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1. Introduction

Hydrogels play a significant role in the
medical field as they provide enhanced
performance as drug carriers for cell and
gene therapies, tissue engineering, and
3D-printed artificial organs, due to their
soft condition as polymeric material and
high biocompatibility.[1–4] Moreover, most
of them are derived from biopolymers
obtained by friendly and clinical-grade
technology processes, such as bacterial
fermentation and photosynthesis of plants
and vegetables.[5] Hydrogels are water-
swollen crosslinked polymer networks,
highly capable of absorbing water (up to
100 times its weight) without dissolving
on it. They can be designed to act under
different stimulus-responses.[6,7] Stimuli-
responsive materials change their
properties upon exposure to one or more
external induced changes, such as heat,
light, pH change, mechanical input,

electrical input, chemical input, and magnetic input.[8,9]

Thermoresponsive or thermosensitive hydrogels (TSHs),
i.e., gels with variable properties under temperature cooling or
heating processes, have attracted much attention in the biomed-
ical field.[10,11] However, nowadays they are coming into force to
be applied in other areas, among them, the very fascinating
are those related to water waste treatments[12–16] and energy
production.[17–20] Nowadays, one of the most promising gel-type
polymers that are being explored in such emerging fields is
poly(N-isopropylacrylamide) (PNIPAAm) and its copolymers.
They can absorb (“expand”) or expel water (“collapse”) depending
on the temperature of use and on the co-monomers class linked
to the gel networking formation.

This review aims to offer a clear background in the TSH
hydrogel concept with emphasis on the most relevant synthesis
procedures and properties. Looking into the literature, over the
past 5 years, more than 100 revisions about “thermosensitive” or
“thermoresponsive” hydrogels were cited in the Web of Science.
Among them, 58% were devoted to drug delivery and
injectables,[21–23] 16 % was specifically related to gene and cancer
therapy,[24,25] 14% to tissue engineering,[26–28] 4% to wound
healing (dressing),[29,30] 4% to the antimicrobial system[31,32]

and the rest appeals to other specific functions.[33] Only five
revision articles were inquired into other areas, such as agricul-
tural[34] and soft-robotics.[35,36] The present work differs from
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Temperature-sensitive (thermosensitive) hydrogels, which are part of the family of
stimulus-sensitive hydrogels, consist of water-filled polymer networks that display a
temperature-dependent degree of swelling. Thermosensitive hydrogels, which can
undergo phase transition or swell/de-swell as temperature changes, have great
potential in various technological and biomedical purposes for a number of reasons:
their temperature response is reversible, hydrogels are stable and easy to prepare,
they can be biocompatible and also be suitably combined with other organic and
inorganic materials, resulting in new materials with outstanding properties. Among
thermosensitive hydrogels poly(N-isopropylacrylamide) (PNIPAAm) is the most
extensively studied because it brings together the best properties of these materials.
Consequently, in the past few years, a wide number of applications and new
chemical processes to prepare PNIPAAm and their derivatives are being proposed.
The objective of this review is to summarize the fundamentals of thermosensitive
hydrogels and recent advances in preparation and both technological and bio-
medical applications of thermosensitive hydrogel, with a special focus on PNIPAAm
and their derivatives. Special attention has been given to the discussion of chal-
lenges and future research perspectives based on new horizons not yet considered.
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those previously published on the topic, being set on the novelty
of exploring new horizons, with a particular focus on PNIPAAm
(and derivatives) TSHs uses.

2. Basic Features

2.1. Hydrogel Concept and General Properties

Hydrogels were first reported by Wichterle and Lím in 1960.[37]

The original hydrogel polymer was composed of a copolymer of
2-hydroxyethyl methacrylate (HEMA) and ethylene dimethacry-
late (EDMA). Thus, derived from synthetic sources. One year
later, it was converted into the first soft hydrogel successfully
used as contact lenses, which remains one of the most important
clinical uses of hydrogels today.

According to polymers' nature and their combinations with
other organic and inorganic compounds, hydrogels can be clas-
sified as shown in Figure 1. Although the most important class
refers to natural and synthetic groups, natural-based hydrogels
are the most abundant.[38] Combinations of either natural or syn-
thetic gels with other materials (e.g., ceramic, metallic, and living
organisms) derive in hybrid systems. Table 1 includes examples
of polysaccharides, synthetic and hybrid gel types, with particular
emphasis on that which describes their thermoresponsive prop-
erties. Many of these examples are combinations of different
hydrogel-like structures, such as poly(N-isopropylacrylamide)
(PNIPAAm) with natural gel compounds. PNIPAAm is one of
the most important synthetic thermosensitive hydrogels investi-
gated nowadays.

