 

depending on the 
weight fraction 
and D:L ratio 

- [173] 

 
PEG-b-PalkLG 

glutamic 
acid 

Sol to gel 
11°C – 65°C 
depending on 

R=Me>Et>iPr>B
u 

- 
[174,1

75] 

 
PEG-b-P(PLG-co-P(Gala or Biotin)G) 

 

glutamic 
acid 

Sol to gel 20°C -
30°C 

broad transition 
- [176] 

 
PAG-b-PEG-b-PAG 

allylglycine 

Sol to gel 80°C - 
96°C depending 
on concentration 
and molecular 

weight 

- [177] 

 
ELP-b-PGA 

glutamic 
acid 

45°C – 70°C 
depending on 

Mw and 
concentration 

- [179] 

 

Peptide polymers have unique biomimetic properties. The use of polypeptides coupled to 

classical thermoresponsive polymers is a common approach to prepare thermoresponsive 

polypeptides. In these polymers, the polypeptide brings an additional contribution, notably 

thanks to its stimuli-responsive conformational rigidity (nanomaterials, gels, etc.). This design 

seems to be of great interest in many applications, especially in nanomedicine. To go further 

in the biomimicry, emerging approaches show an interest in replacing classical synthetic 

polymers by peptidic polymers in order to produce even more biocompatibility. For example, 

ELPs have recently been used as macroinitiators to polymerize BLG-NCA, producing diblock 

copolymers (Table 4)  with only amino acids in the backbone.[179] When deprotected the 

copolymer was water soluble and upon heating the ELP collapsed due to the formation of β-

turns. This thermal transition was influenced by the length of the polyglutamate block, having 

a higher TCP and a broader transition than the native ELPs. Based on this example, the 
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remainder of the review presents how ring-opening polymerization can also be used to prepare 

polypeptide polymers with a backbone composed entirely of amino acids.  

 

5. THERMORESPONSIVE POLYPEPTIDES AND PEPTIDOMIMETICS 

At the crossroads between synthetic polymers and natural proteins such as IDPs, polypeptide 

polymers can themselves be thermoresponsive. The different examples and structures 

associated with this property are described in detail in this final section of the review which 

shows how different structural leverages can be put in place to achieve this property (side chain 

modification, peptoidic backbones and copolymerization). 

5.1 Thermoresponsiveness through polypeptide side chain modification 

The simplest way to make a polypeptide backbone thermoresponsive, as with conventional 

thermoresponsive polymers, is to functionalize the side chains of the amino-acid repeating units 

by introducing functionalities (ethylene glycol units, etc.) that are known to provide this 

property. This approach therefore involves the modification of the polypeptide backbone on 

the side chain, a modification that can be achieved following two different approaches (Scheme 

3):  

a) synthesizing amino acids with the desired side chain before making the NCAs and 

polymerizing them. 

b) modifying the polymer using post-polymerization chemistry to introduce the stimuli 

responsive group.  

 

Fig. 8. Side-chain modified polypeptides and their thermoresponsive behavior. The stimuli responsiveness stems 

from the functions introduced on the side chain. The LCST/UCST is expressed depending on their entropy and 

water (red and white balls) solvation interactions at different temperatures. The polypeptide is confined and 

surrounded by dehydrated LCST/UCST side-chains at maximum entropy. The side-chains rehydrate as entropy 

decreases. 

However, the thermoresponsive behavior of the polypeptides is often influenced by the 

conformation of the polypeptide backbone. PGA and PLys have been the two most studied 

polypeptides in the literature to achieve the modification of the lateral chains as developed in 

the next two sections of the review. 
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Scheme 3. Two synthesis pathways can be used to introduce thermoresponsive behavior to polypeptide 

backbones. Pathway a corresponds to the addition of a thermoresponsive moiety to an amino acid while pathway 

b relies on post-polymerization functionalization of polypeptides with a thermoresponsive moiety. The amino 

acids used all have side group functionalities (from top to bottom): glutamic acids, aspartic acid, lysine, cysteine, 

methionine and allylglycine. The thermoresponsive moieties confer either LCST, UCST or both behaviors. In the 

last case the behaviors may be observed on the same polymer or separately on different polymers. 
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5.1.1 Polyglutamate: 

As with polymers obtained by radical polymerization processes, modification with 

oligoethylene glycol units (OEG) is an effective means to introduce thermosensitivity.[110] 

Grafting OEG onto polyglutamate derivatives has for instance provided easy access to tunable 

and versatile thermoresponsive polypeptides. In a representative example, Li and co-authors 

used OEG units to modify the lateral chain of glutamic acid before NCA synthesis (strategy a 

in Scheme 3) and successfully polymerized these new monomers by ROP to afford poly(γ-

(oligoethylene glycol)-L-glutamate) PEGxLG (Table 5).[180,181] The authors reported that 

grafting a single ethylene glycol unit produced non water-soluble polymers, while grafting di- 

or tri-ethyleneglycol units afforded water-soluble ones.  These last polymers presented LCST-

type behavior with a TCP of around 32°C and 57°C for PEG2LGand PEG3LG, respectively, 

showing that increasing the ethylene glycol side chain length increased the TCP. Nevertheless, 

the PEG2LG LCST behavior was not fully reversible and the transition occurred over a broad 

range of temperatures. The authors attributed this behavior to the secondary structure of the 

polypeptide backbone which in the case of PEG2LGshowed a high content of β-strand that 

increased with time and use. In marked contrast, PEG3LG showed 100% helicity in water over 

the whole range of temperatures. This hypothesis corroborated the β-sheet secondary structure 

of the insoluble polymers and copolymers containing EG1-Glu units. Overall, only the α-helical 

conformation of the polypeptide backbone allowed for a regular OEG shell and solubilization 

in water. Upon heating, this outer shell collapsed due to the decreasing interaction with the 

water thus inducing aggregation. The importance of the α-helix was further proven by 

synthesizing a copolymer containing L- and D- glutamate units that adopted a random coiled 

disordered state in water with no LCST behavior. OEG containing polypeptides were also used 

to formulate hydrogels when the ROP was achieved from a PEG block as 

macroinitiator.[182,183] Dong and Liao followed the same synthetic strategy and synthesized 

PEG2LG(Table 5) with different polymerization degrees, DP = 29-135.[184] The different 

polymers presented LCST in the range of TCP = 34 - 36°C, with irreversible liquid crystal 

transitions above 100°C that have been extensively studied for this class of polymers.[185,186] 

Interestingly, when molar masses were increased, the polypeptides adopted different 

morphologies, following the order spherical > micelles > worm-like micelles, a behavior 

attributable to an α-helix to β-sheet transition. However, all polypeptides showed irreversible 

aggregation after several heating and cooling cycles as the α-helical structures were irreversibly 

transformed into non-soluble β-sheets.[180]. To counterbalance β-sheet formation, Klok’s 

group prepared brush-like copolymers based on this design. In this case, the thermal behavior 

of the polymers was retained as the helicity was maintained due to the close packing of the 

helices.[187] Copolymerization proved to be another good solution to counterbalance β-sheet 

formation. Yu and coauthors showed that introducing alanine units in a molar ratio between 

15% and 31% preserved the TCP in a similar temperature range while maintaining the helical 

structure. (Table 5) These copolymers displayed a slight hysteresis in their thermoresponsive 

behavior and PEG was also used as macroinitiator to promote thermogelling properties.[188] 

Copolymerization with leucine monomer units provided similar results. The copolymers 

possessed a first block of pure PEG2LG and a second block containing a mixture of leucine 

and EG1LG or EG2LG units. (Table 5) The length and composition of each block as well as the 

monomer distribution in the second one determined water solubility, LCST and thermogelling 

behavior.[189]  

Chen and co-workers developed libraries of grafted thermoresponsive PGA using another 

interesting strategy, by clicking azido-OEG onto previously polymerized PPLG to produce 
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poly(γ-(4-(oligoethylene glycol)-1,2,3-triazol-1-yl)-L-glutamate)  PEG2-3TLG . (Table 5)[190] 

In contrast to the copolymers produced by Chen et al., all the polymers showed α-helical 

secondary structure independent of the molecular weight and the nature of the grafted OEG. 

They thus studied the effect of polymerization degree and grafted units’ nature on the TCP, 

obtaining transitions in a range of 22-74°C. The LCST was further tuned by using salts and by 

changing the polymer concentration. The polypeptide backbones were nontoxic and were 

susceptible to enzymatic degradation, in contrast to classical LCST polymers. Heise’s group 

also clicked OEG units and saccharides units concomitantly on the pendant chains and reported 

similar thermoresponsiveness with the glycopolypeptides.[191] (Table 5) Similarly, azido-

OEG clicked polymers were developed with slightly longer alkyl chains in the linker.[192] 

(Table 5) The authors showed that incorporating BLG units in the backbone could be used to 

tune the LCST behavior. This last study showed that higher BLG content was correlated with 

less helical structure in the copolymers which induced lower transition temperatures. This is 

also consistent with the increased hydrophobicity of BLG units compared those bearing OEG. 

