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Abstract 

Thermoresponsive supramolecular assemblies have been extensively explored in diverse formats, from 
injectable hydrogels to nanoscale carriers, for a variety of applications including drug delivery, tissue 
engineering and thermo-controlled catalysis. Understanding the molecular bases behind thermal sensitivity 
of materials is fundamentally important for the rational design of assemblies with optimal combination of 
properties and predictable tunability for specific applications. In this review, we summarize the recent 
advances in this area with specific focus on the parameters and factors that influence thermoresponsive 
properties of soft materials. We summarize and analyze the effects of structures and architectures of 
molecules, hydrophilic and lipophilic balance, concentration, components and external additives upon the 
thermoresponsiveness of the corresponding molecular assemblies. 
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1. Introduction 

Stimuli-responsive supramolecular assemblies have been extensively studied in the past a few decades 
due to their potential applications in a variety of areas such as sensing, imaging, diagnosis, drug delivery, 
catalysis, and tissue engineering.1–4 The controllable responses to specific stimuli provide opportunities to 
design smart materials to fit practical demands. Among various stimuli, temperature is one of the easiest 
to manipulate, thus attracting many interests.5–7 For instance, temperature-responsive hydrogels have been 
designed as injectable drug carriers which can deliver therapeutic drugs in sustainable ways.8 The sol-to-
gel transformation ensures injectability as solution at room temperature and durability after gel formation 
at body temperature (37 °C).9  

Most of the current temperature-responsive assemblies are designed based on phase transition behaviors 
either at the lower critical solution temperature (LCST) or upper critical solution temperature (UCST) i.e., 
cloud point. For assemblies with LCST, the solute molecules are typically well-solubilized under the critical 
temperature while forming aggregates and undergoing phase separation at higher temperatures.10 At lower 
temperatures, interactions between the solute molecules and water are favorable due to strong hydrogen 
bonding, resulting in the hydrated state of the molecules. At elevated temperatures, the increased molecular 
vibrations weaken hydrogen bonds. Consequently, the polymer-polymer interactions are more favorable, 
leading to dehydration and aggregation.11,12 In contrast, molecules with UCST are soluble above the critical 
temperature but form aggregates below this point. These molecules usually have stronger interchain 
interactions at lower temperatures, preventing molecules from dissolving due to an enthalpic barrier. 
Elevated temperature enhances the effects of entropy favoring solute-solvent interactions.13 Some of 
assemblies can exhibit both LCST and UCST depending on the molecular structure, concentration, and 
external additives.14–17  

A variety of molecules have been designed for temperature-responsive assemblies including 
dendrimers18, random19 and block20 copolymers, and small molecules such as lipids21. The temperature-
responsiveness can be manipulated by several parameters e.g., molecular structure, functional groups, 
concentration, and hydrophilic-lipophilic balance (HLB). Previously, thermoresponsive materials have 
been summarized in some reviews from different perspectives. Most of them focuses on material 
components9,11,22,23 and applications such as delivery7,16,24,25, tissue engineering26,27 , and catalysis28. In this 
review, we focus on the molecular basis and factors behind the temperature-responsiveness. These 
molecules are discussed based on different topologies, i.e., linear polymers, polymers with side chains, 
dendrimers and hyperbranched polymers (Fig. 1). Finally, we will briefly summarize how these systems 
are applied for designing optimal thermoresponsive materials for different applications. 

Fig. 1 Thermoresponsive molecules with different topology. 
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2. Temperature responsive linear block copolymers 

Macromolecules that undergo physical property changes in response to temperature have gained significant 
interest in the development of functional thermoresponsive materials and their biomedical applications.8,28–

30 Linear block copolymers have been applied as temperature responsive materials for a long time. Most of 
these polymers contain polyethylene glycol (PEG) as the major temperature responsive moiety. As 
explained previously, the disruption of hydrogen bonding at higher temperature leads to 
thermoresponsiveness. For example, surfaces containing a Pluronic block copolymer with PEG fragments 
were studied at different temperatures. When the temperature increases from 25 to 37 °C, the water contact 
angle of the polymer changes from ~35° to 63°, demonstrating an increased hydrophobicity at higher 
temperatures.31 Similar phenomenon was also reported for other oxyethylene tethered-block copolymers.32 
The hydrophilic-hydrophobic transition properties of these linear polymers with temperature have been 
applied for many thermoresponsive studies such as self-assembly under different temperature, thermo-
triggered morphology transformations, and temperature responsive hydrogels.33,34 In this section, the impact 
of molecular structures on the thermoresponsiveness of linear block copolymers will be discussed. 

2.1 Polymer materials and architectures 

A variety of hydrophobic moieties have been assembled with PEG in linear polymers as thermo-responsive 
materials. These hydrophobic segments can be polyethers, polypeptides and polyesters. The common 
examples include poly(L-alanine) (L-PA),35 polylactic acid (PLA),36 poly(propylene oxide) (PPO),31 
polycaprolactone (PCL),37 poly(lactic-co-glycolic acid) (PLGA),38 and poly(ε-caprolactone-co-lactide) 
PCLA.39 Different structures have distinct hydrophobicity, molecular interactions, and crystalline 
properties, thus exhibiting unique thermo-responsive properties when co-incorporated with PEG (Fig. 2).  
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Linear polymers may have different architectures depending on the position of block polymer segments, 

such as diblock (A-B), triblock (A-B-A or B-A-B) and even multiblock. The architecture of polymer blocks 
significantly affects the conformation and assembly of the polymers in solution, leading to different thermo-
responsive nature.40–42 For example, aggregation and theromoresponsive properties of the diblock PEG-
PLGA and the triblock PLGA-PEG-PLGA copolymers were studied (Fig. 3a, 3b and 3c).38 The two 
polymers formed micelles in aqueous solution with similar critical aggregation concentration (Fig. 3d). 
However, the triblock copolymer formed larger assemblies than the diblock at the same polymer 

Fig. 2 Examples of linear block copolymers with different hydrophobic moieties.31,35-39,45,61 
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concentration (Fig. 3e). Also, the triblock copolymer formed gel at lower concentrations with lower gelation 
temperature (Tgel) than the diblock copolymer (Fig. 3b). Similarly, thermo-responsive properties of a 
diblock copolymer PEG-PCL and a triblock copolymer PEG-PCL-PEG were compared. Interestingly, 
PEG-PCL-PEG had a broader gel window than PEG-PCL, thus enabling gelation at broader concentrations. 
For example, 25-37 wt% of the polymer PEG-PCL-PEG formed gel at 37 °C, whereas PEG-PCL was 
always in solution state. This distinct characteristic was applied for the design of reactive oxygen species 
(ROS) triggered thermogel for drug release.43 

2.2 Molecular weight and dispersity  

 
Linear polymers with different molecular weight and dispersity exhibit various thermoresponsive properties. 
For example, when the molecular weight of diblock copolymer PEG-L-PA increased from PEG1000-L-PA795 
to PEG2000-L-PA1150, the gelation temperature rose significantly from 7 to 35 °C.35,44 A similar trend was 
also found in triblock copolymer PLGA-PEG-PLGA.38 As shown in Fig. 3b and 3c, when the molecular 
weight of polymer increased from 3420 g/mol to 6980 g/mol while retaining the lactic acid/glycolic acid 
(LA/GA) and PLGA/PEG ratio, the gelation temperature (Tgel) of the polymers increases. However, the 
impact of molecular weight can vary case by case. The Tgel of triblock polymer PCL-PEG-PCL has been 
reported to decrease significantly when the molecular weight doubled.45 Recently, it was also found that 
the dispersity of block copolymers is crucial for thermoresponsive properties.36 For example, a discrete 
structure (oligomer) of poly-L-lactic acid (PLLA) based triblock copolymer PEG-PLLA-PEG had a 
gelation temperature between 42 to 48 °C, while no gelation was observed for a dispersed polymer with the 
same components (PDI=1.2), demonstrating the negative impact of high dispersity on crystallinity, self-
assembly and gelation. 

2.3 Hydrophilic and lipophilic balance 

Most commonly, HLB is used to manipulate the temperature responsiveness of linear polymers. This can 
be realized by either varying the length of hydrophobic and hydrophilic chains or changing chemical 
moieties. An improper HLB may lead to the loss of thermoresponsiveness, like LCST and gelation 

Fig. 3 (a) Images of the Tri2 solution (25 wt %) at different temperatures (25, 37, 60 °C). (b) Schematic relationship of block 
copolymers with different molecular weights and architectures and their state diagrams in aqueous solution. (c) Parameters of the 
synthesized polymers. (d) CMC of copolymers Di and Tri2 in water at 25 °C. The representative morphologies Di and Tri2 at 
different concentration regions. (e) Apparent hydrodynamic radii (Rh,app) of Di and Tri2 as a function of concentration measured 
by 3D DLS at 25 °C. (f) Schematic presentation of the morphology evolutions of AB or ABA copolymer with an increase of 
concentration in water. Reproduced with permission from ref. 38. Copyright 2019, American Chemical Society. 
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temperature. For example, decreasing the hydrophobic PLGA length of a thermogelling polymer PEG750-
PLGA from PLGA1870 to PLGA1510 and PLGA980, results in a micelles solution at the experimental 
temperature and loss of the gelation capability.46 Since HLB can be tuned by both the hydrophobic and 
hydrophilic segments, PEG length could be another adjustable parameter.38 When the hydrophilic PEG 
linker in PLGA-PEG-PLGA was too long, no gelation was observed. The impact of HLB is not only limited 
to thermo-induced gelation but also applied for LCST. Similarly, increase in hydrophobic fragment ratios, 
decreased the LCST of the polymer PLGA-PEG-PLGA.47 Similar effect was also found for poly(ε-
caprolactone-co-lactide)-poly(ethylene glycol)-poly(ε-caprolactone-co-lactide) (PCLA-PEG-PCLA).39,48 It 
was speculated that PEG linker variation caused the micellar conformation change which can be another 
reason for the increase in LCST. Similar relationship between LCST and HLB was also found for the PEG-
tethered dendritic molecules which will be discussed in the following section.49 Apart from the length of 
hydrophobic and hydrophilic segments, the manipulation of HLB can also be achieved by varying the 
structure of the hydrophobic moieties and component ratio. For example, increasing the LA ratio in PLGA 
resulted in the increase in hydrophobicity of PEG-PLGA-PEG polymer, leading to different 
thermoresponsive properties.50 This parameter variation can also be applied to tune polymer degradation 
rate for sustained drug release.51,52  

 

 
2.4 Polymer blends  

Blending polymers with distinct HLB is a convenient way to tune the thermoresponsive properties of linear 
polymers (Fig. 4a). To control the gelation temperature of thermogel, PEG1000-PLGA800 was blended with 
PEG1000-PLGA1600.53 With the increase of PEG1000-PLGA1600 ratio in the blended system, the gelation 
temperature decreased. Similarly, the gelation window of triblock copolymer PLGA-PEG-PLGA could be 
broadened by blending two individual polymers,54 which is also dependent on the blend ratio (Fig. 4b).55 In 
another report, the blending of two PLGA-PEG-PLGA polymers generated thermogel with excellent 