A hydrogel is a 3D network of hydrophilic polymers that can
swell in water and hold a large amount of it, while maintaining
the structure due to chemical or physical crosslinking of individ-
ual polymer chains (Figure 2). One example of natural- and
synthetic hydrogel interactions by hydrogen bonds to form
cellulose–polyacrylamide interpenetrating network was shown
by Lin et al.[39] The high swelling/de-swelling capacity under
environment changes will depend on both the chemical structure
of the polymer structure and the degree of crosslinking. Such
entanglement linkages are responsible for the high porosity of
these compounds.

The most important natural, synthetic, and hybrid TSHs
are described in the next section, highlighting their relevant
properties and applications.

2.2. Chemical Structures and Properties of Most Relevant
Thermosensitive Hydrogels

TSHs have received considerable attention in the past deca-
des,[40,41] because they undergo an in situ sol–gel transition at
values of temperature which could correspond to the difference
in their ambient storage temperature and their critical solution
temperature (CST). TSHs only form gels once a change in the
hydrophilic and hydrophobic interactions, among the polymer
chains and the water molecules making up the solution, is
induced.[42] It is possible to define a lower critical solution
temperature (LCST) when polymers gel, upon heating, moves
from soluble and hydrophilic to insoluble and hydrophobic.[43]

Conversely, when the sol–gel transition occurs upon cooling,

Figure 1. Hydrogel classification according to polymer nature and combinations of them with other organic and inorganic compounds.
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they display an upper critical solution temperature (UCST).
Another important parameter of the TSHs is the critical gelation
concentration (CGC) which is defined as the concentration of a
material that results in thermo-gelation, which affect the viscosity
and the gelation temperature.[43] Furthermore, the hybridization
of TSHs with other materials has allowed researchers to formu-
late ideal TSHs to suit their requirements, thereby mitigating
issues arising when the gelation concentrations are too high,
or the gelation temperatures are not viable for in situ gelation.[44]

Key TSHs of great interest are chitosan-β-glycerophosphate,
pluronic F127, methylcellulose (MC), poly(ethylene glycol)-
block-poly(ε-caprolactone) (PEG-PCL)-based polymersomes and
PNIPAAm. In the current review, special focus will be directed

to PNIPAAm and PNIPAAm-based hybrid TSHs, suitable for
many applications in various processes ranging from industrial
to biological.

2.2.1. Chitosan-Based Thermosensitive Hydrogels

Consisting ofN-acetyl-M-glucosamine and β(1-4)-linked D-glucos-
amine randomly arranged, chitosan is a biodegradable, biocom-
patible, cationic polysaccharide that is hydrophilic and that
can gel at body temperature when the pH is increased to 7.2.[45]

In 2001, Chenite et al. developed for the first time a chitosan-
based thermogel causing the gelation by the addition of

Table 1. Main examples of TSH hydrogels, classified according to their polymer nature and main applications.

Hydrogel nature Main properties and/or applications References

Alginate/Poloxamer 407 Dental caries treatment [192]

Alginate/sodium hyaluronate/
methylcellulose composite

Arthritis treatment [193]

Alginate/PNIPAAm Recovery of Li from seawater [187]

Alginate/PNIPAAm/ε-polylysine Recovery of uranium from seawater [188]

Alginate/gelatin/ZnO Scaffold for cartilage tissue regeneration [194]

Chitosan Injectable, controllable degradation, and drug delivery [195]

Chitosan/alginate Injectable hydrogels for ocular disease treatments [196]

Hyaluronic acid/dextran

PNIPAAm, PEG, PLGA

Chitosan/PNIPAAm Delivery of therapeutic proteins for cardiac protection
against myocardial infarction

[197]

Methylcellulose Oral dosage drug [198,199]

Prevention of post-operatory adhesion

Hydroxypropyl cellulose/
Konjac glucomannan biomass

Super hygroscopic collector of water from
atmospheric moisture

[200]

Methacrylate gelatin Adhesion, wound repair [201]