Thermoresponsive OEG-polypeptides have also been designed by Tang and co-authors using 

poly(γ-4-(propargoxycarbonyl)benzyl-L-glutamate) (PPOBLG) or poly(γ-4-(4-

propargoxyphenoxycarbonyl)benzyl-L-glutamate) (PPOPhBLG) and click chemistry to afford 

various grafted copolymers bearing OEG3-7 (Table 5) and different hydrophobic linking 

groups. [193,194] Polymers with longer OEG chains were soluble in water and presented LCST 

behaviors influenced by the hydrophobic nature of the different linkers, the polymer 

concentration or the addition of salts. The authors also showed that all synthesized polymers 

displayed UCST behavior in alcohol-water mixtures in a temperature range of TCP = 45-70°C 

depending on the alcohol type and concentration. The authors further grafted azidohexanal onto 

the polymer backbone and crosslinked it using 1,6-hexanediamine. This polymer demonstrated 

stable behavior in the range of pH = 2.0-5.8 with an LCST around 27°C. Due to the labile imine 

bond, however, when the pH was higher than 6.15 the LCST completely disappeared, and the 

polymer was completely soluble 

Xu and coauthors developed similar charged, helical poly(γ-4-azidomethylbenzyl-L-glutamate) 

based polymers. Similarly to the previous studies, they clicked alkyne-terminated OEG7 onto 

the pendant chains to afford thermoresponsive side chains. The results for this polymer were 

consistent with the other reported polymers, showing the variety of possible methods to induce 

thermoresponsivity to glutamate-based polymers with OEG side chains. The authors then 

modified the polymers further by alkylating the triazole ring to form an alkyltriazolium salt. 

Different alkyl substituents conferred different LCST behavior to the polymers, but only 

polymers having BF4
- as counterions showed LCST behavior in aqueous media. (Table 5).[195] 

The cloud point could be decreased by increasing the polymer concentration or adding NaBF4. 

To further tune the LCST, the alkyl side chain was elongated, decreasing the transition 

temperature by adding more hydrophobicity. 

Using thiol-yne chemistry Li and co-authors reported the use of PPLG and Y-shaped OEG 

pendants to confer LCST.[196] (Table 5) These polymers retained helical secondary structure 

at temperatures lower than TCP. Interestingly, polymers lost all thermal behavior when the thiol 

group was oxidized to a sulfone or even further to a sulfoxide. The same authors further 

reported multi-responsive copolypeptides by using the copolymer poly(γ-propargyl-L-

glutamate-co-γ-benzyl-L-glutamate). Orthogonal deprotection of the benzyl groups conferred 

pH responsiveness, while thermoresponsive properties were obtained by conjugation of the 

pendant propargyl group to thiol-terminated triethylene glycol monomethyl ether (OEG3) 

(Table 5). The random copolymers showed an LCST influenced by the pH and the overall 
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charge of the polypeptide: at higher pH, the LCST could not be observed as the carboxylate 

groups made the copolymer highly soluble.[197] Furthermore, the helical structure of these 

polymers, when present, persisted for up to 10 heating/cooling cycles. Using thioether linkages, 

Li and co-authors developed a series of LCST-type poly(-allyl-L-glutamate) (PALG) that were 

functionalized with S-OEG (Table 5).[198] Varying the number of EG repeating units from 

three to four led to an increase in LCST of 26°C at DP = 125 due to the increase in 

hydrophilicity. Increasing molar mass also led to a small decrease in LCST: for DP = 68 TCP = 

7.6°C, and DP = 125 TCP = 5.5°C. The thioether linkage further allows the polymers to be 

oxidation responsive. Once oxidized to sulfoxide or sulfone, they lost the LCST feature because 

of the increased hydrophilicity. Tang’s group reported the synthesis of PEG7TSPOBLG with a 

longer hydrophobic spacer (Table 5) having an LCST. This thermoresponsive behavior was 

only weakly dependent on the polymer concentration but was readily tuned with the molecular 

weight and the oxidation state of the thioether linkage.[199] The same group prepared 

thermoresponsive polymers based on polyglutamate bearing azobenzene and S-OEG pendant 

groups PEG7SOXAzoTPLG.[200] (Table 5) These polymers exhibited UCST type behavior in 

EtOH/water that could be tuned by light irradiation due to cis-trans isomerization of the 

azobenzene. The oxidized polymer presented a less pronounced UCST in the solvent mixture 

and an LCST around 67°C in water at 1%wt concentration but the behavior was not completely 

reversible. 

Following a similar methodological approach, Heise and coauthors synthesized block 

copolymers based on benzyl-L-glutamate and tert-butyl-L-glutamate monomer units. After 

selective deprotection of the tert-butyl groups, the glutamic acid blocks were functionalized 

with OEG that conferred LCST properties.[201] All the polymers adopted helical structures 

stabilized by the OEG pendant groups but only the copolymer with the lowest repeating blocks 

((BG)5-(EG10LG)5)4 (Table 5), demonstrated an LCST at 60°C.  

Y-shaped pendant OEG groups grafted onto poly(γ-4-(allyloxycarbonyl)benzyl-L-glutamate) 

(PAOBLG) backbone also showed LCST behavior close to body temperature.[202] PAOBLG 

(Table 5) bearing diethyleneglycol units presented an LCST at 37.5°C while increasing the 

number of EG units led to an increase of around 9°C per unit of the LCST. Interestingly, these 

Y-shaped decorated polypeptides showed LCST at much higher concentrations than their linear 

counterparts allowing for finer tuning of the temperatures. As the authors showcased for 

example, a transition close to body temperature could easily be targeted using these strategies. 

Tang and coworkers developed star-shaped thermoresponsive polypeptides. In this design, 

triblock polymers were prepared from two OEG-bearing glutamate blocks around a central 

PPG (Table 5) .[203] The copolymers demonstrated LCST behavior, forming nanomaterials at 

temperatures of 43.7 and 17.6°C for OEG2 and OEG4 respectively. Cell viability was 

demonstrated at 0.5 and 1 mg /mL for OEG2 and OEG4 respectively. Also, the polymers were 

partially degraded by proteinase K after 12 hours as demonstrated by SEC chromatography. 

Overall, the use of OEG grafted on glutamate backbones provides tunable thermoresponsive 

polypeptides. This responsiveness arises from the presence of the side chains: when the OEG 

chains get dehydrated at higher temperatures, the aggregation is enhanced by the stabilization 

of water-insoluble secondary structures of the polyglutamate backbone. These 

thermoresponsive building blocks have been used to formulate copolymers for different 

applications. For example, surgical adhesives have been developed by copolymerizing EG2LG 

NCA with L-DOPA, L-arginine, L-cysteine, and ε-N-acryloyl-L-lysine based NCAs.[204] 

Another study used a thermoresponsive block (PEO-b-PPO-b-PEO) instead of the glutamate 
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monomers to produce similar results.[205] The TCP was in both cases tuned around 37°C and 

the adhesives have shown promising results in vivo. 

Other works approach the preparation of functionalized polyglutamate by first synthesizing the 

functional monomers. Tang’s team modified glutamic acid on its side chain with a 

trithiocarbonate moiety bearing different lengths of OEG. The corresponding NCAs were 

successfully polymerized to produce the thermoresponsive polymers. (Table 5) These 

polypeptides showed LCST behavior in the temperature range of 23-55°C with helicity 

controlled by the backbone length.[206]  

Grafting other thermoresponsive groups than OEG has also been investigated. Chen and co-

authors developed a PPLG grafted with (2-methoxyethoxy)ethyl-methacrylate (MEO2MA) or 

2-(2-(2- methoxyethoxy)ethoxy)ethyl-methacrylate (MEO3MA) by click chemistry. (Table 5) 

The LCST could be tuned through the co-grafting of both MEO2MA and MEO3MA with 

different DPs. Adding more MEO3MA led to a gradual decrease in the α-helical conformation 

due to steric hindrance. Yet all copolymers showed LCST behavior in the range of 19.9-40.8°C, 

showing a linear correlation between the TCP and the MEO3MA content in physiological saline. 

[207] 

3-Methylthiopropyl glutamate NCAs were also used to prepare LCST polypeptides via post-

polymerization grafting.[208] Upon ROP, the polymer was functionalized by alkylation of the 

methylthio group giving the corresponding sulfonium species (PMeS+X-PLG) (Table 5). This 

alkylation led to thermoresponsiveness in alcoholic solutions depending on the counterion. In 

particular, the authors introduced an alkyne moiety that was further functionalized using 

CuAAC click chemistry to introduce ethylammonium side chains. (Table 5) This function 

allowed the polypeptides to be water soluble at pH<7.4 where the ammonium was protonated 

while at higher pH the polymers showed UCST-type behavior.[208] 

Introducing imidazolium side chains also led to thermoresponsive behavior. For this purpose, 

the same group polymerized (chloropropoxycarbonyl)-benzyl-L-glutamate NCA and 

subsequently substituted the chlorine with an azide group.[209] The latter was easily clicked 

with 3-butyl-1-propargylimidazolium bromide to obtain the final polypeptide (Table 5). 