Fig. 4 (a) Schematic presentation of creating thermogel by blending polymers without thermogelling ability. (b) State diagrams of 
the blended polymers of PLGA14-PEG36-PLGA14 and PLGA28-PEG8-PLGA28 with various ratios (0.33, 0.50 and 0.67). (c) 
Thermogelling abilities of blended polymers and their constituent copolymers. For all systems, the blending ratio was 0.5:0.5, and 
the total volume fraction φ = 0.25. T(transition) means transition temperature including both Tgel for sol–gel transition and Tprecipitate 
for sol-precipitate or gel–precipitate transition upon heating. Only Tprecipitate existed for a system with a sol-precipitate transition 
upon heating, while neither Tgel nor Tprecipitate existed for an insoluble system. Reproduced with permission from ref. 55.  Copyright 
2020 American Chemical Society. 
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responsive parameters i.e., gelation temperature (Tgel) < room temperature (Tair) < gel–sol (suspension) 
temperature (Tsol (suspension)) < body temperature (Tbody). This thermo-triggered gel-to-sol transformation 
could be applied for rapid release of drugs for photodynamic therapy.56 A thermogel could even be 
synthesized from blending two copolymers which individually do not have thermogelling behavior (Fig. 
4c).55 

2.5 External additives  

Desired thermal parameters can be achieved by manipulating molecular interactions using external 
additives like metal ions, extra hydrogen bond moieties, and other composites. For example, the gelation 
temperature of diblock copolymer PEG1000-L- PA795 can be tuned by coordination with Fe3+.57 With the 
addition of Fe3+, the Tgel of the system significantly decreased from 19 °C to 8 °C. The change was 
concentration dependent; the higher Fe3+ concentration, the lower Tgel. Similar impact was also discovered 
in host-guest interactions. As shown in Fig. 5a, addition of α-cyclodextrin (α-CD) carboxylate or phosphate 
into PEG-L-PA thermogelling led to 3-5 °C decrease in the polymer Tgel.58 Not only components with 
specific interactions, but also non-specific composites in the system may affect thermoresponsive properties. 
For example, in a composite of laponites with PEG-PLGA, increase in additive concentration, laponites, 
resulted in a lower gelation temperature.59 However, there was no clear trend for the effect of random 
composites to the thermoresponsive behaviors. In another report, it was found that mixing layered double 
hydroxide (LDH) nanoparticles with triblock PLGA-PEG-PLGA polymer caused the increase of gelation 
temperature.60 The effect of supramolecular interactions on the thermoresponsive properties of materials 
has been recently summarized.12 

 

 
2.6 Other variations  

Even the variation of small moieties of linear block copolymers may have significant impact on their 
thermoresponsive properties. For instance, the variation of a small linker in PLGA moiety of polymer PEG-

Fig. 5 (a) Schematic presentation of supramolecular interaction between α-CD and linear block copolymer PEG-PA and the effect 
on gelation temperature. Reproduced with permission from ref. 58. Copyright 2020, American Chemical Society. (b) The 
incorporation of UPy as additional hydrogen bonding moiety and effect on the LCST of triblock copolymer PLGA-PEG-PLGA. 
Reproduced with permission from ref. 47. Copyright 2020, American Chemical Society. 
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PLGA-PEG led to significant change in their gelation temperature.61 When a flexible hexamethylene was 
replaced by a rigid para-phenyl linker, the Tgel significantly decreased from 33 °C to 23 °C. The topology 
of small aromatic linkers also affects the responsive properties. For example, the conjugation of two 
polymer blocks at the ortho, meta and para positions of a benzene ring, with different substitution angle, 
led to block copolymers with distinct thermoresponsive properties. In one report, bi(mPEG-PLGA)-o-PC 
has a lower Tgel than bi(mPEG-PLGA)–m-PC and bi(mPEG-PLGA)-p-PC because of the change in polymer 
conformation. Similarly, the variation of a small terminal group on block copolymers may result in 
substantial change of their thermoresponsiveness. Also, the introduction of 2-ureido-4[1H]-pyrimidinone 
(UPy) to the terminus of PLGA-PEG-PLGA caused a sharp decrease of the polymer LCST (Fig. 5b).47 This 
is because of the introduction of extra hydrogen bonding moieties (UPy) to the polymer system. Similar 
phenomenon was also observed for a block copolymer poly (ε-caprolactone-co-p-dioxanone)-poly(ethylene 
glycol)-poly(ε-caprolactone-co-p-dioxanone), where the introduction of carboxylic acid instead of 
hydroxyl group led to lower Tgel.62 

Overall, the thermoresponsive properties of linear block copolymers could be tuned by varying intrinsic 
molecular bases of polymers, such as different hydrophobic moieties, polymer architectures, molecular 
weight, polydispersity, and HLB; or by manipulating the molecular interactions and microenvironment 
using polymer blends or external additives. The variation of these factors could lead to significant changes 
in the thermoresponsiveness of polymeric materials and even the loss of the responsive properties, e.g. 
gelation temperature and LCST, leading to the alterations in morphology, rheology, mechanical properties 
and host-guest properties. Although the specific trend of influences by the factors could be different (e.g. 
molecular weight) for different polymeric materials, they still provide a direction for tuning the 
thermoresponse for various application purposes, especially for polymers with the same structural 
components. 

3. Polymers with temperature-sensitive pendant groups 

Besides linear block copolymer, polymers with pendant groups are also widely used for thermoresponsive 
applications. These polymers have advantages from convenient alteration of monomer structures and ratios 
to optimize the responsive temperature range.11,63–65 The thermoresponsive properties of polymers, i.e. 
LCST and UCST-type properties, with pendant groups mainly arise from the equilibrium between polymer-
polymer and polymer-aqueous solution interactions at different temperatures.11,66,67 The temperature-
sensitive range of these polymers can be shifted to match their potential applications by modifying 
monomer structures, monomer compositions, and degree of polymerization. Additionally, external 
conditions, such as solvent environment and additives, can be manipulated to realize the optimal HLB. In 
the following section, different contributions to the alteration of transition temperature will be discussed in 
detail. 

3.1 Polymer materials  

There are several classes of monomers that are commonly used for synthesizing polymers with 
thermoresponsive pendants. The structure of these common monomers can be adjusted as a mean to tune 
HLB and responsive temperature range. Examples of commonly used monomers, yielding 
thermoresponsive polymer, can be categorized into different groups (Fig. 6). 

N-substituted acrylamide polymers have been studied for their thermoresponsive characteristics since 
196768, especially poly(N-isopropylacrylamide) (PNIPAAM) known to show a sharp LCST-type transition 
at 32 ºC in aqueous solutions.69 PNIPAAM received a lot of interest for biomedicine applications since its 
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LCST is near body temperature.70–77 The LCST properties of this polymer occur from the hydrophilic amide 
moiety and the hydrophobic N-alkyl chain, where the hydrophilicity of the polymer dominates at lower 
temperatures, while higher temperatures lead to favorable hydrophobic interactions.77 Length and shape 
variations of the hydrophobic N-alkyl chain was studied due to the interest in similar polymers with slightly 
different thermoresponsive properties, as well as alteration of other physical properties, such as cytotoxicity 
and limited drug loading capacity for biomedical applications.71,78 For N-substituted acrylamide polymers 
with similar alkyl chain architecture, longer hydrophobic chains generally lead to lower LCST. Increasing 
one carbon in the N-alkyl chain of poly(N-ethyl acrylamide) (PNEAM) to poly(N-propyl acrylamide) 
(PNPAM) led to a drastic drop in the LCST from 70-80 °C to 20-25 °C. 

 
 

Asides from the N-substituted acrylamide polymers, another class of amide-pendant polymers with 
LCST properties close to body temperature is poly (N-vinylcaprolactam) (PVCL) with LCST at 35 ºC. The 
main advantages of PVCL over PNIPAAM are lower cytotoxicity and broad LCST transition temperatures, 
which could be more suitable for some biomedical applications such as solubilizing hydrophobic drugs.78–

80 
As it was discussed in the previous section, ethylene glycol-based polymers exhibit LCST behaviors at 

different temperature range depending on the molecular weight and architecture of the polymers. For 
pendant polymers, ether-pendant, including ones with OEG sidechains, can also cause LCST-type response 
in polymers regardless of their backbone chemistry.81–83 Similar to the previous examples, the LCST 
behavior of polymers with OEG  sidechain originates from the combination of hydrophobic alkyl backbones 
and hydrophilic OEG sidechain. The LCST of these polymers are also influenced by OEG length 
alteration.76,84,85 The general trend suggested that the longer the OEG sidechain, the higher the LCST which 
can be tuned from around 26 ºC of P(EG2MA) to 90 ºC of P(EG8MA) as described in a recent review.76 

Fig. 6 Examples of thermoresponsive polymers with pendant groups. Polymers in the first three rows possessing LCST-type 
behavior. Polymers in the last row showing UCST-type behavior.11,63,64,88,286 
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This trend is applicable for other ether-pendant polymers such as the increase in methoxy length in P(EOVE) 
to P(EOEOVE) leading  to ~20 ºC shift in LCST. This observation is analogous to the amide-pendant 
polymer, in that increase in hydrophilicity resulted in higher LCST.  