Gelatin/silk Nerve guidance conducts for nerve regeneration [202]

Cellulose/Pluronic F127 Injectable drug delivery [203]

PNIPAAm Solar water evaporation [164]

PNIPAAm-poly(acrylic acid) (PAA) copolymers Smart window for building energy efficiency [204,205]

Artificial breathing actuator

PEG-PCL copolymers Injectable gel to deliver therapeutic
proteins for ocular diseases

[68,206]

Drug delivery, graft

Poly(3-hydroxybutyrate) (PHB) Tissue engineering [207]

Hydrogel-Ag NPs Antibacterial hydrogel for wound healing [115,208,209]

Antibacterial coating

Hydrogel-Au NPs Anticancer therapy [101,106,107,132,133]

Photothermal therapy and drug delivery

SERS detection, semi-invasive diagnosis

Hydrogel-carbon nanotubes (CNT) Absorbent for oil/water separation [210,211]

Drug delivery controlled by electrical and temperature stimulus

Hydrogel-conducting polymers (CP) Electrochemical sensor for herbicide detection [103–105]

Tissue engineering scaffolds, implantable biosensors

Self-healing properties
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β-glycerophosphate, a polyol salt, that serves to increase the pH of
the acidic chitosan to 7–7.4, allowing a gel to form in a controlled
manner at 37 °C, while maintaining its liquid state at 10 °C.[46] As
regards the mechanism, the polyols surround the chitosan and
provide a protective and hydro-resistant layer around the chitosan
chains through weak intermolecular interactions such as hydro-
gen bonding. Increasing the temperature eliminates this polyol
layer and allows the polymer to be in equilibrium through stron-
ger hydrophobic interactions, thereby generating gels
(Figure 3a).[47,48] Hybrid chitosan-based TSHs show promising
perspectives in terms of their potential in tissue engineering
applications due to the reduction in toxicity and improvement
in gel strength provided by hybridization with other
compounds.[2,49] An interesting study about the preparation
and cell viability of hydrogel scaffolds based on chitosan,
β-glycerophosphate, and collagen was reported by Song
et al.[50] The study revealed improvements in cell growth and
in the performance of the chitosan/β-glycerophosphate/collagen
hybrid material. The formulation, which gelled within 12min at
a temperature of 37 °C, showed good mechanical strength and
was able to maintain its integrity within the cell culture media
for the entire duration of 4 weeks.[50] A chitosan-PNIPAAm
TSHs was formulated by Luo et al. for the treatment of oral

mucosal ulcers, with thermo-gelling temperatures ranging from
30.1 to 31.8 °C, thereby facilitating the injection within the oral
cavity.[51] The combination of chitosan and PNIPAAm led to
an improvement in antimicrobial activity, inhibiting both
Gram-positive and Gram-negative bacterial growth and promot-
ing gingival fibroblast proliferation and the healing of ulcers.[51]

2.2.2. Pluronic-Based Thermosensitive Hydrogels

Another class of TSHs is represented by pluronic (commonly
known as poloxamer), triblock copolymers consisting of hydro-
phobic polypropylene oxide (PPO) at the center, with hydrophilic
polyethylene oxide (PEO) on either sides (ABA poloxamer),
whose precise mechanism of gelation has not been yet con-
firmed.[52] Different hypotheses have been proposed during
the past decades,[53,54] most of them based on changes in the
properties of the micelles with regards to aggregation and sym-
metry upon an increase in temperature.[53] In all models investi-
gated, the increasing temperature caused the gelation, leading to
the formation of the micelles from unimers (at low temperature)
and, subsequently, to the formation of entanglements between
the micelles.[55,56] The entanglements could be ascribed to a
shortening of the intermicellar distance that takes place by