Changing the counteranion produced UCST behavior in both EtOH and water. It was also 

possible to start similar synthesis from poly(allyl-L-glutamate) by modifying it to poly(γ-2,3-

dibromopropyl-L-glutamate) by bromination of the allyl.[210] The bromide units could be 

transformed into azides that were further clicked with moieties bearing the imidazolium units 

(Table 5), The resulting doubly-functionalized polymers had transition temperatures 5°C lower 

than their mono-functionalized counterparts. 

A thermo- and light-responsive modified polyglutamate was developed by adding 1-

butylimidazolium pendant groups to a triethylene glycol/azobenzene side chain. The resulting 

polypeptides still exhibited UCST in ethanol and water/ethanol mixture, while one polymer 

exhibited UCST in aqueous NaI solution. The transition temperature of the produced 

PPTAzoBuIm+X-LG (Table 5) increased with increasing NaI concentration in the range of 

10°C to 90°C.[211] Incorporating this polymer in hydrogels allowed for better drug release, 

which could be tuned by temperature and UV irradiation of the azobenzene linkage.  

Tang and coworkers also tested other functional groups: adding amide functions produced 

UCST behavior via the formation of hydrogen bonding networks.[212] Similarly, the addition 

of azidoalkanes was at the origin of UCST behaviors in alcohols and water/ethanol mixtures . 

(Table 5)[213] All these polypeptides adopted helical structures while some of the results 
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obtained with these classes of polypeptides suggested possible applications in the formulation 

of hydrogels for drug delivery.[214,215] 

In another study, grafting γ-4-chloromethylbenzyl-L-glutamate with imidazolium salts 

produced many different UCST-type polymers. By changing the alkyl group of the 

imidazolium moiety and the counter ion, the UCST could be tuned from 25°C to 55°C. All 

polymers showed a helical structure at all temperatures. The choice of the counter anion and 

the hydrophobic side chain thus played the major role in stabilizing the interaction with water 

and the phase transition. Poly(γ-4-chloro-methylbenzyl-L-glutamate) (PCMeBLG) was also 

functionnalized with 1-butylimidazolium-X- (PBuIm+X-MeBLG) (Table 5) pendant groups to 

exhibit UCST behavior.[216] These polymers showed highly helical structures that were not 

disrupted by changes in temperature. In a subsequent study they obtained similar results with 

pendant pyridinium groups.[217] (Table 5) Only pyridinium groups with methyl substituents 

and in the presence of BF4
- exhibited this behavior in both MeOH and water. The presence and 

the position of the methyl on the aromatic ring provided new leverage to modify the UCST. In 

another study, the same authors showcased similar results by functionalizing poly(γ-6-

chlorohexyl-L-glutamate) to give PPTBuIm+BF4
-LG . (Table 5)[218] 

The same group showed the possibility of conferring antibacterial and UCST activity on the 

same backbone.[199] Modified PBLG having both a thioether bond and chlorine endgroup was 

used to produce a polypeptide with pendant imidazolium groups. Helical PBuIm+BF4
- 

SPOBLG (Table 5) demonstrated a UCST close to the body temperature and inhibited growth 

of S. aureus (6 mg/mL) thanks to the hydrophobic spacer combined with the ionic moieties 

present. The UCST could be tuned through oxidation of the thioether by the addition of H2O2 

while maintaining the antibacterial activity. 

Poly(γ-propargyl-L-glutamate) has also been coupled with less common moieties such as 

(dialkylamino)alkyl substituents. Polymers with an ethyl linker and bearing 

(diethylamino)ethyl (DEA), (diisopropylamino)ethyl (DPA) (cyclopentylamino)ethyl (PR), 

(cyclohexylamino)ethyl (PD) and (cycloheptylamino)ethyl (HEA) side chains showed dual 

thermo- and pH-responsiveness . (Table 5)[219] These polymers bearing more hydrophobic 

moieties underwent aggregation when the pH was increased due to the ammonium group 

deprotonation of the side chain. Thermal aggregation was only observed in the case of the more 

hydrophobic side chains. Thus, the polymers with the most hydrophilic side chains were neither 

pH nor thermoresponsive and stayed soluble in all the studied conditions. This was 

counterbalanced by using more hydrophobic (longer or bulkier) linkers than the ethyl group: 

PGA bearing (dimethylamino)isopropyl (ipDMA) and (dimethylamino)-2-methylpropyl 

(mpDMA) on its side chain showed dual responsiveness while their ethyl linker counterparts 

didn’t. These pH responsive polymers showed an LCST at specific pH values. The TCP was 

increased by decreasing the pH, whilst keeping the value between the pKa and the pH transition 

point. This proved harder for more hydrophobic moieties such as DPA and HEA with a very 

narrow usable pH range. Such findings exploring different side chains while changing the 

linker lengths, the hydrophobicity, the number of carbons, and their dispositions provided a 

wide range of thermoresponsive behavior. The same group further developed thermogelling 

polymers by coupling the polypeptide to a PEG block, [220] and γ-PGA also produced an 

LCST.[221] Yet doing so with the α-glutamate produced unexpected UCST behavior.[222] 

The authors partially functionalized PGA with different amines. (Table 5) The remaining free 

carboxylic groups and the newly formed amide bonds on the side chains created a hydrogen 

bond network that was disrupted at higher temperatures. The phenomena showed hysteresis 

during the cooling part. These organized aggregates at lower temperatures were favored by the 
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α-helical structure of the copolymers. This was corroborated by the absence of thermal 

behavior for racemic analogues.[222] 

Another original thermoresponsive moiety showed UCST behavior in EtOH/water mixtures 

when introduced on glutamate side chain. By incorporating iodide as a counterion to a 

triazolium moiety bearing a hydrophobic group, the resulting polypeptide exhibited 

thermoresponsiveness . (Table 5)[223]  Introducing mannopyranoside and/or biphenyl pendant 

groups had similar effect . (Table 5)[224] These glycopolypeptides showed UCST behavior in 

higher water contents than the previously discussed counterparts. Finally, another group of 

polymers based on polyglutamate backbone displayed both UCST and LCST. Tang’s group 

grafted polyglutamate with diethylene glycol and tributyl phosphonium iodide PBu3P+X-

DEGLG . (Table 5)[225] The polymer with DP = 80 showed an LCST near 42°C and UCST 

behavior above that temperature in aqueous solutions of 2 mg/mL and 0.01 mol/L NaI. Also, 

they observed that a shorter polymer (DP = 48) showed an LCST of 32°C, a difference of 10°C 

in comparison to DP 80 at the same conditions. They further developed a large set of polymers 

displaying different thermoresponsive behavior depending on the linker, the counter ion and 

the phosphonium substituents (Table 5). [225]  

-TABLE 5 – Structures and thermoresponsive properties of polyglutamate based polypeptides with 

thermoresponsive side chain modifications 

Polymer structure (in green: 

thermoresponsive modification, in black 
polypeptide polymer and in red linkers 

and/or modifications 

LCST TCP (°C) and 
conditions 

UCST TCU (°C) and 
conditions 

Ref 

 
PEGxLG 

32°C – 57°C 
depending on EG length 

- 
[180,
181] 

34°C – 36°C 
x=2, depending on Mw 

- [184] 

 
PEG2LG-co-PAla 

27°C – 52°C 
depending on overall Mw and 

n:m ratio 
- [188] 

 
PEG2LG-b-PEG1-2LG-co-PLeu 

20°C – 40°C  
depending on Mw and 

copolymer composition and 
structure 

- [189] 
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PEG2-3TMeLG 

22°C – 72°C 
depending on Mw and 

concentration 
- [190] 

 
PEG2-3TMeLG-co-PTGalTMeLG 

18°C – 85°C 
depending on galactose 

content 
- [191] 

 
PEG3TPLG-co-PBLG 

22°C – 53°C 
depending on BLG content 

- [192] 
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PEGxTPOBLG 

10°C – 45°C 
depending on pH 

- 
[193,
194] 

 

 
PEGxTPOPhBLG 

35°C – 70°C 
depending on salt, and alcohol 

concentration 

In alcohol/water 
mixtures 

40°C - 85°C 
[194] 

 
PEG7TAlk+BF4

-MeBLG 

40°C – 75°C 
depending on concentration, 

salt, and alkyl chain 
- [195] 
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P(EGxS)2LG 

20°C – 48°C depending on 
Mw and OEG length 

- [196] 

 
PGA-co-PEGxSPLG 

25°C – 55°C 
depending on pH 

- [197] 

 
PEG2SPLG 

10°C – 49°C - [198] 

 

 
PEG7TSPOBLG 

15°C – 60°C 
depending on oxidation degree 

of the thiol group 
- [199] 

 
PEG7SOXAzoTPLG 

67°C 
irreversible 

 

5°C - 10°C 
in EtOH/H2O 

[200] 