Poly(2-oxazolines) is classified as synthetic polyamides where the connected N-ethylene served as a 
backbone of the polymer. The pendant moieties composed of acyl groups with a choice of alkyl chain or 
other functional groups.86 This class of polymer can be synthesized via cationic ring-opening 
polymerization (CROP), resulting in a controllable degree of polymerization with desired end-group.87 The 
thermoresponsiveness of poly(2-oxazolines) emerges from the balance between the hydrophilicity of 
tertiary amide backbone and the hydrophobicity of alkyl side chains. In order to obtain the desired LCST, 
the length and the hydrophobicity of the pendant group can be adjusted via structural variations of the 2-
oxazoline monomers at the 2-position or post-modification of the polymers. For alkyl side chains, it was 
found that the LCST of the polymer decreased with the increasing chain length.88  

A classic example of thermoresponsive zwitterionic polymers is poly(sulfobetaine), a zwitterionic 
polymer with positively-charged quaternary amine in the middle of the pendants and negatively-charged 
terminal sulfone moiety. The electrostatic interactions between the opposite charges lead to attraction of 
side chains.89 Unlike the LCST-analogues, this inter-pendant interactions are more favored at lower 
temperature. At higher temperatures, the heat causes water molecules to penetrate the interaction networks 
and disrupt them. Consequently, the soluble forms of the polymer are more favorable.90,91 The UCST 
comparison between of polysulfopropylbetaine methacrylate (PSPB) and polysulfobutylbetaine 
methacrylate (PSBB) suggests that increasing the methylene chain length between the ammonium and the 
sulfonate moieties substantially increased the UCST temperature.64 On the other hand, it has also been 
shown that lengthening methylene chain length between the backbone and the ammonium groups in 
poly(sulfobetaines) caused drastic decrease in UCST.92 

3.2 Copolymerization of different components  

Another approach employed to modulate the temperature-sensitive range of a polymer is co-polymerizing 
the desired thermoresponsive monomer(s) and other monomers with different hydrophobicity or 
hydrophilicity. Similar to monomer structural modification approach, incorporating more hydrophobic 
monomers results in a lower LCST, whereas introducing more hydrophilic monomers mostly gives rise to 
a higher LCST. For example, randomly mixing a charged 1-(4-vinylbenzyl)-3-methylimidazolium 
tetrafluoroborate ([VBMI][BF4]) monomer to PNIPAAM caused slightly increased in LCST from 31 °C 
to 37 °C depending on the ratio between PNIPAAM and P[VBMI][BF4] (Fig. 7a & 7b). The higher LCST 
was a result of co-polymerizing a relatively more hydrophilic monomer to PNIPAAM. The LCST-type 
behavior also vanished, as increase in P[VBMI][BF4] molar fraction resulted in less percent transmittance 
change.93 Furthermore, in another example, introducing hydrophilic OEGMA300 and hydrophobic butyl 
methacrylate (BuMA) monomers to thermoresponsive poly(diethylene glycol methacrylate) (PDEGMA) to 
alter their cloud point temperature. It was shown that the cloud point increased when the content of 
OEGMA300 increased due to the hydrophilic effect, and the cloud point decreased as the amount of BuMA 
in the polymer increased due to its hydrophobicity.65 There are several more examples in a recent review 
that illustrates this concept.94 

The strategy of incorporating a copolymer can also be used for introducing thermoresponsiveness to a 
water-soluble polymer. One of the most used examples is co-polymerizing acrylonitrile (AN) with the 
water-soluble acrylamide (AAm), obtaining poly(acrylamide-co-acrylonitrile) (P(AAm-co-AN)) with 
UCST-type property.89 The UCST behavior of P(AAm-co-AN) was tunable within the range of 5.5 °C to 
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56.5 °C by altering the AN content in the copolymer (Fig. 7c & 7d). The obtained trend showed that the 
increase in AN content corresponded to higher UCST. This observation was a consequence of increasing 
in hydrophobicity and stronger inter-chain interactions compared to the polymer-solvent interactions.95  
 

 
 

 
3.3 Molecular weight and polymer concentration 

The molecular weight of these polymers can also impact the range of responsive temperature, as it also 
alters the balance between polymer-polymer interactions and polymer-solution interactions. There are 
several examples that show the influence of molecular weight on the LCST or UCST of thermoresponsive 
polymers.86,95 Recently, this concept was studied by synthesizing molecular brush support for L-proline 
catalyst using poly[norbornene-poly(2-methyl-2-oxazoline-b-2-propyl-2-oxazoline)]-graft-poly 
[norbornene L-proline]. While maintaining the ratio of poly[norbornene-poly(2-methyl-2-oxazoline-b-2-
propyl-2-oxazoline)] and poly[norbornene L-proline], the increase in degree of polymerization, ultimately 
molecular weight, was found to lower the LCST of the polymer. This was attributed to enhance hydrophobic 
effect of the norbornene backbone.96 On the contrary, it was also demonstrated that increasing molecular 
weight of poly (N,N′-dimethyl(methacryloylethyl)ammonium propanesulfonate (PDAMPS) gives rise to 
higher UCST. This could be explained by considering the increasing inter-chain interactions due to the 
increasing number of charged pendants. More heat is required to break the polymer-polymer interactions, 
leading to higher UCST.97  

Polymer concentration is another important factor in determining the responsive temperature ranges (Fig. 
8a). One study conveyed that increase  in polymer concentration of poly(ornithine-co-citrulline), regardless 
of their stereochemistry, showed an elevation in UCST.98 In contrast, another study illustrated that when 
the concentration of PMEO2MA-b-POEGMA300 rises, LCST decreased.99 As also observed from other 
studies, increasing in polymer concentration generally promotes polymer-polymer interactions, leading to 
higher UCST or lower LCST. 92,95,100 

Fig. 7 Examples of effects of co-polymerization on thermoresponsive behavior. (a) Synthesis scheme of P(NIPAAM-co-
[VBMI][BF4]). (b) Increasing in LCST and diminishing of thermoresponsive behavior illustrated as effects of co-polymerizing 
NIPAAm with a charged ionic liquid monomers. Reproduced with permission from Ref. 93. Copyright 2019, Royal Society of 
Chemistry.  (c) Synthesis scheme of P(AAm-co-AN) (d) Elevation of UCST and more pronounced temperature sensitivity shown 
as impacts of co-polymerizing AAm with AN. Reproduced with permission from Ref. 95. Copyright 2017, Royal Society of 
Chemistry. 
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3.4 Salt concentration  

In addition to optimize the intrinsic properties of the polymer (monomer structures, polymer compositions, 
and degree of polymerization) to obtain the ideal thermoresponsive temperature range, extrinsic conditions 
of polymer solutions can also be manipulated to achieve the desired responsive range. Several factors can 
be modified including type and concentration of salt additives, and polymer concentrations. Type of 
solvents and their mixture can also be altered, but such topics will not be discussed in this review.  This 
provides a convenient approach for modulating transition temperature of polymers without having to re-
synthesize the polymers. 

Hofmeister categorized salt ions based on their impacts on solubility of macromolecules such as proteins 
and polymers.101–106 The phenomenon in which ions promoting solubility of the macromolecules is known 
as “salting-in effect”, whereas the exclusion of macromolecules from solvent assisted by ions is called 
“salting-out effect”.107 Since the thermoresponsiveness of polymers are directly correlated to balance 
between polymer-polymer and polymer-solvent interactions, ionic additives presented in a solution is 
critical for determining LCST or UCST. This effect is more pronounced in the case of anions in comparison 
with cations.66 Polymers with higher ionic content are also reported to be more sensitive to the change of 
ion concentrations than their non-ionic counterparts (Fig. 8b).89,95,108,109 Increasing the salt concentration in 
the solution of polysulfobetaines has been shown to result in depression of cloud points, although slight 
variations are observed based on the monomer structures and the type of salt.92 Furthermore, it was reported 
the subtle effect of one or multiple salts on thermoresponsiveness of PNIPAAM. Depending on the 
concentration of hydrated ions and polymer-absorbed ions, the swelling-collapsing state, and ultimately the 
LCST of PNIPAAM can be altered.110 This observation was due to the presence of anion, leading to water 
polarization, increasing surface tension around hydrophobic surface, and direct binding of anions to 
partially negatively-charged of N-amide atom.66 Meanwhile, another study revealed that for OEG-based 
polymers, the salt can be categorized into “salting-in ions” and “salting-out ions” whose effects were more 
enhanced as the concentration increased (Fig. 8c).111 Hofmeister effects are not only applicable to soluble 
polymers, but they also impact LCST of thermoresponsive-polymer-based macromolecules. The work from 
our group studied Hofmeister effects on nanogels assembled from OEG-based random copolymers. In this 
case, salting-in ions elevated LCST of the uncrosslinked assemblies and the nanogels as the concentration 
increased, while salting-out ions had the opposite effects. Beyond the thermoresponsive features, salt types 
and concentrations also impacted size, encapsulation efficiency, and release kinetic of the assembles and 
nanogels.112  

3.5 Non-ionic additives  

Non-ionic additives such as glucose were shown to affect the LCST of thermoresponsive polymers when 
co-polymerized with a sugar-sensitive moiety, including boronic acid as found in N-acryloyl-3-
aminophenylboronic acid (AAPBA). For example, P(NIPAAM-co-AAPBA) showed a rise in cloud point 
temperature as the sugar content in the solution was enhanced. This response was due to interactions 
between the boronic acid and the sugar additives, resulting in increasing hydrophilicity of the polymer (Fig. 
8d).113 Recently, a mean-field model was proposed to study the effect of multiple sugars on the 
thermoresponsiveness of PNIPAAM by measuring the degree of swelling at different pH, concentration of 
sugars, and temperature. Their models suggested that the higher mole fraction of sugars in the solution, the 
LCST decreased.114 Other non-ionic additives also showed some influence on the LCST of PNIPAAM 
depending on the concentration and detailed structure of the additives.115  
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3.6 Manipulation of non-covalent interactions 

In addition to the intrinsic amphiphilic characteristic of the monomers, thermosensitivity in polymer can be 
altered by introducing temperature-sensitive non-covalent interactions, such as host-guest interactions, and 
hydrogen bonds. These interactions can lead to either a shift in HLB or an attraction between polymer 
chains. As previously discussed, the magnitude of inter-chain interactions, relative to the polymer-solvent 
interactions, is a crucial factor to determine whether the materials exhibit thermoresponsiveness. For the 
polymers with intrinsic temperature-sensitive characteristics, instillation of non-covalent interactions can 
be utilized to tune the range of LCST or UCST.12  

There are a few demonstrations on the impact of host-guest interactions on the range of LCST or UCST. 
For example, PNIPAAM system with an adamantane terminal experienced a shift in LCST upon exposing 
to  β-CD-bovine serum albumin (BSA) conjugate. The host-guest interactions between the adamantane 
terminal and the β-CD generated a shift in HLB by covering up hydrophobic adamantane and introducing 
hydrophilic BSA to the polymer system. This resulted in a shift of LCST from 29.3 to 30.7 °C.116 
Additionally, the host-guest assisting salting-in effects occurred when installing benzo-21-crown-7 (B21C7) 
to poly(vinyl alcohol-co-vinyl acetate), which did not possess thermoresponsiveness initially. The 
introduction of B21C7 to the polymer system not only introduced the temperature-sensitive characteristic 

Fig. 8 (a) Concentration-dependent alteration of UCST of P(AAm-co-AN). Reproduced with permission from Ref. 95. Copyright 
2017, Royal Society of Chemistry. (b) Effects of various sodium salts on LCST of PNIPAAM. Different degrees of impact shown 
when PNIPAAM was co-polymerized with hydrophobic or ionic monomers. Reproduced with permission from Ref. 109. Copyright 
2015, Elsevier. (c) Schematic representation of ions promoting or worsening the interactions between polymer and water molecules. 
Reproduced with permission from Ref. 111. Copyright 2021, Elsevier. (d) Changes in phase transition temperature of sugar- and 
temperature-sensitive P(NIPAAM-co-AAPBA) as glucose concentration increases. Reproduced with permission from Ref. 113. 
Copyright 2004, WILEY-VCH.  
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but also provided the handle for tuning the LCST via the host-guest chemistry of B21C7 and potassium 
ions. This specific interaction led to a significant salting-in effect (increasing LCST), competing with the 
typical salting-out effect (decreasing LCST), which could nearly restore the original LCST (27.9 °C 
compared to 30.2 °C of the salt-free LCST).117  

A couple of examples also revealed that by modifying a polymer with moieties that are prone to cause 
intermolecular non-covalent interactions, such as boronic acid 118 and urea 119,120, could be applied for 
introducing and optimizing the range of thermoresponsiveness. It was illustrated that introduction of a bis-
urea terminal group to poly(N,N-dimethylacrylamide) (PDMAc) enabled the temperature-sensitive 
characteristic to the polymer. A bis-urea free PDMAc was reported to be water-soluble, and the cloud point 
was not observed below 80 °C. In contrast, the bis-urea modified PDMAcs were shown to exhibit cloud 
point temperature ranging from 30 to 70 °C depending on the degree of polymerization. It was explained 
that the bis-urea terminal facilitated the hydrogen bond formation intermolecularly, causing stronger inter-
chain interactions and temperature sensitivity.120  

Universally, polymers with pendant groups have been studied for thermoresponsive applications. These 
polymers benefit from modulation of responsive temperature range by simply changing monomer structures, 
polymer composition, and degree of polymerization. Physical properties of polymer solutions, such as 
polymer and additive concentrations, are also critical for determining the range of temperature sensitivity. 
These factors emphasize the importance of HLB, intra-chain polymer interactions, and polymer-solution 
interactions on thermoresponsiveness. By considering a judicial combination of these factors, polymers 
with pendant groups can be synthesized with desired temperature-sensitive range, as well as other beneficial 
features for a plethora of applications. 