Figure 2. Chemical and physical examples of hydrogel crosslinking. Adapted from several references reported in the literature. Reproduced with per-
missions: Hydrogen bonding image.[39] Copyright 2018, Springer Nature; Grafting image.[133] Copyright 2022, American Chemical Society; Free-radical
and crosslinking junctions.[189] Copyright 2018, American Chemical Society; Metal-ion image.[190] Copyright 2017, American Chemical Society; Click-
chemistry image.[191] Copyright 2017, American Chemical Society.
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increasing the micellar sizes or the micelles numbers. As a
model, a recently published mechanistic study of one of the most
commonly used pluronic, F127, also known as poloxamer 407
(P407), has been reported. Figure 3b shows the formation of
aqueous P407 micelles with increasing temperature. With fur-
ther temperature elevation, micelles packed into FCC structures
at 37 °C, as revealed by a sharp increase in G 0 and G 0 0 curves.
Above physiologically relevant conditions, the moduli decrease
as the micelles disorder. In the same study, it was also investi-
gated the impact of adding to P407 2 BAB reverse poloxamers
(RPs), 25R4 and 31R1, on the thermal transitions, rheological
properties, and mainly on the assembled structures of P407
was also investigated.[56] While 25R4 addition promotes
inter-micelle bridge formation, the highly hydrophobic 31R1
co-micellizes with P407. Small molecule addition reduces the
thermal transition temperatures and increases the micelle size,
while RPs addition mitigates the decreases in modulus tradition-
ally associated with small molecule incorporation.[56] The high
CGC of P407, which is a triblock copolymer with a 2:1 PEO:
PPO ratio, is a serious disadvantage.[57] This value, which was
found to be greater than 20% at 25 °C, is responsible for the for-
mation of gels with high viscosity, not suitable for many appli-
cations (i.e., drug injection[57]). To mitigate such drawback, some
authors proposed hybridization of P407 with MC, lowering the

CGC to 12% and showing a thermo-gelation at 37 °C while
existing in the sol phase at room temperature.[57] Also, pluronic
was efficiently hybridized with alginate (ALG). The mechanical
properties of the thermo-gelling system improved around 100
times.[58] Furthermore, ALG addition led to an increase in the
temperature from 15 to 40 °C, indicating higher stiffness of
the gel.[58]

2.2.3. Cellulose-Based Thermosensitive Hydrogels

MC and hydroxypropyl methylcellulose (HPMC) are hydrophobi-
cally substituted water-soluble cellulose derivatives that are ther-
moresponsive with an LCST comprised between 40 and 50 °C
and between 75 and 90 °C for MC, and HPMC, respectively.[59]

At concentrations between 1% and 10%, these polymers form
gels at a temperature higher than the LCST. Several mechanisms
have been proposed to explain the thermo-reversible gelation of
MC.[60–62] One of the most recent, which was reported by
Niemczyk–Soczynska et al.,[61] can be described as follows.
During heating, MC displays endothermic behavior, with an
exothermic effect preceding this for MC concentrations below
2%. Raising from ambient temperature up to the LCST value,
changes in the hydrophilic interactions among water molecules
themselves and among water molecules and MC, followed by the

Figure 3. a) Schematic representation of gelation mechanism of thermal-sensitive chitosan/polyol-phosphate systems. Reproduced with permission.[47]

Copyright 2013, American Chemical Society. b) Aqueous 15% w/v P407 micelles with increasing temperature, as is shown by the endothermic differential
scanning calorimetry (DSC) peak (black curve). Micelles are disordered at 25 °C. With further temperature elevation, a sharp increase in G 0 and G 0 0 is
observed as the micelles pack into FCC structures (pink dot). In the aforementioned physiologically relevant conditions, the moduli decrease as the
micelles disorder (DIS, red triangle). Reproduced with permission.[56] Copyright 2022, Elsevier. c) The chemical structure of MC. At 20 °C (left side),
aqueous MC behaves as individual polymer chains, while at 60 °C (right side), the aqueous MC chains are supramolecularly aggregated into shape-
persistent fibrils with hollow ring-like lateral structure. Reproduced with permission.[64] Copyright 2018, American Chemical Society.
d) Thermogelling poly(PEG-PPG-PCL-urethane) copolymer for protein delivery. Upon heating, the multiblock copolymer is able to generate crosslinks
and form a hydrogel under mild conditions to encapsulate protein drug. Reproduced with permission.[68] Copyright 2019, Royal Society of Chemistry.
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formation of methoxy groups and “water cages” (with water mol-
ecules surrounding the hydrophobic areas of MC) were observed.
Finally, intra- and intermolecular hydrophobic interactions result
in the crosslinking of the methoxy group within the MC chains
and this is known as the high-temperature endothermic effect.[61]

Very interestingly, as a result of the heating, MC chains in
aqueous solutions aggregate into persistent fibrils with a hollow
ring-like lateral structure of �14 nm diameter and length of
several hundreds of nm, while at room temperature MC chains
exist in the form of random coils (Figure 3c).[63,64]