 

60°C - [201] 
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((BG)5-(EG10LG)5)4 

 
P(TEGx)2POBLG 

37.5°C - [202] 

 
PEGxTPOBLG-b-PPrOH-b-PEGxTPOBLG 

43.7°C  [203] 

 
PEG2S3MeBLG 

23°C – 55°C depending on l,m 
and n values 

- [206] 

 
P(MEO2-3MA)nTMeLG 

19.9°C - 40.8°C 
depending on Mw 

- [207] 

 
PNTMeS+BF4

-PLG 

- 
10°C – 60°C 

pH=7.42 – 7.80 
[208] 
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PBuIm+X-TPOBLG 

- 
5°C – 45°C 

depending on the Mw 
and counterion 

[209] 

 
P(BuIm+BF4

-T)2LG 

- 
15°C – 30°C 
depending on 
concentration 

[210] 

 
PBuIm+X-AzoTPLG 

- 

in EtOH/H2O and in 
aqueous conditions 

 10°C – 90°C 
depending on 

concentration and 
counterion 

 

[211] 

 
PAmTPOBLG 

- 

25°C – 55°C 
depending on 

functionality and 
concentration 

[212] 

 
PAlkTPPOBLG 

- 

in EtOH/H2O  
40°C – 75°C 

depending on alkyl 
chain and water 

content 

[213] 
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PBuIm+X-MeBLG 

- 
40°C – 70°C 
depending on 

counterion 
[216] 

 
PBuIm+BF4

-TPLG 

- 
21°C – 35°C 
depending on 
concentration 

[218] 

 
PBuIm+BF4

- SPOBLG 

- 

35°C – 70°C 
depending on 

concentration and 
counterion 

[199] 

 
PAlkAmTMeLG 

17°C – 65°C 
depending on pH and 
sidechain modification 

- [219] 

 
PAlkLGAm-co-PGA 

- 
 

25°C – 50°C 
depending on 

copolymer 
composition and pH 

[222] 
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PpTolTMe+I-PLG 

- 

in EtOH/H2O 
10°C – 45°C 

depending on Mw and 
concentration 

[223] 

 
PbiPhTPLG-co-PManTPLG 

- 

in EtOH/H2O and 
MeOH/H2O  
10°C – 50°C 
depending on 

copolymer 
composition and 

concentration 

[224] 

 
PBu3P+X-DEGLG 

X=I in H2O 
30°C – 40°C < TCU 

if X=BF4 

only TCU = 10°C – 90°C 
depending on the molecular weight and concentrations 

of polymer and salts, TCP and TCU increase with Mw 

[225] 

 
PPe3P+X-DEGLG 

- 
X=I or BF4 in PBS 
TCU = 20°C – 65°C  

 
PBu3P+X-PeLG 

- 
X=I or BF4 in PBS 
TCU = 65°C – 90°C 

 

Glutamate-based polypeptides present a wide variety of approaches to introduce 

thermosensitivity. The discussion in this review and Table 5 illustrates this point well showing 

LCST and UCST behavior, sometimes with the same polymer and with transition temperatures 

ranging from 10°C to 90°C. Side chain substituents and the surrounding environment play a 

major role in the behavior, and solvent type, concentration, and ionic strength are parameters 

that contribute greatly to the thermosensitivity. These biocompatible thermoresistant polymers 
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have shown promise for biomedical applications.[226] Besides polyglutamates, other 

polypeptide backbones bearing reactive side chains have also been studied intensively, as 

presented in the following paragraphs. 

5.1.2 Polylysine 

The amine groups on the side chains of poly(L-lysine) (PLys) provide another approach 

towards thermoresponsive polypeptides. Tsitsilianis and coauthors have for instance used the 

aza-Michael addition reaction to graft N-isopropylacrylamide monomer units on the pendant 

amines of PLys. (Table 6) The grafting density was tuned to retain some unprotected free 

amines that give the polymers pH-responsiveness. Low levels of grafting (around 29%mol) 

induced an LCST at a temperature around 54°C, but when heated further resulted in a gel due 

to an α-helix to β-sheet transition of PLys. Increasing the NIPAM ratio to 69% mol decreased 

extensively the LCST to a temperature of 32°C at pH levels from 5 to 11 (close to that of homo-

PNIPAM) and no gel was formed due to disruption of the PLys secondary structure. Adding 

further NIPAM substituents further decreased the transition temperature. At lower pH the 

amines were completely protonated and no LCST was observed due to the increased 

hydrophilicity of the charged moieties. This could be counterbalanced by the addition of salts, 

and a cloud point was observed at pH as low as 8.8 in the presence of 2 M NaCl. [227] 

Another example involving PLys backbone involved the polymerization of (Boc-NH-

oxyacetoacetate)-Lys-NCA. After deprotection, the polymer was grafted by imine linkage of 

(3,4,5-oligoethyleneoxide) benzaldehyde with first- and second-generation dendrimers. (Table 

6) The polymers demonstrated LCST similar to that of the dendrimers alone in the range of 31-

36°C. The LCST was further decreased by increasing the length of the polypeptide chains 

whilst keeping a similar dendrimer content. Grafting the dendrimers to the side chain amines 

of the polypeptides allowed -helical secondary structuring even at pH levels < pKa where 

normally PLys is in a random coil conformation. The dehydration of the dendrimers above the 

TCP induced the helicity as seen by circular dichroism. These thermoresponsive copolymers 

were further modified on the lysine side chain with phenylboronic acid capable of reacting with 

catechol moieties. This thermo-switchable detector was applied to the detection of bioactive 

dopamine.[228] 

5.1.3 Polycysteine 

Li et al. developed a thermoresponsive polymer based on polycysteine with OEG2-4-disulfide 

bond side chain. PEGxSSCys predominantly adopted β-sheet conformations. Upon heating, 

these polymers formed aggregates that were not soluble upon cooling the samples, conferring 

an irreversible LCST behavior. Adding DMF to the aggregated solutions only swelled the 

aggregates suggesting that chemical crosslinking through intermolecular disulfide interchange 

had taken place. Using a PEG-NH2 macroinitiator to polymerize EG4SSCys NCA gave an 

irreversibly thermogelling polymer in dilute solution[229] However, introducing thioether 

linkages led to reversible LCST behavior and oxidative responsiveness as demonstrated by 

implementing the ROP of S-(2-(2-methoxyethoxy)ethoxy) iso-butyrate-L-cysteine using a 

PEG45-NH2 macroinitiator.[230][231] The LCST behavior was influenced by the concentration 

as well as the oxidation state of the thioether linkage and high molar mass polymers were 

insoluble in water unless oxidized to sulfoxide or sulfones. While lower molecular weight 

polymers saw their TCP increase with increasing oxidation, no LCST was observed with the 

high molar masses upon oxidation. Oxidation shifted the secondary structure to more random 

conformations and this behavior was used to create oxidation-responsive micelles.[230][231] 
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Deming and Kramer also investigated the thermoresponsive behavior of other poly(S-EG4-L-

homocysteine). The group synthesized the modified NCAs and used them to produce 

homopolypeptides. (Table 6) The polypeptides remained in a helical form indicating that the 

ethylene glycol units induced the thermal stimuli response.[232] Using a different strategy, the 

same group developed a series of thermoresponsive polypeptides based on homopoly(cysteine) 

that was further alkylated with oligoethylene glycol and then demethylated.[233] (Table 6) 

During this study the group was able to finely tune the LCST by changing the end chain 

moieties of the OEG side chain as well as the linking groups to the backbone. Using more 

hydrophilic moieties increased the aggregation temperature while oxidation completely 

solubilized the polymers. The same authors also noticed that the length of the ethylene glycol 

side chains promoted an increase of the LCST by around 20°C per EG residue. 

Similarly to the imidazolium bearing glutamates discussed earlier, [209,210] cysteines 

decorated with such moieties showed UCST behavior. (Table 6)[234] The strategy used was 

similar to the one discussed in section 6.1.1. Finally, trialkylphosphonium groups have also 

been added to polycysteine side chains. In this case only UCST behavior was observed in 

contrast to polyglutamate backbones(see 6.1.1).[235] PCys bearing bromine was 

functionalized with triphenyl phosphine producing the charged polymer. (Table 6) UCST 

behavior was observed in the presence of certain anions that aggregated the polymer at low 

temperatures. 

 

5.1.4 Other examples 

More indirect approaches to stimuli-responsive thiol-bearing polypeptides have also been 

developed. Deming and coauthors first modified the side chain of polyallylglycine by 

combining epoxidation with ring-opening by 2-(2-methoxyethoxy)ethanethiol to form a 

thioether linkage. The resulting polymer had an alpha helical structure and exhibited an LCST 

with a cloud point of 40°C. Other water-soluble thiols were also used to functionalize the 

polymer. Most of the resulting polymers showed water solubility and helical conformation but 

only 2-(2-Methoxyethoxy)ethane-1-thiol modified poly(5,6-epoxy-L-norleucine), 

(PEG2SEnLeu) was thermoresponsive. (Table 6) This suggested that the temperature-driven 

transition depended not only on the helical form but also on the nature of the modification. 