4. Temperature-responsive dendrimers and hyperbranched polymers  

Apart from linear block copolymers and polymers with sidechains, dendrimers have gained attention due 
to their unique advantages such as monodispersity, stable assembly formation and capability for 
functionalization at surface, core and the middle region.121,122 In general, thermo-responsive dendrimers are 
synthesized by a) directly incorporating PEG and PNIPAAM polymers into the dendritic core or surface;123–

126 b) conjugation of temperature sensitive small molecules such as peptides, oligoethylene glycols (OEG), 
isobutyl amide onto the dendritic surface;127–131 and c) building dendrimers with amphiphilic components 
containing OEGs or β-aminoesters (Fig. 9).18,132–134  
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4.1 Thermoresponsive moieties in dendrimers.  

Among temperature-responsive dendrimers, PEG and PNIPAAM based systems are extensively 
studied.29,34,135,136 Recently, PNIPAAM has been incorporated onto the surface of polyamidoamine 
(PAMAM) dendrimers.137 Water-soluble catalysts were physically encapsulated inside these dendrimers to 
achieve thermally-controllable catalysis. The authors demonstrated temperature-dependent catalytic 
activity due to the structural changes in the dendritic host. Similarly, a pH and thermoresponsive polymer, 
poly(N,N-dimethylaminoethyl methacrylate) (PDMA), was conjugated to the periphery of PAMAM 
dendrimer.138 This PAMAM-g-PDMA dendrimer exhibited LCST-type property, which was dependent on 
the graft length of PDMA on PAMAM surface. As the graft length of PDMA increased, the overall 
hydrophobicity of the dendrimer also increased. This process can prevent PDMA groups from interacting 
with water, thus causing the decrease in LCST behavior. Since the PDMA moiety is also pH responsive, 
the LCST of the dendrimer was found to vary with pH. In another study, surface of PAMAM dendrimers 
were modified with temperature sensitive alkoxy diethylene glycols.127 By controlling the ratios of different 
alkoxy diethylene glycols in the dendrimer periphery, the LCST behavior of these dendrimers was 
successfully modulated. 

 Conjugation of thermoresponsive small molecules to the dendritic surfaces has also gained significant 
interests. In one such effort, an elastin-like oligopeptide (ELP), which has thermoresponsive folding 
capability was successfully incorporated onto the fourth generation (G4) PAMAM dendritic surface.130 This 
G4-ELP dendrimer exhibited LCST behavior at the physiological temperature under neutral pH. The LCST 
was also found to vary with the pH, presumably due to the cooperative interplay between the folding state 
of peptide and the ionization state of the dendrimer core. In another study, isobutyramide (IBAM) groups 
known for their thermoresponsive properties were conjugated to each chain of PAMAM dendron-based 
lipids (Fig. 10a).128 In aqueous solution, these dendrons formed assemblies with IBAM groups exposed on 

Fig. 9 Design of different types of thermoresponsive dendrimers (a) Conjugation of thermoresponsive moieties (polymer124, 

128/small molecule139/peptide127) to dendritic surface. Construction of dendrons with amphiphilic components containing 
thermoresponsive groups (b) biaryl-core facially amphiphilic G2 dendrimer141 and (c) phenylene vinylene core G3 dendrimer.132 
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its surface and exhibited LCST around 40 °C. Interestingly, the authors observed temperature-sensitive 
morphology transformations in G2 and G3 dendron lipids (Fig. 10b). Both dendrons formed vesicular 
morphologies that destabilized above LCST through a change in hydration of the vesicle surface. The 
authors speculated that in G2 IBAM dendrons, hydration of dendron moieties led to molecular packing 
suitable for lamellar phase formation. However, above LCST dehydration of the IBAM groups induced 
shrinkage of head groups, favoring the truncated cone molecular shape, thereby forming inverted rod-like 
micelles. In contrast, G3 IBAM dendrons possess larger head groups than that of G2 IBAM. Consequently, 
after dehydration of head groups in G3 IBAM, dendrons retained cylindrical shapes that formed vesicles. 
However, dehydration of vesicular surfaces may have increased hydrophobicity of assembly surfaces that 
aided in aggregation and vesicle fusion. 

 

 
4.2 Impact of molecular structures on “facially amphiphilic” dendrimers  

Our group has developed a new class of dendrimers called “facially amphiphilic” dendrimers by 
incorporating hydrophilic and hydrophobic functional groups. This modification was performed at either 
face of the planar building block using a biaryl moiety.139 In aqueous solutions, these dendrimers containing 
penta(ethylene glycol) units as the hydrophilic moiety and decyl chain as hydrophobic moiety were found 
to form micelle-like aggregates within nanometer range.140,141 Temperature-sensitivity due to the presence 
of ethylene glycol units were evaluated in different dendrimer generations.142 A generation-dependent 
temperature-sensitivity was observed, due to the aggregation size and cooperativity when PEG moieties 
were tethered together in self-assembled dendrons (Fig. 11a). Additionally, the role of hydrophobic 
moieties in temperature-responsive behavior were probed in self-assembled dendrons by systematically 
varying the aromaticity in hydrophobic units, while keeping the hydrophilic component the same.49 Increase 
in aromaticity could make the assemblies less sensitive to temperature change and even lose the temperature 
responsiveness. Combined experimental and simulation studies further revealed that the supramolecular 
structures were less dynamic with the increase in the degrees of aromaticity due to the strong π-π 
interactions. These findings demonstrated how subtle changes in self-assembled units could have significant 
impacts on temperature-sensitivity in supramolecular systems.         

LCST transition are based on phase separation in solution i.e., soluble molecules become insoluble in 
response to an increase in temperature. Interestingly, we have found a temperature-transition well below 
the LCST (sub-LCST) in facially amphiphilic dendritic assemblies formed by G1 dendrons.10 From 
dynamic light scattering (DLS), a size transition from ~160 nm to ~ 30 nm was observed at 17.5 °C, which 

Fig. 10 (a) Design of molecular assemblies with temperature-sensitive properties using isobutyramide terminated dendron-based 
lipids. (b) Mechanism for temperature-responsive structural transition. Reprinted with permission from ref. 128. Copyright 2011, 
WILEY-VCH. 
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was below the actual LCST (42 °C). Sub-LCST behavior was presumably due to the enhanced hydration 
of oligoethylene units in the amphiphilic dendrimer at lower temperatures, which makes the dendrons 
dynamic in the micelle-like aggregates (Fig. 11b). This hypothesis was tested using fluorescence resonance 
energy transfer technique (FRET) by examining the temperature-dependent guest and host exchange using 
a pyrene-labeled dendrimer.143 As expected, dendrons in the assembled state rapidly exchanges among each 
other at lower temperatures whereas, the assemblies were not dynamic at higher temperatures. Interestingly, 
sub-LCST behavior was found to be unique to G1 dendrons although higher generation dendrimers were 
structurally similar. We speculated that this could be due to larger energetic penalty for reorganization in 
the case of G2 and G3 dendron based assemblies containing higher number of amphiphilic units at ambient 
temperatures.  

 
Interestingly, incorporation of single OEG unit alone or with small molecules do not offer any noticeable 

thermoresponsive behaviors. However, when OEG units are conjugated to a scaffold that presents these 
moieties in a multimeric form due to self-assembly, they could exhibit thermal sensitivity. As a result, 
thermoresponsive oligomers have attracted a great deal of interest.144–147 Our group has designed and 
synthesized a series of oligomers containing  amphiphilic OEG-based side chains (Fig. 12a).148 We found 
that non-covalent organization of OEG units through aggregation increased the thermoresponsive behavior 
in oligomers. Additionally, the covalent tethering of amphiphilic units significantly influenced the 
temperature-sensitivity. With the increase in OEG units, oligomers exhibited increasingly sharp LCST 
transition, which indicated cooperativity in thermal sensitivity when OEG units are tethered together. In 
another study, we have investigated the structural requirements for oligomeric amphiphiles to exhibit sub-
LCST transition (Fig. 12b).149 Interestingly, the mere presence of OEGs in the oligomer does not guarantee 
molecules with sub-LCST behavior. However, we found that conformational rigidity in the amphiphilic 
backbone could impart sub-LCST transition in oligomers. For example, molecule T2 in Fig. 12b, which is 

Fig. 11 (a) Chemical structure of G1 and G2 dendrons and temperature sensitivity in different generations of facially amphiphilic 
dendrons. Reproduced with permission from ref. 142. Copyright 2005, American Chemical Society.  (b) Schematic representation 
of the proposed sub-LCST supramolecular transition. Reproduced with permission from  ref. 10. Copyright 2013, American 
Chemical Society.  
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conformationally rigid, was found to exhibit sub-LCST transition whereas a relatively flexible molecule 
T1 does not have. Interestingly, the rigidity can be achieved by intramolecular hydrogen bonding between 
the amide bond in the backbone of these oligomers. One example is molecule T3, which can be stabilized 
using intramolecular hydrogen bonding thereby offering conformational stability whereas amide-
methylated molecule T1 lacks such stabilization. Consequently, we found that only molecule T3 exhibited 
sub-LCST behavior, implying the crucial role of conformational stability for sub-LCST transition. Very 
recently, we studied the factors controlling the dynamics of such type of thermoresponsive assemblies (Fig. 
12c).150 We found both the dehydration of OEGs and thermally promoted molecular motions play roles in 
assembly dynamics. When temperature increases, the dominant factor transitions from dehydration to 
thermally-promoted molecular motions. This transition temperature and dynamics dominant factors can be 
tuned by a single-site mutation with a small hydrophobic group on one of the hydrophilic chains in the 
oligomer. Apart from these studies, an ethynylhelicene oligomer containing six tri(ethylene)glycol moieties 
exhibited inverse thermoresponsive behavior.151 This oligomer reversibly changed structure between a 
double helix and a random coil when subjected to heating and cooling. This indicated that the hydration of 
tri(ethylene)glycol groups led to the conformation change of triethylamine domains which promoted double 
helix formation by π-π interactions.  