Due to the high gelation temperature of cellulose-based TSHs,
modification of these polymers has been carried out to reach tem-
peratures close to the physiological. Actually, it is possible to
decrease the gelation temperature by increasing the concentra-
tion of MC, even though this modification results in an increase
in the viscosity. Alternatively, a salt could be added. Encouraging
results in reducing the gelation temperature of MC to 32 °C and,
simultaneously, speeding up the gelation process were obtained
by adding xylitol and sodium phosphate dibasic. Furthermore,
the addition of polyethylene glycol (PEG) to this system increased
the rate of gelation from 20min to a mere 150 s.[60] The authors
demonstrated good blood flow after hydrogel injection in rats (in
vivo), enhanced neovasculization and improved inhibition of
muscle atrophy. In contrast, the blending of calcium chloride
and ALG with MC resulted in the formation of a crosslinked
and strong gel after 10 min at 37 °C, which was used as an
injectable medium for the delivery of chitosan microparticles.[65]

Then, the low toxicity of cellulose-derived TSHs deserves poten-
tial application of this polysaccharide in the biomedical field.

2.2.4. PCL-PEG-Based Thermosensitive Hydrogels

The hydrophobic, biodegradable, and biocompatible poly(capro-
lactone) (PCL) could be combined with the hydrophilic PEG in
the formation of di-and triblock copolymers, such as PEG-PCL-
PEG and PCL-PEG-PCL, which can be reconstituted into
TSHs.[66,67] The structure and mechanism of thermogelation
of poly(PEG-PPG-PCL-urethane)-based TSHs are shown in
Figure 3d. Upon heating, the multiblock copolymer is able to
generate crosslinks and form a hydrogel under mild conditions
and to encapsulate protein drug.[68] Poly(PEG-PPG-PCL-
urethane) thermo-gelling systems, where PPG refers to polypro-
pylene glycol, were obtained by hybridizing PEG-PCL-based
TSHs and optimized to improve the release profile of paclitaxel
in the treatment of tumors.[68] The resulting solution formed
a gel with excellent mechanical properties. Furthermore,
poly(PEG-PPG-PCL-urethane) TSHs have been used to deliver
anti-vascular endothelial growth factor proteins, inhibiting angio-
genesis and mitigating the need for multiple injections.[68] The
best release profile for this application was obtained by altering
the hydrophilic/lipophilic balance through the PEG:PPG ratio
(4:1). Such study, which was conducted both ex vivo and in vivo,
represented a steppingstone for the development and use of
TSHs in the delivery of bioactive protein molecules.[68]

The solubility and temperature responsiveness of PEG-PCL-
based TSHs was improved by Oroojalian et al. through the
synthesis of a mPEG-b-[PCL-g-(MEO2MA-co-OEGMA)]-b-mPEG
block graft copolymer.[69] Because of the hydrogen bonds formed

between water molecules and the hydrophilic oligo(ethylene
glycol) graft, the synthesized copolymer showed better solubility
in water. A 3D and interconnected structure, similar to that of the
extracellular matrix, was obtained through the hybridization
of PEG-PCL with PNIPAAm, resulting in a penta-block
PNIPAAm-PCL-PEG-PCL-PNIPAAm TSH for application in
wound healing.[70] Such formulation displayed excellent biocom-
patibility and was able to gel at 37 °C, its pore size being ideal
for fibroblast attachment as well as for the improvement of cell
adhesion and proliferation.[70]

The focus of this review is driven by PNIPAAm hydrogel and
its derivatives. Therefore, a detailed description of its chemical
structure and relationship with the LCST transition, synthesis,
and main properties are provided in the following sections.