Other OEG groups did not allow for the same thermoresponsive behavior, revealing very little 

flexibility in this class of polymer. Oxidizing the thioether linkage to a sulfoxide decreased 

considerably its helical form, and broke the thermoresponsive behavior.[236] 

Methionine NCA also provided an interesting approach in this context. Upon ROP, Mandal et 

al. induced the cationic form of polymethionine (PMet) by reaction of 2-nitrobenzyl bromide 

at the thioether linkage. (Table 6)[237] By changing the counterions, the polypeptides exhibited 

UCST behavior that was influenced by the concentration as well as the nature of the salts. 

These cationic polymers were bound to DNA and were further photoreleased via light induced 

cleavage of the 2-nitrobenzyl moiety.[237] Ouchi et al. synthesized a polymer constituted of 

α-aspartate-glycolic acid through bulk polymerization. The resulting polydepsipeptides were 

then alkylated with N-isopropylamine by amide formation on the side chain of the aspartic acid. 

(Table 6)[238] The polymers possessed LCST behavior at a temperature of 29°C (5%wt) due 

to the introduction of hydrophobic N-isopropylamine as pendant groups that helped to regulate 

the hydrophobic/hydrophilic balance. 
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As other example of peptidomimetic structure, Onitsuka and coauthors investigated the 

thermoresponsiveness of a polypeptide made of non-natural amino acids containing aromatic 

spacers between peptide bonds (forming what is known as arylopeptides). These unusual 

peptides displayed both soluble and non-soluble helical secondary structures and thus 

promoted a LCST behavior. [239] 

Finally, we mention here a specific approach to impart a classical polypeptide with 

thermoresponsiveness. Deming and co-workers developed  a block copolypeptide with LCST 

behavior when mixed with metal complexes to achieve nano objects with magnetic 

properties.[240] Complexes of [FeII(p- pi)2(NCS)2] with a copolypeptide based on glutamate 

and leucine (PGlu254-b-PLeu7) demonstrated LCST behavior at 60°C. Temperatures below 

60°C promoted solubilization and formation of the low-spin-state iron (II) complex while 

higher temperatures decreased solubility and promoted the transition to high-spin complexes. 

This work showed that hydrophobic additives can afford LCST in a polymer that does not 

present it usually. 

 

-TABLE 6 – Structures and thermoresponsive properties of different polypeptides with thermoresponsive side 

chain modifications based on different amino-acids. The amino acid constituting the backbone is indicated. 

Polymer structure (in green: thermoresponsive 

modification, in black polypeptide polymer and in 
red linkers and/or modifications 

Amino acid 

LCST TCP 

(°C)/UCST 

TCU (°C) and 
conditions 

Ref 

 
P(NIPAM)Lys 

lysine 

LCST 
18°C – 65°C 
depending on 

copolymer 
composition 
and and pH) 

[227] 

 
PEGxLys dendronized 

lysine 
31°C - 36°C 
depending on 

Mw 
[228] 
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PEGxSSCys 

cysteine 

LCST 
40°C – 50°C 
depending on 

EG length. 
Irreversible 

[229] 

  
PEG-b-PEGxisoBuCys 

cysteine 

LCST 
45°C – 70°C 

Depending on 
the oxidation 

state and OEG 
length 

[230,231] 

 
PEG4hCys 

homocysteine 

LCST 
22°C – 52°C 
depending on 

salt 
concentration 

[232]  

 
PEGxhCys 

homocysteine 

LCST 
20°C – 80°C 
depending on 
EG length and 

oxidation 
degree 

[233] 

 
PBuIm+BF4

-Cys 

cysteine 

UCST 
5°C – 45°C 

depending on 
salt type and 
concentration 

[234] 
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PPPh3Cys 

cysteine 

UCST 
25°C – 60°C 
depending on 

anion 

[235] 

 
PEG2SEnLeu 

homoallylglycine 
LCST 
40°C 

[236] 

 
PNBMeS+Br-Met 

methionine 

UCST 
21°C – 60°C 
depending on 
concentration 

[237] 

 
P(isoPrAsn-alt-Glc) 

aspartic acid 
LCST 
27°C 

[238] 

 
Oligoetherated arylopeptide 

2,6-naphthalene  
methionine 

LCST 
60°C 

[239]  
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Section 6.1 provides examples illustrating the endless possibilities that chemical modification 

of side chains can bring to polypeptides to make them thermosensitive. Based on these 

pioneering works, one can imagine many designs to introduce sufficient hydrophobicity and 

control to limit secondary structuring, two key parameters also found with IDPs that make them 

thermoresponsive in living systems. Regarding polypeptides derived from ROP, most 

methodologies that have been developed involve numerous steps and tedious chemical 

modifications and purifications. Like IDPs, thermosensitivity from the polypeptide backbone 

of unmodified amino acids is also possible and is discussed in the last part of this review. 

 

5.2 Thermoresponsiveness induced by N-alkylation of polypeptide backbone 

and inherently thermoresponsive polypeptides. 

Moving again one step closer to thermosensitive proteins such as IDPs, another strategy has 

been to design polymers whose main chain actively participates in the phase separation. In this 

context, one family of glycine-derived polymers stands out, the polypeptoids. These polymers 

are the topic of the first section of this last part of the review. In the second part, polymers 

prepared from natural monomers that can achieve phase separation are also reviewed. This 

includes proline-based polymers and the use of NCA copolymerization as a means of 

mimicking the distribution introduced by the natural protein sequence. 

 

Fig. 9. Amino-acid based polymers (blue coils) water (red and white balls) solvation displaying intrinsic 

LCST/UCST behavior. An increase in entropy drives the dehydration of the polypeptide into aggregates that is 

reversible as the polymer chains are not strongly stabilized by enthalpic contribution (like in IDPs).  

5.2.1 Polypeptoids and other peptidomimetic polymers 

Peptoid polymers, also called poly(N-substituted-glycines) or polypeptoids are N-

alkylated analogs of synthetic polypeptide polymers (Scheme 4): they are polypeptides with an 

N-substituted amide bond. The physicochemical properties of polypeptoids can be tailored by 

N-alkylation, enabling control over (1) the hydrophilic to lipophilic balance,[241]  (2) the 

charge characteristics,[242] (3) the backbone conformation,[243] (4) the solubility,[244] and 

(5) the thermal and crystallization properties.[245,246] The poly(N-alkylated glycine) 

backbone can be prepared by ROP of N-alkylated-N-carboxyanhydrides (NNCA).[247] 

Peptoid polymers are known to exhibit UCST or LCST depending on their structure and their 

environment. The thermoresponsive behavior can be tuned by varying the molar mass, 

architecture, concentration, and composition. The presence of a tertiary amide in the backbone 

is the key reason explaining their innate thermoresponsiveness in comparison to their non-
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alkylated counterparts and this behavior stems from the cis-trans interplay of the peptoid 

backbone. 

To better understand the thermoresponsiveness, the influence of N-alkylation using 

various aliphatic side chains was investigated by Schlaad and coauthors. They prepared a series 

of polypeptoids based on N-substituted glycines with alkyl side chains containing 1 to 4 

carbons: (Table 7) N-methylglycine (NMeG), N-ethylglycine (NEtG), N-propylglycine 

(NPrG), N-allylglycine (NAlG), N-isopropylglycine (NiPrG), N-propargylglycine (NPgG), N-

butyl (NBuG) and N-isobutylglycine (NiBuG).[248] Interestingly, poly(NMeG) and 

poly(NEtG) were soluble in water even at 40% concentration whereas the polymers with C4 

side chains (PNPgG, PNBuG and PNiBuG) were insoluble in water. Polymers with C3 side 

chains showed cloud point temperatures that increased in this manner N-propyl (TCP = 

15−25°C) < N-allyl (TCP = 27-54°C) < N-isopropyl (TCP = 47−58°C). The authors also observed 

a significant decrease in the TCP of PNAlG as the concentration was increased. This was 

attributed to a better hydration of the shorter chains compared to the hydration of the end group.  

 

Scheme 4. Schematic representation of the ring opening polymerization of N-alkylated N-carboxyanhydrides 

(NNCA) to obtain polypeptoid polymers. The choice of the side chain (R group) can confer thermoresponsive 

behavior innate to the polypeptoid backbone. Other thermoresponsive moieties can be added to confer the property 

to polypeptoid and are also illustrated in the following section. 

As for the previous strategies developed with polypeptides, peptoid polymers have been 

also functionalized with thermoresponsive moieties to better control the thermoresponsiveness. 