 

4.3 Modulation of the thermoresponsive properties of hyperbranched dendrimers and dendronized 
polymers 

Fig. 12 (a) Chemical structures of amphiphilic oligomers containing OEG units and the temperature sensitivity study using turbidity 
measurement by measuring high-tension voltage response on CD spectrometer. Reproduced with permission from ref. 148. 
Copyright 2011, American Chemical Society (b) Structures of amphiphilic oligomers for probing sub-LCST behavior. Reproduced 
with permission from ref. 149. Copyright 2015, American Chemical Society. (c) Correlations between amphiphile structure and 
dynamic transition point. Reproduced with permission from ref. 150. Copyright 2021, Royal Society of Chemistry. 
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Macromolecules with confined microenvironments are of significant interest due to their ability to mimic 
biomacromolecules with well-defined functions and bioactivities.152  Dendritic macromolecules such as 
hyperbranched dendrimers and dendronized polymers belong to this category since they can create confined 
microenvironments through cooperative interactions from topological molecules.153–155 Confined 
microenvironments can also be created by incorporating thermoresponsive features. For example, 
macromolecules can collapse its hydrophobic parts at temperatures above LCST through enhanced 
cooperative interactions of the densely crowded dendritic/polymer chains.156–159 Researchers have utilized 
a combination of thermoresponsive features of OEG and multivalency from the highly branched dendritic 
architectures to create such confined microenvironments.160–162 For example, OEG-based dendronized 
polymers have been used to demonstrate sharp thermal transitions with small hysteresis (Fig. 13a & 13b).161 
Additionally, LCSTs can be tuned by changing three key structural parameters in the dendronized polymers: 
i) terminal groups, methoxy vs ethoxy; ii) length of the OEG chain; and iii) generation of dendrimer. 
Although the interior part of the polymer showed minor effects in LCST, the periphery of dendrons wrapped 
around the dendronized polymer dominated the apparent hydrophobicity for LCST transition. Generally, 
LCST of thermoresponsive systems are modulated by varying the ratio of hydrophilic and hydrophobic 
units. Interestingly, it was found that changes in packing arrangements could influence the 
thermoresponsive behavior in hyperbranched dendrimers.163 In this study, the influence of stereochemical 
differences  on LCST transition was evaluated in hyperbranched polyethyleneimine (HPEI) based system. 
Hyperbranched polymers with the same chemical composition but different spatial arrangements of 
functionalities can exhibit remarkable differences in LCST (Fig. 13c). Detailed nuclear magnetic resonance 
(NMR) studies revealed that differences in distribution of acetamide and isobutyramide groups in the HPEI-
based polymers induced different packing arrangements of the same thermoresponsive functional groups. 
Most of the thermoresponsive systems exhibited a concentration-dependent LCST behavior. Initially, 
LCST decreased with the increase in polymer or dendrimer concentration, followed by attenuation until 
saturation.164,165 Interestingly, hyperbranched systems with abnormal thermoresponsive behavior, where 
LCST increased with rising concentration, have been reported.166 In one such study, hyperbranched 
polyglycerol (HPG) derivatives were synthesized through esterification reaction between HPG and 
aliphatic acids with different carbon lengths.167 From turbidity and fluorescence measurements, HPG 
derivatives with 5-8 aliphatic units exhibited abnormal thermoresponsive behaviors, whereas 2-4 aliphatic 
units  behaved as expected. The existence of relatively strong hydrophobic interactions is crucial for 
hyperbranched systems to exhibit an abnormal thermoresponsive behavior in water.  
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Overall, oligomers or macromolecules with dendritic architectures offer advantages including 

monodispersity, multivalency and ease in functionalization for the design and synthesis of 
thermoresponsive materials. Among these materials, the key parameter that determines the thermal 
sensitivity is HLB. By varying the ratio of hydrophilic and hydrophobic units, the LCST can be rationally 
tuned. More hydrophilic dendritic molecules show a higher LCST than their hydrophobic counterparts. 
Apart from the variation in HLB, other factors that affect temperature sensitivity in dendritic 
macromolecules are dendron generation, aggregation size, length of thermoresponsive units, concentration, 
rigidity and packing arrangements. Understanding these key factors that modulate the temperature 
sensitivity behavior will be crucial for the rational design of thermoresponsive dendritic molecules. 

5. Other thermoresponsive molecules 

Oligo- or polypeptides are a promising class of thermoresponsive polymers that have been used for 
numerous biomaterials and biomedical applications.168,169 The most studied thermoresponsive polypeptide 
is elastin-like peptides (ELPs), which is a biomimetic class of protein polymers consisting of five 
hydrophobic amino acid motifs (Val-Pro-Gly-X-Gly), with X (guest residue) being any amino acid except 
proline.170–173 Micellar assemblies can be fabricated from either ELP block copolymers or hybrids with 
other macromolecules. Parameters used to tune the thermoresponsiveness of the assemblies can be 
categorized into external and internal. External parameters include polymer concentration, salt content, and 
pH, whereas internal include changing guest residue X, varying the number of repetitive units within ELP, 
sequence directionality, and conjugation to other molecules.174–180  

The responsiveness of these assemblies follows an LCST-like phase behavior. Generally, the phase 
transition temperature decreases when the hydrophobicity of guest residue increases.181,182 Consecutive 
nonpolar amino acids (NAAs) could suggest thermoresponsiveness to miniaturized elastin-like peptides 
(MELPs) (~20 amino acids) through phase transition mechanism mediated by micelle self-assembly. An 

Fig. 13 (a) Chemical structures of dendronized polymers and their (b) thermoresponsive behavior. Reproduced with permission 
from ref. 161. Copyright 2008, Royal Society of Chemistry.  (c) Influence of stereochemical differences on the LCST phase 
transition in hyperbranched polyethyleneimines conjugated with spatially isomerized groups. Reproduced with permission from 
ref. 163. Copyright 2017, American Chemical Society. 
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N-terminal amino acid substitution could also be used for tuning the HLB and thermoresponsiveness.183 
Additionally,  it was also demonstrated that chemo-selective modifications of methionine thioether as the 
guest residue in diblock ELP could tune thermal behaviors and lead to transition into micelles depending 
on the block length.33 Steric effects also played a role if the two groups have similar hydrophobicity. For 
example, substitution with valine compared to isoleucine lowered transition temperature by almost 20 °C, 
suggesting that steric effects of linear and branched side chains also impacted transition temperature.184 
When short ELPs (4-6 pentads) were conjugated to collagen-like peptides, decrease in transition 
temperature was found, likely due to local crowding effect which impacted entropic driving forces on the 
transition.180,185 The LCST of polypeptides can be tuned via external additives depending on peptide 
concentrations. At low peptide concentrations, divalent cation additives led to lower LCST compared to 
monovalent ones, but an inverse trend was observed when peptide concentration increased.184 LCST has 
also been reported to be inversely related to ELP length and concentration due to increasing hydrophobic 
interactions.175,186 It was recently reported that reversing the sequence direction of poly(VPGVG) resulted 
in different transition temperatures and hysteresis due to different molecular interactions and aggregate 
conformations.187 MELPs with four pentad repeats became thermoresponsive with the aid of small 
hydrophobic compound (9-fluororenylmethoxycarbonyl (Fmoc) group) conjugated at an N-terminus.188 
Interestingly, the size of ELP aggregates could be controlled and sustained when conjugated to positively-
charged polyelectrolyte, polyethyleneimine (PEI).189 The modification at the side terminal end leads to 
different conformation during self-assembly process, making it easier to form an inner core of aggregate 
surrounded by PEI blocks. Additionally, the copolymer solutions displayed lower LCST with higher 
polymer concentrations and salt content. This core-shell aggregate formed at lower temperatures than 
uncharged ELPs. Additional information can be found in a recent review about molecular determinants of 
ELP and ELP-hybrid architecture.190 

Apart from ELPs, proline-based peptides are also studied as thermoresponsive materials. Oligo- or 
polyprolines adopt two helical conformations: compact, right-handed polyproline (PPI) and stretched, left-
handed polyproline II (PPII).191 They originally are water-soluble and not responsive to temperature. 
However, modifications with hydrophobic pendants can introduce thermoresponsive behaviors such that 
the transition temperature decreases with increasing hydrophobicity of polypeptide.192,193  For instance, 
hydrophobic units differing in geometry and location on oligo-prolines affected the transition 
temperature.194 Polyprolines could also be modified with OEG dendrons to elicit thermoresponsive 
behaviors. Thermally-induced phase transition was found to be dependent on dendron generation and the 
spatial arrangement along polyproline backbone.195  

Comprised of a hydrophilic head group attached to a pair of long hydrophobic fatty acid tail, lipids can 
spontaneously fold and form bilayers, liposomes, and micelles in water. Unlike the thermosensitive 
molecules discussed thus far, the temperature-sensitivity of lipids does not follow UCST or LCST 
mechanism. Rather, the primary factor driving temperature response arises from their reorganization in 
response to changes in free energy of the system.196 At the phase transition temperature, the orientation of 
C-C single bonds in hydrocarbon tails changes from trans to gauche state.197 The transition temperature of 
lipid molecules is determined by differential scanning calorimetry (DSC) where heat absorption is measured 
when bilayers undergo phase transition from gel to liquid phase.198 Varying the ratio between different lipid 
molecules can tune the transition temperature of the membrane to have properties such as fluidity, 
permeability, and curvature.199–201 

Most lipid-based formulations incorporate phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) due to its appropriate phase transition temperature  of 42 °C. Systems containing pure DPPC or 
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pure 1,2-distearoyl-sn-glycero-3phosphocholine (DSPC) (Tm=55 °C) tend to form liposomes.202,203 Several 
factors that affect the thermoresponsiveness of lipids include hydrophobic chain length, unsaturation, and 
incorporating sterols and lysolipids. In theory, phase transition temperature increases by increasing the 
length of hydrocarbon tails due to stronger intermolecular van der Waals (VDW) interactions, surface area, 
degrees of freedom, and heat capacity.204 Incorporating unsaturated lipid molecules can weaken VDW 
interactions between lipid tails and result in the lower transition temperature.205 Double bonds closer to 
center of alkyl chain cause larger disruptions in packing, compared to those located closer to the head or 
end of the chain. Additionally, sterols can accumulate in between fatty acid chains, causing decrease in 
membrane fluidity and lower transition temperature. Lysolipids are a derivative of phospholipid with one 
of the acyl groups removed by hydrolysis. Due to having a larger hydrophilic head group in relation to 
hydrocarbon tail, lysolipids tend to form structures with positive curvature and increase permeability of 
membrane for a rapid cargo release.206–208  