3. Poly(N-isopropylacrylamide) Based
Thermosensitive Hydrogels

3.1. Basic Features

PNIPAAm has attracted a lot of attention during the past decades
because of its thermo-responsive behavior in a biomedical inter-
esting temperature window.[10] PNIPAAm is a synthetic thermor-
esponsive polymer obtained from an acrylamide monomer,
N-isopropylacrylamide (NIPAAm), composed of amide and
propyl groups.[71] The thermal behavior of PNIPAAm in aqueous
media consists of a phase transition from a hydrophilic state to a
hydrophobic one when it is heated above its LCST.[72] Thus, as
long as the temperature of the hydrogel is lower than LCST, it can
absorb water and swell, but once LCST is exceeded, the
PNIPAAm network will collapse and precipitate.[71,73]

Water molecules form hydrogen bonds with the carbonyl
group, accepting two hydrogen bonds, and the nitrogen atom
of the amide group can donate one hydrogen bond in the
hydrated state below LCST (Figure 4a). When the LCST temper-
ature is exceeded, rearrangement of intramolecular hydrogen
bonds occurs. During this transition, it has been shown that
the number of hydrogen bonds between PNIPAAm and water
is reduced and intra-chain hydrogen bonds are formed.[74] It
is the reason for the formation of the collapsed network of
PNIPAAm chains above LCST (Figure 4b). However, the mech-
anism followed by PNIPAAm to self-assemble in water above the
LCST is not fully understood. Another explanation considers that
the enthalpy gain of water molecules associated via hydrogen
bonds with the amide groups of the polymer becomes smaller
than the counter effect of entropic gain of the system with water
being dissociated when above the LCST of the hydrogel.[75]

Furthermore, computer simulations showed that besides a
reduction of intermolecular hydrogen bonds, there is a substan-
tial decrease in the solvent-accessible surface area, and it has
been even suggested that a decrease in torsional energy of the
isopropyl groups occurs during this thermal transition.[76]

3.2. Synthesis of Poly(N-isopropylacrylamide) Hydrogels

Commonly, PNIPAAm is synthesized in solution by free-radical
polymerization (FRP) using NIPAAm as a monomer, a cross-
linker, and an initiator to trigger the reaction. The physical
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and chemical properties of the synthesized hydrogels can vary
depending on the type, proportion, and concentration of these
elements in the reaction sample.[77] The main property is
the already mentioned temperature sensitivity. Although for
PNIPAAm hydrogels the phase change is considered to occur
at 32 °C, such LCST varies.

FRP and controlled living radical polymerization (LRP) are
the most used procedures for the synthesis of PNIPAAm
hydrogels.

3.2.1. Free-Radical Polymerization

This consists of polymerizing the hydrophilic NIPAAm mono-
mer, which is commercially available, with small amounts of
cross-linking agents (MBA, N,N 0-methylene bis(acrylamide))
(Figure 5).[78] To initiate the reaction, the initiator (APS, ammo-
nium persulfate) is decomposed into free radicals, either heating

or irradiating with UV. Free radicals react with the unsaturated
carbon—carbon bonds (C¼C) of the monomers, thus propagat-
ing the chain until termination occurs (two molecules with free
radicals react with each other).[79] N,N,N 0,N 0-tetramethylethyle-
nediamine (TEMED) is usually used as a catalyst to accelerate
the radical polymerization.

This method has several disadvantages, including
difficulties in controlling the particle size, polydispersity, degree
of polymerization, or polymer microstructure. However, its
advantages include the ease of controlling the reaction
conditions, the possibility of using a wide variety of monomers,
and the use of both aqueous and organic solvents (the most
commonly used being methanol, benzene, and acetone).[10]

Ziminska et al. obtained a biodegradable thermosensitive
hydrogel for sustained drug release using chitosan and
NIPAAm. The hydrogel, which was stable at the physiological
temperature, was prepared using APS as the initiator and
TEMED as the accelerator.[80]

Figure 4. Schematic representation of: a) water swelling and b) de-swelling mechanisms of PNIPAAm chains, induced by lower critical solution tem-
perature (LCST) temperature changes, and hydrogen bonding formations.

Figure 5. Synthesis of PNIPAAm hydrogel crosslinked with MBA crosslinker.
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3.2.2. Controlled LRP

Live radical polymerization differs from FRP in the fact
that the radical lifetime in the propagation stage is longer,
allowing to control the polymer molecular weight, architecture,
and composition. The main characteristics of this kind of
polymerization are fast initiation, slow propagation, and no
termination.[79]

Atom transfer radical polymerization (ATRP) is a controlled
living radical copolymerization that allows control of reaction
kinetics, molecular weight distribution (low dispersion), and
regulation of complex molecular architectures. Moreover, the
ATRP of NIPAAm can be carried out in both organic solvents
and aqueous media. However, the ATRP of acrylamides can
be problematic.[79] Matyjaszewski et al.[81,82] reported controlled
living radical polymerization of some functional (metha)acryla-
mides by ATRP. However, it is known that generally
NIPAAm polymerization cannot be properly controlled by
ATRP, reversible addition-fragmentation radical polymerization,
or cationic polymerization, but rather by reversible atom frag-
mentation transition (RAFT) polymerization.[83]