Sun and coauthors for instance investigated the influence of thio-diethylene glycol(S-EG2) or 

thio-triethylene glycol (S-EG3) N-alkylated side chains introduced onto a 

poly(propargylglycine) backbone through thiol-yne grafting . (Table 7)[249] Interestingly, the 
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TCP increased with molar mass for both -EG2 and -EG3 modified polymers. The same authors 

also found that NaCl did not influence the TCP but increasing the polymer concentration slightly 

decreased the TCP from 26°C (1 mg/mL) to 22°C (2 mg/mL). However, no further change was 

observed even at 8 mg/mL. The influence of the N-alkylated side chain was also studied in a 

design of peptoid polymers containing charged groups. For that study, Sun and coauthors 

prepared polymers bearing (-NH2) or (-COOH) moieties that were grafted onto PNAlG and 

PNPgG backbone by thiol-ene/yne chemistry using cysteamine (-NH2 groups) or 

mercaptoacetic acid (-COOH groups) . (Table 7)[250] The COOH containing polymers showed 

UCST behavior while the NH2 containing polymers presented LCST behavior. In both cases, 

the thermoresponsiveness was influenced by the pH. The COOH containing polymers 

presented UCST behavior with TCP in the temperature range of 30 - 65°C at pH = 4.2, and at a 

concentration of 0.5 mg/mL. The UCST was tunable by modulating the number of COOH 

moieties, as polymers with one or two carboxylic acids on their N-subsitution presented for the 

same molar mass a TCP of 30 or 65°C, respectively. This shed light on the role of −COOH 

induced interaction with water molecules as confirmed in the study by monitoring the band at 

∼3400 cm−1(νOH) using FTIR. This band was significantly reduced at higher temperature, 

revealing the appearance of hydrogen bonding between the polymer and the aqueous solvent. 

On the other hand, PNAlG having an amine on its side chain displayed LCST behavior at pH 

= 13.2 with TCP between 25 and 54°C and at higher DP the TCP was decreased. For both 

polymers (NH2 and COOH) the LCST or UCST was only observed in a small pH window 

where the ionizable moieties are neutral. Another study of the same group used similar click 

grafting to modify polypeptoids using thiolated groups to prepare PNPgG functionalized with 

80% of S-EG2 and 20% of S-EG3 . (Table 7) At this specific ratio, the copolymers displayed 

LCST behavior at TCP = 36.5°C, a convenient temperature for further biomedical 

applications.[251] The authors also studied the redox response by oxidizing the thioether bond 

into sulfoxide or sulfone using H2O2. It was found that the polymers lost their LCST behavior 

by becoming more water soluble, and this behavior was reversible upon reduction with 

thioglycolic acid as TCP = 50°C and 64°C were found, after one or two heating-cooling cycles, 

respectively.  

In another work, Ling  and coauthors reported the preparation of PNMeG-co-PNBuG 

from N-substituted glycine N-thiocarboxyanhydrides (NTAs) with tunable LCST properties . 

(Table 7)[252] By controlling the molecular weight and the content of NMeG it was possible 

to tune the TCP from 27 to 71°C. They also reported the salting effect that decreased the TCP by 

the addition of Na2SO4, NaCl, and NaBr. Investigating the effect of charged copolymers more 

closely, Sun and coauthors also evaluated the influence of the N-alkylated side-chain 

copolymers constituted of NAlG and N-alkylglycine with different carbon chain lengths (Table 

7) .[253] The copolymers were post-functionalized through thiol-ene chemistry affording 

copolymers with -NH2 or -COOH groups, and another series of copolymers was prepared by 

grafting onto 2-methoxyethanethiol (SH-EG) as a comonomer instead of hydrophobic groups. 

(Table 7) The copolymers bearing -COOH and -EG presented UCST behavior in water as 

previously reported for the fully COOH-grafted homopolymers.[250] The TCP in this class of 

copolymers was dependent on concentration, and -EG content: higher concentration and lower 

content of -EG increased the TCP. Moreover, the salt content did not affect the TCP, and the 

architecture suppressed the UCST as they observed in copolymers based on poly(N-

propargylglycine). Interestingly, the copolymers bearing N-octyl side chains (PNAG49-COOH-

r-PNOG14) presented UCST in methanol at 2 mg/mL with a TCP = 48°C whereas N-butyl or N-

hexyl copolymers were soluble in methanol even at 10 mg/mL. Further study of the content of 

PNOG in the random copolymers bearing COOH indicated that the highest NOG content gave 
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the highest TCP (i.e. PNAG49-COOH-r-PNOG44 TCP=53°C). The copolymers bearing -NH2 and 

-EG groups did not exhibit any thermal response as they remained water soluble at all pH 

values. In marked contrast, the copolymers with N-alkylated hydrophobic groups presented 

LCST behavior. Copolymers having N-hexyl side chains (PNAG42-NH2-r-PNHG10) for 

instance displayed TCP in the range of pH values = 9.8 - 13 that dropped from 43.5 to 29.3°C 

at 2 mg/mL. The TCP was tuned by changing the N-alkylated side chain length (using similar 

composition in random copolymers): the TCP decreased from 55 to 39°C when changing from 

N-butyl to N-octyl side chains. Moreover, the study demonstrated that tuning the monomer 

composition modulated the LCST: the TCP decreased from 43.5 to 31°C as N-hexyl content 

increased from 20% to 50%, respectively. Adding a third building block fully changed the 

physicochemical properties as Zhang and coauthors demonstrated by preparing polypeptoid 

terpolymers (Table 7) with sol-gel transitions (Tgel) induced by the high solubility of 

NMeG.[254] The copolymers constituted of N-allylglycine, NMeG and N-dodecylglycine 

monomer units presented sol-gel transitions when increasing temperature in the range of Tgel = 

26°C – 60°C. The study also demonstrated that the Young modulus could be tuned from 6 to 

762 Pa by varying the composition and the concentration of copolymers. These mechanical 

properties allowed the hydrogels to be used as biomaterials in tissue engineering to promote 

chondrogenesis.  

Copolymer architecture is also an important parameter influencing the thermoresponsiveness 

of copolypeptoids as Zhang and coauthors demonstrated when they prepared cyclic and linear 

copolymers of N-ethylglycine (NEtG) and N-butyl glycine (NBuG).[255] (Table 7) The LCST 

that the authors observed was influenced mainly by the N-ethylglycine content, and the 

architecture having values in the range of TCP=20°C - 60°C. Polymers with a higher content of 

NEG presented higher TCP attributed to the decrease of hydrophobic NBuG side chain content. 

Moreover, cyclic polymers presented a 4°C lower TCP than linear polymers demonstrating the 

influence of the architecture on the thermoresponsive behavior. In another work, LCST was 

also studied using bottle brush polymers with poly(norbornene) as the main backbone and 

polypeptoids as pendant chains.[256] (Table 7) The polypeptoids were prepared via ROP using 

various ratios of NEtG and NBuG initiated by norbornene-functional amines. The resulting 

norbornene-functional macromonomers were polymerized by ROMP using Grubb’s catalyst. 

The LCST of the bottlebrush copolymers ranged from 25°C to 80°C. Two parameters 

influenced the TCP: the NEtG content and the salt concentration. Whereas higher content of 

NETG promoted a higher TCP, the higher salt concentration decreased the TCP.  

The LCST behavior of polypeptoids was used by Akiyoshi and coauthors to prepare maltriose-

b-poly(N-propylglycine) having DP = 17 that displayed TCP = 26°C at 10 mg/mL.[257] (Table 

7) The influence of concentration was studied demonstrating that at 1 mg/mL TCP increased to 

43°C. This LCST behavior was exploited to prepare permeable particles by incubating the 

copolymers above TCP to promote self-assembly into bilayer micelles. A fluorescence 

screening test demonstrated that only rhodamine G, which possesses cationic functional 

groups, permeates into the micelles due to the interaction with the negatively charged surface 

of the micelles. Sun and coauthors also designed nanomaterials with thermoresponsive 

polypeptoids. These authors prepared block copolymers with N-allyl and N-octyl glycine 

monomer units and functionalized with cysteamine (PNPrSAlG-co-PNOcG).(Table 7) [258] 

The copolymers displayed LCST and assembled into nanoparticles at RT. The LCST behavior 

was pH dependent with a TCP of 47.5 and 50.4°C at pH 9.5 and 10.5, respectively. The 

copolymers were fully soluble at lower pH and insoluble at higher pH. Interestingly, the 

polymers incubated in water for 24 h (pH = 8) self-assemble into fiber-like micelles whereas 
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lowering the pH to 6.5 promotes the formation of spherical micelles. This behavior was 

attributed to differences in the protonation of NH2 groups, which was corroborated through 

zeta potential measurements. Taking advantage of the LCST properties found in PNMeG-co-

PNBuG) copolymers (Table 7), Zirbs et al. prepared another kind of nanomaterial: Fe3O4 

magnetic nanoparticles.[259] The solution containing the copolymer-coated nanoparticles 

presented TCP in the range of 33℃ - 58°C at 3 mg/mL, and the suspension became homogenous 

after cooling. Inorganic coated nanomaterials were also designed by Zhang and coauthors using 

silicate surfaces with nanoneedles decorated with PNEtG-co-PNBuG copolymers.[260] The 

needles collapsed when the temperature was increased, as corroborated by in situ atomic force 

microscopy (AFM) in liquid from 8.2 nm to around 2 nm when they decreased the temperature 

from 60°C to 25°C. 