The transition temperature of lipids can be modulated by covalent PEGylation and physically mixing 
with other additives. Previously, pure 1,2-distearoyl-sin-glycero-3-phosphoethanolamine (DSPE) lipid 
systems was found to form liposomes (Tm=74 °C), but when PEGylated, as seen in pure 1,2-distearoyl-sin-
glycero-3-phosphoethanolamine-PEG(2000) (DSPE-PEG2000) systems, the transition temperature shifted 
to 12 °C and formed globular micelles and bicelles.209–211  Interestingly, opposite trend was observed in 
another study where increasing the degree of PEGylation alters fluidity and shape of bilayers in DPPC: 
DPSE-PEG2000 lipid systems and higher phase temperature.212 This was associated to decrease in overall 
lateral pressure as fatty acid chains of DPPC and DSPE-PEG2000 became increasingly mismatched. 
Addition of sterols also led to lower the Tm. In a recent study where low amounts of cholesterol (0-10mol%) 
was formulated with DPPC:MSPC:DSPE-PEG2000 liposomes, significant reduction of DOX leakage was 
observed at 37 °C, while maintaining fast release at Tm of 42˚C.213 The type of encapsulated cargo can also 
affect the Tm and morphology of lipsomes. For example, the thermosensitivity of lysoplipid-TSLs (LTSLs) 
was manipulated via DOX crystal modification rather than lipid bilayer compositions.214 For additional 
information on chemical structures that affect liposomes, the reader can refer to a recent review.215  

As discussed, in addition to the previously mentioned linear, block and dendritic polymers, other 
molecules such as peptides and lipids also display thermoresponsive behaviors. The transition temperatures 
of ELPs and polyprolines are primarily affected by increasing hydrophobicity. This may include 
introducing different “X” guest residues, varying the number of repetitive units, changing the sequence 
directionality, or attaching different hydrophobic pendants. Contrary to polymers and polypeptides, lipids 
do not follow the standard UCST or LCST mechanism, but respond to changes in the free energy of the 
system. Alterations to the length of hydrophobic chains and incorporation of different degrees of 
unsaturation, sterols and lysolipids are the main factors to tune lipid temperature-sensitivity. Considering 
the parameters discussed thus far, understanding key factors that modulate the temperature sensitivity 
behavior will be crucial for the development of future thermoresponsive materials for a variety of 
applications. 

6. Applications  
In the previous sections, we summarized the recent advances in temperature responsive assemblies based 
on molecules with different topology and how the molecular bases and different factors can influence 
thermoresponsiveness. In this section, we focus on the practical utility of thermoresponsive materials in 
drug delivery, tissue engineering and catalysis, and how the previously mentioned factors were utilized to 
achieve the optimal properties. As explained before, thermoresponsiveness of molecules originates from 
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molecular level transformations which result in the macroscopic alterations e.g., morphology change, phase 
separation and rheology alteration of corresponding materials. These macroscopic transformations are taken 
into various practical uses. 

6.1 Drug delivery 

Therapeutic drug and macromolecule delivery is one of the most extensively investigated areas of 
thermoresponsive assemblies. Thermoresponsive dendrimers have been widely utilized in drug delivery 
applications due to their highly tunable LCST and ease in surface functionalization. In one such study, 
PAMAM dendrimers decorated with alkoxy diethylene glycols with tunable LCST were synthesized.127 By 
varying the ratios of different alkoxy diethylene glycols on the periphery of dendrimer, the transition 
temperature could be tuned to body temperature. These dendrimers were found to be noncytotoxic and 
cellular uptake was enhanced in HeLa cells by increasing their incubation temperature above its LCST. In 
another study, dendrimers modified with a thermoresponsive collagen model peptide, (Pro-Pro-Gly)5 were 
synthesized.131 Although these dendrimers did not exhibit phase transition, a thermoresponsive molecular 
release was observed, which was attributed to the change in the extent of triple helix nature of collagen 
peptide in the dendrimers. In an effort to utilize dendrimers as drug carriers, thermoresponsive PEG and 
PNIPAAM units have been grafted onto the surface of PAMAM dendrimers to yield PAMAM-g-
PNIPAAM and PAMAM-g-PNIPAAM-co-PEG.125 

 

 
As expected, the unmodified PAMAM dendrimers did not exhibit temperature dependent guest release 

characteristics whereas, both dendrimers modified using either just PNIPAAM or PNIPAAM co-grafted 
with PEG units exhibited temperature dependent release profile of indomethacin. More recently, 
PNIPAAM and phenylboronic acid grafted temperature-responsive polymers were synthesized for the 
delivery of siRNA (Fig. 14).216 The authors demonstrated that their system could release the loaded siRNA 
in response to temperature below its LCST. The authors speculated that above LCST, stability of siRNA 
complexation with polymer increased due to the collapse of PNIPAM moieties, while below LCST, 
expansion of PNIPAAM groups destabilized the polymer/siRNA complex causing the siRNA release. 
Additionally, gene silencing efficacy of polymer/siRNA complex was found to significantly increase upon 
cold treatment after its cellular uptake. 

Linear block copolymers with different architectures have very distinctive thermoresponsive properties. 
For example, the difference of gelation temperatures between di- and tri-block copolymers has been utilized 

Fig. 14 (a) Synthesis of G5 dendrimer containing poly(N-isopropylacrylamide) and phenylboronic acid. (b) Proposed mechanism 
of temperature-responsive siRNA release. Reproduced with permission from Ref. 216. Copyright 2016, American Chemical 
Society 
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to design a ROS-responsive PEG-PCL-PEG which can be cleaved in the middle of the PCL.37 Before ROS-
triggered cleavage, the triblock copolymer solution was in a gel state at body temperature and showed 
relatively slow drug release kinetics. Once it was cleaved by ROS, there was a gel-to-sol transformation 
because of the generation of a diblock copolymer, resulting in a faster release. The duration of thermogel 
could also be controlled by the presence of ROS. In another study, two PEG-PLGA polymer fragments 
were covalently modified to a Pt(IV) prodrug, generating a Pt(IV)-linked triblock thermoresponsive PLGA-
PEG-PLGA polymer. This system was then applied to the preparation of micellar drug-loading system. 
These micelles were used for the encapsulation of another hydrophobic drug, paclitaxel (PTX), for co-
delivery of two anticancer drugs. The micellar solution  had a sol-to-gel transition at 35 °C, a little lower 
than body temperature, qualifying it as an injectable delivery system.217 Sun and coworkers dispersed 
layered double hydroxide (LDH) nanoparticles in a triblock PLGA-PEG-PLGA polymer solution as a drug 
carrier. The drug-loaded nanoparticle-thermogel system had a sol−gel transition at 38.6 °C, very close to 
body temperature, and the system exhibited a sustainable release profile compared to the sole nanoparticle 
for delivery.60 Furthermore, PLGA−PEG−PLGA polymer-based thermoresponsive hydrogel was utilized 
as a delivery platform for the sustainable release of biomacromolecules (Fig. 15a).218 The authors 
systematically investigated the impact of LA/GA ratio and concentration of polymers on self-assembly, gel 
rheology, and guest-release kinetics of hydrogels. According to the results, the polymer with 3:1 LA/GA 
ratio formed larger micelles (43 nm) than the 94:6 counterpart (24 nm) because of the increased 
hydrophilicity. This ratio variation also led to the change of rheology of hydrogel and degradation rate of 
polymer, resulting in distinctive guest-release profile (Fig. 15b and 15c). As shown in Fig. 15b, 94-6 
(LA/GA) hydrogel exhibited much lower storage modulus and faster guest release kinetics than 3-1(LA/GA) 
hydrogel. Besides, the system with higher polymer concentration showed a faster polymer gelation rate, 
higher storage moduli, and more sustainable release. Interestingly, the addition of excipients, like sodium 
alginate (ALG) and hyaluronic acid (HA), caused the change of mechanical properties, gelation time, and 
release rate, thus these factors could be used for fine-tuning the thermoresponsiveness of hydrogels and 
drug release kinetics. 

 

 
Thermoresponsive poly(γ-oligo(ethylene glycol)-ε-caprolactone)-b-poly(γ-benzyloxy-ε-caprolactone) 

block copolymer has been utilized to prepare micellar nanocarriers for the co-delivery of doxorubicin and 

Fig. 15 (a) Structure of PLGA-PEG-PLGA polymer and schematic presentation of thermo-induced gelation process and the in vivo 
test in this work. (b) Summary of the storage and loss moduli, and gelation time for the experimented hydrogel systems at 37 °C. 
(c) Cumulative release kinetics of insulin from different PLGA−PEG−PLGA thermogels (n = 3). Reproduced with permission from 
Ref. 218. Copyright 2020, American Chemical Society. 
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quercetin to cancer cells.219  The drug release was based on phase transition of micelles at higher 
temperatures. The size, LCST, and drug loading capacity of the micelles were tuned by varying the length 
of OEG moieties. Increasing the OEG length resulted in higher LCST, consistent with many other PEG-
attached polymers. Fascinatingly, the loading combination of two different drugs could significantly 
improve the drug loading capacity, which was due to hydrogen bonding and π-π stacking between the two 
drugs (Fig. 16). An injectable supramolecular hydrogel from thermoresponsive nanoparticles and α-CD was 
studied for delivery applications.220 The thermoresponsive properties were highly related to polymer and α-
CD concentrations. This thermogel could gradually release 50 nm size nanoparticles in a sustainable way.  

 

 
The majority of thermoresponsive pendant polymers have been reported within the field of drug delivery. 