The difference between RAFT polymerization compared to
ATRP is that it does not require a metal catalyst but a radical
initiator and a RAFT chain transfer agent (CTA).[79] Benefits
of RAFT polymerization include obtaining (co)polymers with a
controlled molecular weight and narrow distribution.[83]

Appropriate choice of the CTA is crucial to achieving well-
controlled RAFT polymerization of NIPAAm.[84]

3.2.3. Graft Copolymerization

Different methods for the graft copolymerization of PNIPAAm
have been described: hydrogel copolymer grafted onto solid sur-
faces; photo-induced grafting copolymerization; plasma-induced
grafting copolymerization; irradiation copolymerization.[85,86]

Regarding the medium, solution and bulk polymerizations are
applied for homogeneous phases while emulsion polymerization
is performed for heterogeneous phases. PNIPAAm hydrogels
obtained using the first two methods exhibit random particle size
distribution, whereas the last method allows to modulate the size
from micro- to nanoscale.[10]

Lanzalaco and coworkers developed a procedure to activate the
surface of polypropylene (PP) meshes with oxygen-plasma and
subsequent covalent graft of PNIPAAm-co-MBA hydrogel onto
this surface.[87] The complete mechanism is exemplified in
Figure 6. The first step consists of PP mesh activation by
cold-plasma treatment, followed by a subsequent immersion
of the substrate in the mixture solution (second step), composed
of NIPAAm monomer, MBA crosslinker, and peroxide activator
(APS) for the radical polymerization. Afterward, the hydrogel
covalent bonds are created at the activated surface of the PP
fibers, with further growth among them. Finally, the PP/gel
bilayer is removed from the reactionmedia (fourth step), washed,
and neutralized to pH 7 to obtain the best gel grafting yield. The
bilayer system was used to convert the inanimate PP surface into
a temperature-responsive implant able to adapt to local tempera-
ture and humidity variations.[88,89]

3.3. Physicochemical Properties Variations of Poly(N-
isopropylacrylamide) Thermosensitive Hydrogel

3.3.1. Effect of Molecular Weight

Depending on the molecular weight, LCST of PNIPAAm may
remain unchanged, increase or decrease.[90–92] According to
Furyk et al., the influence of the molecular weight and polydis-
persity of PNIPAAm on LCST is not significant when the molec-
ular weight is above 50 kDa. Instead, the LCST varies for smaller
polymers and is related to the presence of hydrophilic or hydro-
phobic end groups that cause LCST to increase or decrease,
respectively.[93] Furthermore, a content higher of 40 wt%
of PNIPAAm, dissolved in water, causes a slight enhancement
of the LCST value of only 1.5 °C. Even though a wide variation
range of PNIPAAm content was investigated (5–60 wt%), the
variability on LCST is not very noticeable, 3–3.5 °C between
28.5 and 32 °C only.[80,94,95] Thus, when a much higher LCST
temperature is desirable, NIPAAm monomer is copolymerized
with other co-monomers to modulate such temperature.
Copolymers of PNIPAAm will be introduced in the following
sections.

3.3.2. Effect of Water/Organic Solvent Mixtures

In water/organic solvent combinations, the LCST depends on the
co-solvent volume fraction and its type. As a general rule, when
the volume fraction of organic solvent increases, the LCST
decreases, while when a certain volume ratio is reached, the
LCST increases. At low volume ratios, the LCST decreases
and it could be explained by the lack of hydration of
PNIPAAm resulting from a competition for water molecules
between PNIPAAm chains and the co-solvent molecules. The
less polar the co-solvent, the lower the volume fraction at which
the LCST increases.[80] Moreover, the use of mixed solvents also
improves the response dynamics rate, as typically, such response
rate to external temperature changes is relatively slow, restricting
PNIPAAm hydrogel applications.[71]

Rana et al. studied the effect of the solvent polarity on
PNIPAAm properties showing that, while the thermoresponsive
behavior remains the same, both the microstructure and
mechanical properties can be modulated.[77] Microgels synthe-
sized using nonpolar solvents display larger pore size and
particle size (Figure 7), as well as higher swelling ratios.[77]