An interesting strategy towards thermoresponsive polypeptoids is to combine polypeptides 

with poly(N-alkylated glycines). Fu and coauthors reported the preparation of such 

poly(peptide-peptoid)s from coROP of NCAs and NNCAs.[261] Copolymers of -propargyl-

glutamate and N-octylglycine were later modified with thiolated triethyleneglycol (PPLG-g-

EG3)58-b-PNOcG9 (Table 7), and presented TCP = 35°C. Moreover, the copolymers self-

assembled into worm-like nanoparticles when they were incubated for a longer time at 90°C. 

Using another synthetic strategy, polypeptide-polypeptoids with LCST behavior have been 

prepared through the Ugi reaction.[262] The alternating polymers of glycine and N-(2-(tert-

butylamino)-2-oxoethyl)-glycine (NtBuNOEtG) (Table 7) presented TCP = 22°C at 10 mg/mL 

that increased to 27°C at 2 mg/mL demonstrating concentration-dependence. The authors also 

prepared a copolymer with PEG2k that increased in turbidity starting at 35°C at 10 mg/mL. In 

another work mixing polypeptides and polypeptoids, Koyama investigated alternating 

copolymers of valine and N-alkylated glycines, including N-hydroxyethylglycine (NOHEtG), 

NPrG, and NMeG side chains that were prepared through the same Ugi reaction.(Table 7) [263] 

The copolymers presented UCST behavior having TCP from 15 to 25°C. The alternating 

copolymers presented similar behavior with a slight increase in the transition temperatures by 

decreasing the N-alkylated side chain similar to that previously observed by Schlaad.[248] 

Similar work was done using the Ugi methodology by preparing three LCST polymers: an 

alternating copolymer of glycine and NtBuNOEtG; PNtBuNOEtG; and poly(-(2-(tert-

butylamino)-2-oxoethyl)4-amidohydroxybutyrate. (Table 7) [264] The LCST behavior at 2 

mg/mL was related to the polymer structure: when glycine was incorporated in the backbone 

the TCP was 26°C, while removing it from the backbone and modifying the N-alkylated glycine 

for a longer carbon chain (amidobutyrate) gave a TCP = 20°C, and including a hydroxy group 

(4-amidohydroxybutyrate) reduced it further. They also studied the incorporation of other 

substituents in the N-alkyl position (such as N-(2-(tert-butylamino)-2-oxo(1-isopropyl), N-(2-

(cyclohexyl-amino)-2-oxoethyl, N-(2-(pentyl-amino)-2-oxoethyl ethyl but the polymers were 

not water-soluble demonstrating the importance of the appropriate structure, through the 

hydrophobicity of side chains. Later, Koyama et al. used the same polymerization technique  to 

produce alternating copolymers of glycine and modified N and C alkylated glycines.[265] This 

polymerization technique differs from the ROP of NCAs as it is possible to control the 

sequence of the produced polymers. Yet the control over the polymerization in these cases was 

not always observed (in this study all produced polymers had dispersities higher than 1.5). By 

introducing an alkane chain on the Cα and either a propyl or a hydroxyethyl substituent on the 

amine, the different copolymers exhibited UCST, LCST or UCST and LCST simultaneously. 

(Table 7) This thermoresponsiveness was explained by the alternating hydrophilic (native 

glycine) and hydrophobic (N and C alkylated) units. The behavior could be tuned by varying 

the side chains. Polymers bearing hydroxyethyl moieties on the amine and short alkane chains 
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on the α-carbon showed UCST behavior (40°C), but by increasing the alkane chain from a 

pentane to a hexane an LCST also appeared around 60°C. The final polymer being N-

propylated and having a pentane as a side chain in the hydrophobic comonomer showed only 

an LCST at about 25°C. These behaviors were explained by the side chain 

hydrophobicity/hydrophilicity. The authors’ hypothesis is that the pendant pentane chain is too 

short to interact with the neighboring hydrophobic moieties giving the UCST behavior. On the 

other hand, the longer alkane favors intrachain hydrophobic interaction and thus an LCST can 

appear. The polymer bearing the propyl group and the pentane chain only shows an LCST due 

to the increased hydrophobicity. Furthermore, the authors used these thermoresponsive 

peptides as crosslinking agents in stimuli-responsive hydrogels by adding reactive side chains. 

-TABLE 7 – Structures and thermoresponsive properties of different polypeptoïd based polymers. 

Polymer structure Amino acid 

LCST 

TCP(°C) and 
conditions 

UCST 

TCU(°C) and 
conditions 

Ref. 

 

 
PNEtG 

 

 
PNAlG 

 
PNPrG 

 
PNPgG  

N-
ethylglycine, 

N-
allylglycine, 

N-
propylglycine

, N-
propargylglyc

ine, 

15°C – 58°C 
depending 
on the C-

length 

- [248] 

 
PN(EGxS)2G 

N-
propargylglyc

ine 

22°C – 58°C 
depending 

on EG 
length, MW 

and 
concentratio

n 

- [249] 

36.5°C – 
50°C -90°C 
depending 
on the EG 
length and 

architechture 

- [251] 

 

N-
allylglycine 

or N-
propargylglyc

ine 

20°C – 70°C 
pH 

dependant 

30°C – 65°C 
pH dependant 

[250] 
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PNNEtSPgG 

PNAcEtSPgG 
PN(AcEtS)2PgG  

 
PSar-co-PNBuG 

 

N-
butylglycine, 

sarcosine 

27°C – 71°C 
depending 

on Sar 
content, 

MW, and 
salt 

- [252] 

 
PNAcEtSPrG-co-PNAlkG-co-PNEGSAlG 

N-allyl, N-
butylglycine, 

N-
hexylglycine, 

N-
octylglycine 

30°C – 50°C 
depending 

on pH, 
content of 

hydrophobic 
side chain 

and pH 

- [253] 

 
 

PSar-co-PNAlG-co-PNDeG 

sarcosine, N-
dodecylglycin

e, N-
allylglycine 

Sol to gel  
26°C – 60°C 
depending 

on 
copolymer 

composition 

- [254] 
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PSar-co-PNBuG 
linear or cyclic 

sarcosine, N-
butylglycine 

20°C – 60°C 
depending 

on 
copolymer 

composition 
and 

topology 

- 
[255] 
[266] 

 
PNor-g-P(NEtG-co-NBuG) 

N-
ethylglycine, 

N-
butylglycine 

25°C – 80°C 
depending 

on 
copolymer 

composition  

- [256] 

 
Maltriose-b-PNPrG 

N-
propylglycine 

26°C – 43°C 
depending 

on 
concentratio

n 

- [257] 

 

 
PNMeG-co-PNBuG 

magnetic nanoparticles 

sarcosine, N-
butylglycine 

33°C – 58°C 
depending 

on 
copolymer 

composition 

- [259] 

 
PNPrSAlG-co-PNOcG  

N-
allylglycine, 

N-
octylglycine 

40°C – 60°C 
depending 

on pH 
- [258] 

 
PNEtG-co-PNBuG 

N-
butylglycine 

and N-
ethylglycine 

20°C – 90°C - [260] 
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P(EG3S)2LG-co-PNOcG  

glutamate and 
N-

octylglycine 
35°C - [261] 

 
PGly-co-PNtBuNOEtG 

glycine, N-(2-
(tert-

butylamino)-
2-oxoethyl)-

glycine 

20°C – 35°C 
depending 

on the 
concentratio

n 

- [262] 

 
PVal-co-PNOHEtG-co-PNPrG 

valine, N-
hydroxyethyl
glycine, N-

propylglycine
, N-

methylglycin
e 

- 
15°C – 25°C 
depending on 
the side chain 

[263] 

 

 

 

 

alternating 
copolymers 

and 
gammapeptoi

ds 

13°C – 26°C 
depending 

on the 
structure  

- [264] 

 

alternating 
copolymers 

60°C  - 70°C  
Depending 

on the 
structure 

 

30°C – 70°C 
Depending on 
the structure 

[265] 
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5.2.2 Natural amino acid based 

Surprisingly, while the IDPs show that natural polypeptides can show LCST behavior, there 

are few examples of synthetic polypeptide polymers with thermoresponsive behavior made 

from natural amino acids. Among these amino acids, proline was found to be effective for 

promoting thermoresponsiveness. Fundamentally, proline bridges the gap between 

polypeptides and polypeptoids. This amino acid possesses both the tertiary amide and the chiral 

center of these two classes of polymers. This combination induces secondary structures, a 

water-soluble extended helix known as PLPII induced by the amide bond when in its trans 

conformation, a more compact, highly insoluble PLPI structure when the cis conformation is 

predominant. This last structure predominates in organic environments and explains the 

insolubility of polyproline in water at higher temperatures.[267] First results were obtained 

with small proline oligomers containing up to 10 units which evidenced thermoresponsive 

shifts associated with their conformational changes.[268–270] Later, in a series of papers Oka 

and co-authors developed homopolymers and random copolymers of proline with higher molar 

masses using diphenylphosphoryl azide coupled with a base (triethylamine) to polymerize the 

amino acids by condensation. The authors showed that oligoprolines with approximately 20 

repeating units displayed an LCST at temperatures ranging from 50°C to 65°C depending on 

the concentration (5-20 mg/ml).[271] Nonetheless, their results did not show secondary 

structure dependent behavior. They then added different comonomers to observe the influence 

on thermoresponsiveness. This was done by preparing a dipeptide of proline and a second 

amino acid that was then copolymerized with proline using the DPPA technique mentioned 

above. Substituting some proline units with O-benzylhydroxyproline reduced the TCP by 5°C 

even with only 1% of hydrophobic monomer content. Using the same strategy, copolymers 

incorporating small amounts of glycine or alanine allowed further modification of the LCST. 