The polymer can be specifically designed to form assemblies with desired morphology. In one study, non-
crosslinked PNIPAAM was incorporated as a template for preparation of hollow drug-encapsulated 
nanoparticles by complexing with a polymer synthesized from NIPAAM, N, N′-bis (acryloyl) cystamine 
(BAC), sulfated 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS), and acrylic acid (AAc). The latter 
polymer was crosslinked to form a core-shell NP, followed by the temperature depression to release the 
soluble PNIPAAM core template by using its temperature-sensitive property (Fig 17a). The NIPAAM units 
on the hollow shell also assisted with drug encapsulation by introducing the anti-inflammatory peptides 
when the shell was swollen at lower temperature. The heat was then added to shrink the shell and keep the 
peptide caged.221 In another study, a block-co-polymer displayed different micelle morphologies and LCST-
type behavior depending on the concentration and temperature by simply introducing a galactose-
functionalized monomer to a thermoresponsive PDEGMA polymer. The galactose moieties also provided 
hepatoma-targeting features to the micelle.222 Besides the advantages over morphological control, the LCST 
of thermoresponsive nanocarriers could be modulated to match desired applications. A PNIPAM-based 
polymeric NP was applied for targeted delivery of paclitaxel to mitochondria due to the relatively high 
temperature (~50 °C) in the organelle. In order to achieve the responsiveness at the temperature of 
mitochondria, NIPAAM was co-polymerized with poly(ethylene glycol) methyl ether methacrylate with 
the ratio of 8.5:1, thus increasing the LCST from 32 °C to around 50 °C. The results demonstrated that the 
thermoresponsive nanocarrier indeed enhanced the ability of mitochondria targeting due to the organelle 
local heat (Fig 17b).223,224 Similarly, the ratio between acrylamide and acrylonitrile was optimized in their 
copolymers to obtain thermoresponsive polymers which functioned at mild hyperthermia conditions for 

Fig. 16 Schematic presentation of the codelivery of anticancer drugs using thermoresponsive micelles. Reproduced with permission 
from Ref. 219. Copyright 2020, American Chemical Society. 
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delivering doxorubicin to the tumor site.225 To take advantage of this concept, the tunability in LCST was 
applied by co-polymerizing NIPAAM with N-methylolacrylamide to obtain polymers with relatively high 
LCST. These thermoresponsive polymers were then conjugated to hydrophobic cores, which brought down 
the LCST because of the increased hydrophobicity. With this precise control, they were able to minimize 
the drug release at normal physiological temperature, while promoting the extrusion of the drug at the tumor 
site with slightly higher temperatures.226 More examples of thermoresponsive polymeric carriers for 
delivery applications can be found in previous review articles.74,76–78,227 
 

 

 
In addition to directly assembling polymers, thermoresponsive molecules can also be modified onto 

nano-sized particles to form a core-shell structure. The responsiveness to temperature change can then be 
used for particle formation and controlled release of drug molecules. In 2018, a thermoresponsive core-

Fig. 17 Delivery applications of thermoresponsive nanocarriers (a) PNIPAM core assisting the formation of hollow nanocarriers 
while PNIPAM co-polymer shell helping with drug encapsulation. Reproduced with permission from Ref. 221. Copyright 2020, 
Elsevier. (b) PNIPAM nanocarriers used for organelle targeting purpose as mitochondria have elevated local temperature. 
Reproduced with permission from Ref. 223. Copyright 2019, Royal Society of Chemistry. (c) Thermoresponsive ethylene glycol-
based polymers decorated on AuNPs to control the ligand expose and cellular internalization. Reproduced with permission from 
Ref. 231. Copyright 2018, American Chemical Society. 
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shell system was prepared by co-polymerizing OEGMA with MEO2MA on the surface of ZnO quantum 
dots and applied for imaging and drug delivery applications. The particle platform showed great 
biocompatibility, yet high toxicity at the temperature above LCST.228 The change in cell viability came 
from phase transition of the grafted polymers. When the polymers became dehydrated above LCST, DOX 
encapsulated at the shell of the particles was released more efficiently, leading to cell death. Moreover, 
PEO-PPO-pendant polyphosphazene could  be grafted onto mesoporous NPs for pH- and thermoresponsive 
drug delivery systems.81 Many more thermoresponsive polymer-grafted porous silica nanoparticles has 
been reviewed.229 Additionally, one study revealed an interesting photothermal system with temperature-
controlled release by covalently modifying a thermoresponsive OEGMA and MEO2MA-based copolymer 
on to the surface of hollow gold nanoparticles (AuNPs).230 Apart from the controlled release applications, 
thermoresponsive gates can also be applied for controlled cellular uptake by regulating the accessibility of 
the targeting ligand. One example is decorating AuNPs with transferrin protein ligands and OEG-based 
thermoresponsive polymers. Upon mild heating, the protein ligands could be revealed to cellular transferrin 
receptors, inducing internalization of the AuNPs (Fig 17c).231  

 

 

 
ELP sequences are easily modified to include therapeutic peptides, proteins, and small molecule drugs. 

A library of ELP fusion proteins was constructed to elucidate the impact of molecular weight on 
pharmacokinetics, biodistribution, and renal localization.232 ELP fusion proteins with higher molecular 
weight or chain length had lower Tt, consistent with prior observations.175 These results demonstrated that 
medium molecular weight proteins (37-74 kDa) were found to be the most suited for delivery due to longer 

Fig. 18 (a) Genetically engineered temperature-responsive multifunctional protein hydrogels for spatiotemporal control of cellular 
functions. Reproduced with permission from Ref. 235. Copyright 2020 American Chemical Society. (b) Thermosensitive DPPC 
liposomes encapsulating alkalis successfully neutralized environmental acids for up to 3 hrs, preventing acid erosion of 
hydroxyapatite matrix for dental oral care. Reproduced with permission from Ref. 249.  Copyright 2020 American Chemical 
Society. 
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plasma half-lives and high total renal accumulation. While a number of light-responsive ELP hydrogels 
have been developed, it has proved difficult to create stable hydrogels using ELPs with temperature-
sensitive characteristics for drug delivery because of their high hydrophobicity and tendency to aggregate 
heterogeneously.233,234 Recently, genetically engineered temperature-responsive multifunctional protein 
hydrogels were developed for spatiotemporal control of cellular functions (Fig.18a).235 ELP (AVGVP)n 
was attached to both ends of matrix protein and used as crosslinking points. In addition, polyaspartic acid 
(polyD) and coil-LL peptide were fused to ELP sequence (CUBEs), exhibiting controllable sol-gel 
transition, superior transparency, tunable mechanical and biofunctional properties, and growth-factor 
delivering activity. ELP fused with polyD have been shown to form size-controlled nanoparticles due to 
negative charge repulsion of polyD block and increase in polyD chain length improved hydrogel 
transparency. These results suggest that the hydrogel formation was promoted by increasing the 
hydrophobic intermolecular interactions of ELP depending on the concentration. Interestingly, short 
peptide sequences such as Boc-Phe-Phe-Gly-Gly-OH were reported to also have thermoresponsive 
behaviors.236,237 When coated onto ZnO@Fe3O4 nanoparticles, peptides acted as nanovalves that “open and 
close” in response to local heating of the core generated from microwave irradiation.  The peptide closes 
pores by forming β-sheet protofibrils through self-assembly at 37 °C but opens pores at transition 
temperature of 50 °C via disassembling process. For more details on thermoresponsive peptide-based 
materials, the reader can refer to recent reviews.238–240 

Because of their biocompatibility and bioavailability, lipid-based assemblies have mainly been utilized 
for delivery applications as well. To release cargo within the body, the proper heating temperature must 
range between 40-42 °C since higher temperatures can result in hemorrhage. Advances in thermoresponsive 
liposomes are often formulated to respond to mild hyperthermia (43-45 °C) and coupled with radiotherapy 
and chemotherapy for improved therapeutics. The existence of both solid and liquid lipid domains at the 
transition temperature leads to leaky regions or increased permeability for drug release.241–246  Recently, 
thermosensitive liposomal cerasome with specific targeting (c-LIP-WSG) was prepared to reduce side 
effects and drug leakage, and improve targeting.247 These results indicated that c-LIP-WSG had better 
stability than most liposomes due to silicon material formed in liposome bilayer, exhibiting excellent 
structural stability both in storage and in a simulated circulation environment. In vivo data confirmed 
efficient targeting for SKOV-3 tumor in ovarian carcinoma. Two copolymers, PNIPAAM-b-PLA 
copolymer (66:34% w/w) and PNIPAAM-b-PLA (50:50% w/w), with the latter being shorter and more 
hydrophobic, were evaluated on their lyotropic effect on liposomal membrane.248 DSC measurements of 
chimeric and mixed bilayers and liposomes consisting of DPPC or EPC and PNIPAAM-b-PLA copolymers 
suggested creation of new functional phase inside membrane which was dependent on both composition 
and polymer concentration. PNIPAAM-b-PLA (66:34% w/w)  had better stability on liposome membrane, 
while PNIPAAM-b-PLA (50:50% w/w) had no thermoresponsive reduction and lacked transition close to 
LCST of PNIPAAM. Overall, the length of individual segments of PNIPAAM and PLA and their molecular 
weights were key factors for insertion and conformation inside membrane that determined final 
functionality. Although burst release is a single, high-rate release at the target site, this type of release has 
limited sustained action for drugs. Sustained and slow-releasing drug carriers are less invasive and offer 
more accessibility as they do not require hyperthermia. Recently, thermosensitive DPPC liposomes 
encapsulating alkalis successfully neutralized environmental acids for up to 3 hours, preventing acid erosion 
of hydroxyapatite matrix for dental oral care (Fig. 18b).249 Liposome encapsulating Tris (Tris-Lipo) was 
prepared in 4.1 M Tris solution, which has significantly higher osmolality than normal human saliva. This 
large osmolality gap between the inside and the outside of the liposomes caused minor release of cargo 
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below the phase transition temperature of the liposomes (40.3 °C). Tris-Lipo released at 36.5 °C peaked at 
2 hours of incubation, while at 25 °C only reached peak release in 3.5 hours, due to the decreased 
permeability at a lower temperature. This suggested the influence of environment temperature and the 
difference in pH gradient between the inner and the outer wall of the lipid bilayer membrane. After 3 hours, 
release was subdued and was not activated again until triggered by a disruption to the osmotic equilibrium 
(reacidification). Functionalizing Tris-Lipo surfaces with targeting moieties such as tetracycline and 
alendronate, could have high potential for in vivo as an effective liposomal nanotherapeutic for the 
prevention of dental cares formation. Thermoresponsive liposomes and their hybrids have been discussed 
extensively in many reviews; 242,250–252 therefore, recent examples listed above were briefly discussed to 
provide additional insights. 