[272] Copolymers with low amounts (<12%) of glycine showed slightly higher TCP compared 

to the homopolymer but allowed the oligomers (Mn<2.0kg/mol) to be soluble at concentrations 

as high as 160 mg/ml. This was attributed to the more hydrophilic nature of glycine compared 

to proline. Yet adding a more hydrophobic comonomer such as alanine had similar effect. 

Oligomers containing 3 or 6% of alanine also showed slightly higher TCP. The same researchers 

successfully prepared other oligomers with higher alanine contents (up to 17%) that had even 

higher TCP of around 73°C at 50 mg/ml.[273] The authors showed that all examples had a PLPII 

secondary structure at all temperatures but it should be noted that in these measurements the 

CD spectroscopy was done at much lower concentration than the turbidimetry. Our group has 

recently showcased the thermoresponsive behavior of  much higher molar masses of PLP.[267] 

It was shown that polyprolines prepared via aqueous NCA ROP[274] with more than 20 

repeating units displayed hysteretic LCST. (Fig. 10) We showed that the secondary structure 

induced by the chirality of the monomer units is at the origin of this behavior. CD 

measurements proved the shift from the highly soluble PLPII conformation to an intermediate 

insoluble conformation. Further analyses via FTIR proved the presence of both cis and trans 

amide conformations providing evidence that temperature-induced changes in the secondary 

structure were responsible for the reversibly hysteretic LCST. 
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Fig. 10. Homopolyproline is soluble in aqueous solution at room temperature when in the PLP II conformation. 

Upon heating to temperatures above 70°C the polymer aggregates and stays insoluble upon cooling. This 

hysteretic LCST can thus be used to memorize the thermal history of the sample. The polymer can then be 

resolubilized and the process reprogrammed by cooling at lower temperatures. Fig. adapted from [267]. 

Another interesting example of thermoresponsive polypeptides based on natural amino acids 

was published by Koyama and coauthors using copolymers containing valine and glycine 

units.[275] Using the ROP of the corresponding NCAs, they produced both block and random 

polypeptides with molar masses of 3.4kDa and 3.3kDa respectively. Both copolymers 

exhibited similar LCST at a temperature around 80℃. To better understand the effect of the 

sequence on thermoresponsiveness, they prepared an alternating peptide using a three 

component polycondensation. Unexpectedly, this new copolymer expressed a UCST at low 

temperatures, independent on the chiral nature of the backbone. This behavior was tuned by 

the N-alkylation of the valine units.[263] These examples clearly highlight the importance of 

the primary structure of the peptide backbone on the thermoresponsiveness and the limitations 

brought in this direction by the ROP of NCA. In other studies, polymers bearing ureido side 

functions have displayed UCST behavior due to their hydrogen bonding possibilities.[276] For 

instance, copolymers based on ornithine and citrulline showed interesting UCST 

behavior.[277] In particular, random copolymers based on ornithine and citrulline prepared 

with varying molecular weights and monomer compositions express UCST behavior in a large 

range of temperatures (5°C – 40°C).[278] The authors evidenced the importance of the α-

helical secondary structure in the formation of such aggregates at low temperatures. Racemic 

copolymers still showed UCST behavior but formed coacervate droplets at lower temperatures 
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and not aggregates. The ureido was at the origin of temperature-disrupted hydrogen bonds 

necessary for such behavior.[279] The UCST could be altered by alkylation of the ureido 

group.[280] These  examples were obtained by modifying poly(L-ornithine) hydrobromide. 

Yet it is also possible to obtain benzyl-protected polyornithine by ROP of its NCA (Z-Orn 

NCA). Subsequent deprotection provides a homopolymer with pendant amine functions that 

were functionalized with ureido groups giving the copolymers.[281] UCST polypeptides were 

also achieved by copolymerizing Z-Orn NCA with Z-Lys NCA. These copolymers showed 

further versatility in controlling the UCST behavior thanks to the lysine units. Nonetheless, the 

secondary structuring of these copolymers did not allow for reversibility, as the formation of 

β-sheet like structures stabilized irreversible large scale aggregation.[282] UCST polypeptides 

have shown great promise as they are stable in physiological conditions, are both 

enzymatically[281] and biodegradable[278] and can also promote cell adhesion coatings[280] 

and controlled delivery of active molecules[282]. 

 

6. CONCLUSIONS AND PERSPECTIVES 

Understanding the fundamental principles that govern the solubility of proteins in water, 

particularly as a function of temperature, can be a key source of inspiration for the rational 

design of thermosensitive polymers. In biology, proteins react to biologically relevant factors 

by modifying their conformation and three-dimensional structure, resulting in changes in 

solubility or mechanical properties. Among external factors, temperature modulation is an 

efficient strategy to induce protein aggregation, generally irreversibly for structured proteins, 

but sometimes reversibly, as observed with IDPs. It is now well established that recombinant 

or natural proteins can be used as the basis for genetic engineering to design thermoresponsive 

polypeptides. These are likely to receive increasing attention from industry as new classes of 

polymers with improved biodegradability.  

Genetically engineered IDPs such as ELPs represent an excellent example of how simplified 

protein sequences can give rise to desired and tunable functionality. ELPs indeed exhibit LCST 

behavior similar to the behavior found in some synthetic polymers and are promising in many 

applications. The polymeric counterparts to these simplified genetically engineered structures 

are not yet very popular. Nevertheless, among the different approaches presented in this review, 

synthetic polypeptides appear as ideal candidates for the elaboration of biomimetic and 

biodegradable thermosensitive polymers. This class of polymers can be readily used in 

biomedical applications due to its similarity to protein structures. In this perspective, there are 

still many challenges to better mimic proteins, and also to refine their thermoresponsive 

behavior. 

In this review, we have comprehensively presented the thermosensitive behavior of peptide 

polymers, explaining the similarities between these structures and naturally thermosensitive 

proteins. Interestingly, the control of hydration-dehydration of the polymer backbone or side 

chains is the main factor that governs the thermosensitivity process. Concerning proteins, the 

changes are mainly controlled by the hydration of the hydrophobic parts of the backbone, a 

factor that is intimately related to the amino acid sequence and to their folding behavior. With 

synthetic polypeptides, the thermosensitivity depends mostly on the hydration of side chains 

and/or the polymer chain by simply controlling the hydration of amide bonds as with other 

synthetic polymers. Compared to proteins, the impact of the distribution of monomer units or 

the influence of the polymer folding (secondary structure) are still poorly studied and 

understood parameters. All in all, the introduction of amino acids in the backbone of 
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thermoresponsive polymers shows promise in their use in biomedical applications. Active 

substance encapsulation and controlled release, drug loaded hydrogels and antibacterial 

coatings are all prime examples that come out in the literature and have been reviewed here. 

The biocompatibility of amino-acid based polymers as well as their biodegradability makes 

them an interesting novel class of thermoresponsive polymers. We believe that in the future, 

as this field progresses, these polymers may well replace classical thermoresponsive polymers 

in other applications. 

Looking further, we believe there are many opportunities to better control primary sequence 

and its consequences on the secondary structures and consequently the thermoresponsive 

behavior of synthetic polypeptides. This requires first to develop synthetic methods and 

processes allowing for the design of sequence-controlled polypeptide backbones. Recent 

development in catalysis and flow chemistry processes may solve some of these issues. In 

addition, recent synthetic developments allowing for high molar mass polyproline have 

demonstrated that even with rather simple homopolymer structures, such correlation between 

secondary structure/folding and solubility could provide new thermosensitive materials with a 

super-hysteresis that provides a new perspective and paradigm. Another opportunity concerns 

the elaboration of polypeptide polymers and materials at the interface between the “classical 

research fields” of protein engineering and synthetic polypeptides. Such biohybrid systems 

could probably take advantage of the best in these two independent fields, solving some 

independent challenges and providing original and potentially unexpected properties. We 

believe this research area will grow significantly in the coming years, offering new tools for 

(bio)materials science, catalysis, protein engineering, biochemistry, pharmaceutics, etc. at 

academic and industrial levels.  
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