6.2 Tissue engineering 

Tissue engineering and 3D cell culture is another hot research area for the applications of thermoresponsive 
materials, especially thermoresponsive hydrogels, as these are fundamentally important for developing new 
methods to revert damages from wound and diseases.27 In a recent study, thermoresponsive assemblies were 
prepared using diblock copolymer poly(glycerol monomethacrylate)-poly(2-hydroxypropylmethacrylate) 
(PGMA-b-PHPMA) (Fig. 19a). Interestingly, the structure of assembly could be tuned by varying either 
the length of different blocks or the temperature.253 For example, increasing the fraction of PHPMA led to 
assembly changes from spheric micelles to worm-like micelles and finally vesicles (Fig. 19b). Reducing 
the temperature of PGMA54-b-PHPMA140 from 21 to 4 °C could result in a morphology transition from 
worm-like to spherical micelles (Fig. 19c). In another report, they applied this worm-like thermogel to 
mimic natural mammalian mucins and used it for 3D cell culture, which could induce stasis in pluripotent 
stem cells and human embryos (Fig. 19d). Interestingly, cells recovered quickly from the suspended 
animation state by thermo-induced degelation, demonstrating the superiority of this thermal gel in 3D cell 
culture and tissue engineering.254  A multiblock polymer synthesized by pyridine-dicarboxylate (PDC) 
connected poly(ethylene glycol)-poly(propylene glycol)-poly(ethylene glycol) triblock copolymers was 
applied for tonsil-derived mesenchymal stem cells (TMSCs) culture.255 The gelation temperature of the 
polymer could be tuned by varying polymer concentration. The mechanical properties of the hydrogel could 
be modulated by adding different concentration of Fe3+. A thermoresponsive triblock copolymer 
(P(NIPAM166-co-nBA9)-PEG-P(NIPAM166-co-nBA9) was loaded with silver-nanoparticles-decorated 
reduced graphene oxide nanosheets, Ag@rGO, which had antibacterial activity, and generated a 
thermoresponsive hydrogel. This hydrogel underwent irreversible sol-to-gel transition at body temperature 
and was successfully applied for Methicillin-Resistant Staphylococcus Aureus (MRSA) infected wound 
healing.256 
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Thermoresponsive polymers can also be used for selective cell sheets production, which is applicable to 

many biomedical studies. For instance, PNIPAAM was grafted onto hyperbranched polystyrene or its 
cationic and anionic derivatives to study the attachment and detachment of mouse 3T3 fibroblast cell 
sheet.257 For this purpose, the introduction of selectivity into the cell detachment process of cell sheet 
formation is very important. In a recent study, poly(N,N-dimethylaminopropyl acrylamide)-b-PNIPAAM 
was grafted from an ATRP-modified glass plate to separate a mesenchymal stem cells from fibroblasts and 
macrophages, while another report polymerized PDEGMA on the modified gold surface to distinguish stem 
cells from differentiated cells (Fig. 20a).258,259 These techniques could be used for 3D tissues. The cell sheet 
used for 3D stacking were obtained from a mold made by UV-cured polyurethane acrylate mixed with 
glycidyl methacrylate, followed by PNIPAAM grafting (Fig. 20b).260 More tissue engineering applications 
of thermoresponsive polymers were summarized in a recent review.261  

 

 
6.3 Controlled catalysis 

In addition to delivery and tissue engineering applications, thermoresponsive assemblies are also employed 
for controlled catalysis. Highly branched architecture and multivalent features of dendrimers make them 

Fig. 19 (a) (a) The synthesis and structure of PGMA-PHPMA polymer. (b) Digital photographs of three PGMA-PHPMA copolymer 
dispersions (10 w/w %) at 21 °C, TEM images of diluted polymer solutions and molecular weight of the three polymers. (c) 
Thermo-induced morphology transformation of PGMA54-PHPMA140 assemblies. Reproduced with permission from Ref. 253.   
Copyright 2012, American Chemical Society. (d) Structure of PGMA55-PHPMA135 polymer for wormlike thermogel and confocal 
image from 3D cell culture. Reproduced with permission from Ref. 254. Copyright 2016, American Chemical Society.  

Fig. 20 Tissue engineering applications of PNIPAAM-based polymers grafted surfaces: (a) PNIPAAM-grafted glass plate for cell-
selective cell sheet formation. Reprinted with permission from ref. 258. Copyright 2020, WILEY-VCH. (b) PNIPAAM-grafted 
flexible polymeric molds utilized for 3D cell sheet stacking. Reproduced with permission from Ref. 260. Copyright 2020, Elsevier. 
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highly attractive for applications in catalysis.262,263 For example, surface of PAMAM dendrimers were 
modified with thermoresponsive PNIPAAM functional groups and a water-soluble catalyst was physically 
encapsulated into the interior cavities of these dendrimers.137 In this study, the catalytic activity could be 
controlled in response to variations in temperature, which was induced by the change in the structure of 
dendrimers. In another study, a hybrid catalyst based on ruthenium nanoparticles were encapsulated into 
the networks of poly(propyleneimine) dendrimers crosslinked with PEG diglycidyl ether.264 Additionally, 
temperature-sensitive catalytic activity of these synthesized hybrid catalysts were tested by using 
hydrogenation reaction of unsaturated compounds in aqueous conditions. The authors found temperature 
dependence in catalytic activity, which increased with the temperature before levelling off. More recently, 
a thermoresponsive nanoreactor from amphiphilic dendrimer-like copolymer has been reported.265 The 
amphiphilic dendrimer-like copolymer consisted of poly(styrene) in its interior and thermoresponsive PEO 
as outer segments. Here, the nanoreactor could be regulated using temperature as a stimulus for the 
activation-and-deactivation of hydrolysis reaction of benzyl chloride (Fig. 21). At temperatures below 
LCST, nanoreactor was soluble and outer PEO segments were highly hydrated in the reaction media, 
facilitating the reaction to proceed. However, at temperatures above LCST, due to the dehydration process, 
PEO segments shrunk thereby causing the aggregation of the unimolecular nanoreactor and sharp decline 
in the reaction rate. Furthermore, it was found that the activation-and-deactivation process was reversible 
in nature until the reaction reached the final yield of 99%. 

 

 
It was demonstrated that the introduction of thermoresponsive nanoreactors could introduce the 

exclusion of water and hydrophobic core formation around the L-proline and L-hydroxyproline. Such 
confinement led to higher catalysis activity and better enantioselectivity. The nanoreactors were synthesized 
from 2-oxazoline-based bottlebrush, in which the length of 2-oxazoline could be altered for different 
thermoresponsiveness and HLB, resulting in tunable catalytic activities (Fig. 22a).96 Furthermore, 
instillation of the nanoreactors could enable temperature-assisted recyclability to soluble catalysts. Two 
works published in 2019 illustrated that providing ethylene glycol-based polymers as scaffolds maintained 
high catalytic activity, in comparison to soluble catalysts, while became recoverable simply by precipitation 
using additional heat.266,267  Especially, the work with triphenylphosphine pendants showed the tunable 
thermoresponsiveness by changing ratio between DEGMA and OEGMA300 composition. Likewise, the 
reusability of enzymatic activities can be installed by covalently grafting polymers with LCST or UCST-

Fig. 21 (a) Proposed reaction pathway for accelerating reaction by amphiphilic dendrimer-like copolymer in aqueous solution (b) 
Activation/deactivation of nanoreactors based on LCST of the densely grafted peripheral PEO segments. Reproduced with 
permission from Ref. 265. Copyright 2019, American Chemical Society.   
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type behaviors onto an enzyme. In one study, PNIPAAM was conjugated to B8CYA8 b-glycosidase (Fig. 
22b)268, while in another study, P(AAm-co-AN) was attached to Pseudomonas cepacia lipase (PSL) (Fig 
22c).269 In both cases, the enzymes could be easily recovered by heating or cooling the solution, while 
maintaining decent activities after the recovery.  

 
 

Thermoresponsive molecules can also be coated onto nanoparticles or proteins as a gate to control their 
catalytic activities. For example, a study discussed the control of manganese-mediated decomposition of 
H2O2. This cryptic catalysis system functioned by grafting a temperature-sensitive bottle-brush PEO-PPO-
pendant polyphosphazene onto manganese-modified mesoporous silica nanoparticle. The subtle change in 
temperature could precisely turn on and off the catalysis.81 Another example of gate-controlled catalysis 
was shown by Guo and coworkers, whose work evolved around attaching thermoresponsive polymers and 
DNAzymes onto AuNPs. The accessibility of DNAzymes depended on the morphology of the polymers, 
whether shrinking or expanding.270 Moreover, a core-satellite NP was constructed by conjugating small 
AuNPs onto a silica nanoparticle core. PNIPAAM was utilized for the conjugation and the shell decoration, 
introducing temperature-sensitivity to the system, where at elevated temperature, the catalysis activities 
were reduced.271  

7. Conclusions and outlook 

In this review, we summarize the recent advances in thermoresponsive assemblies and the molecular basis 
for the tunability in their temperature sensitivity. Some typical thermoresponsive moieties introduced in 
this review were PEG, PNIPAAM, polymers with charged moieties, and lipids. Temperature-induced 

Fig. 22 Temperature-controlled catalysis (a) poly(2-oxazoline)-based bottle brush polymers applied for controlled activity and 
enantioselectivity of L-proline catalyst. Reproduced with permission from Ref. 96. Copyright 2021, American Chemical Society.  
(b) PNIPAAM conjugation to B8CYA8 b-glycosidase for modulable enzymatic activity. Reproduced with permission from Ref. 
268. Copyright 2018, American Chemical Society. (c) PNIPAAM utilized as linkers and surface decorators for satellite SiO2-
AuNPs whose substrate conversion rate was temperature-dependent. Reproduced with permission from Ref. 271. Copyright 2019, 
American Chemical Society.  
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alteration in hydrogen bonds, electrostatic interactions or thermo-induced molecular motions are used as 
the main driving forces for corresponding thermoresponsiveness. Key parameters used for tuning 
thermoresponsive behaviors include molecular structure, HLB, molecular weight, concentration, external 
additives, blended polymer systems, and introduction small moieties that offers additional molecular 
interactions.  

As the major driving forces for thermoresponsiveness, the abrupt changes of hydrogen bonds, 
electrostatic interactions and molecular conformations are all based on weak interactions that do not disturb 
the molecular integrity. These weak interactions are customized for different chemical moieties, thus 
exhibiting different tolerance toward the disturbances from microenvironments due to temperature 
alteration, which brings the unique thermoresponsiveness for different materials. However, because of these 
relatively weak interactions, the change of thermoresponsiveness for different materials are usually non-
proportional and even inversely correlated to parameters mentioned above. This makes the responsive 
results less predictable when adjusting parameters for different materials and thus difficult to rationally 
manipulate material properties. For example, increasing the molecular weight and hydrophobicity of 
different polymers may lead opposite changes to the thermogelling properties.38,45 In this context, 
developing thermoresponsive materials relying on different responsive principles is crucial for the design 
of next generation thermoresponsive supramolecular assemblies with predictable tunability. Many 
temperature-responsive chemical reactions have been developed in the past few decades.272–274 Thermo-
induced chemical bond formation and cleavage can be a robust strategy to tune the molecular integrity, thus 
robustly altering the HLB and molecular structure in supramolecular assembly.275,276 These changes are 
based on covalent bond alteration, thus more resistant to microenvironment variations and resulting in more 
predictable and controllable thermoresponsiveness. We expect more of these covalent bond alteration-based 
thermoresponsive materials will be designed in the future, enriching the thermoresponsive materials 
categories, and bringing opportunities for the design of next generation thermoresponsive materials for 
desired applications. 

As summarized before, responsive temperature, mechanical properties, assembly morphology, 
membrane permeability, and guest release kinetics, can be manipulated by rationally varying the above-
mentioned factors. The superior thermoresponsive properties qualify these materials for a wide range of 
applications. This review discussed the applications of the materials in therapeutic drug delivery, tissue 
engineering, and thermally controlled catalysis. But the potential utilities are not limited to these three 
categories. For example, thermoresponsive polymers have also been used for shape memory materials,277–

279 temperature and glucose sensors,280,281 smart textiles,282 and thermoresponsive chromatography and 
electrodes.283–285 We anticipate that thermoresponsive molecules could be applied to more areas as smart 
materials and contribute a variety of interdisciplinary research. 
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