Experimental conditions can be modified to tune the properties
of the synthesized hydrogels. For example, the improved surface
hydrogel was obtained by polymerizing in gelled corn starch
aqueous solution.[96]

3.3.3. Effect of Copolymerization

The LCST of PNIPAAm hydrogel can be tuned by copolymeriz-
ing with more hydrophilic or hydrophobic monomers, as men-
tioned previously. Copolymerization with more hydrophilic
monomers usually increases the LCST, while the opposite effect
is observed upon the addition of more hydrophobic mono-
mers.[79] Copolymerization-induced regulation of the LCST is
due to changes in the overall hydrophilicity of the polymer
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and, consequently, changes in the hydrogen bonding interac-
tions with water molecules.[97] For example, when combined
with acrylamide monomers (AAm), the PNIPAAm LCST reaches
about 37 °C, whereas if combined with hydroxylethylacrylamide
(HEAm), with higher hydrophilicity, the LCST could increase up
to 50 °C.[98]

PNIPAAm hydrogels synthesized by free radical polymeriza-
tion have poor mechanical properties[99] (i.e., low elastic
modulus, low yield strength, and shear stress) and poor biode-
gradability, affecting their applicability. However, copolymeriza-
tion is among the different approaches used to improve
mechanical properties.[99] Copolymerization with natural poly-
mers has also been demonstrated to be a challenge to potentiate
the biodegradability of PNIPAAm-based hydrogels.[10]

3.4. Hybrid Materials Derived from Acrylamide Thermosensitive
Hydrogels

Nowadays, TSHs have been combined with other compounds,
such as carbon nanotubes (CNT),[100] metal nanoparticles,[101,102]

conducting polymers (CPs),[103–105] and others, taking

advantages of the individual properties of such components
and achieving new performances (e.g., soft robotics, drug deliv-
ery, diagnostic and bioimaging, sensors, among others). For
instance, in the biomedical field, the combination of plasmonic
nanoparticles with hydrogels has gained force due to their appli-
cability in photothermal therapy. Wu et al.[101] successfully
reduced the cavity of resected cancerous breasts of rats by inject-
ing poly(N-acryloyl glycinamide-co-acrylamide) hydrogel bearing
polydopamine coated-gold nanoparticles (AuNPs) and charged
with doxorubicin (DOX), an anticancer drug. The amount
of released drug and the regeneration of the mammalian
tissue were simultaneously regulated by applying controlled
near-infrared (NIR) light for 4 weeks. Thus, the TSH actuated
as both a drug carrier and a mammoplastic filler. Bong and
coworkers[106] also applied NIR light to efficiently deliver DOX
in human cervical cancer HeLa cells. In this case, microparticles
made of poly(N-vinylcaprolactam) and gold nanorods (AuNRs)
were the drug carrier. In another example, Matai et al.[107]

designed a robust hydrogel patch to kill cancer cells under
NIR irradiation. Such TSH was a hybrid system composed of
a disk-shaped ALG/PAAm hydrogel, which contained

Figure 6. Illustration of the reaction mechanism involved in the PNIPAAm hydrogel deposition in PP fibers of hernia repair meshes, promoted by the
exposure of its surface to oxygen plasma discharge. The PP fibers are represented by the grey perpendicular bar with CH3 lateral groups and further
conversion of them into polar groups, after the plasma attack. Reproduced with permission.[87] Copyright 2019, Royal Society of Chemistry.
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nanosheets of poly(vinylpyrrolidone) (PVP)-graphene oxide-
AuNRs (PVP-nGO@AuNRs), and loaded with methotrexate
(MTX) and rhodamine B (RhB), a chemotherapeutic drug and
a dye, respectively (Figure 8a). The drug release was tuned by
adjusting the exposition time to the NIR light (Figure 8b).
The presence of AuNRs and graphene increased the local tem-
perature and reduced the exposition of the cells to be damaged by
the IR source. An illustration of the NIR source arrangement and
the samples are shown in Figure 8c.

In addition to their applicability in drug delivery, the utiliza-
tion of hybrid TSHs in catalysis, antibacterial coatings, soft
robotics, and sensors is also the subject of intense research.
Risse and coworkers[108] studied the kinetics of the reduction of
4-nitrophenol to 4-aminophenol catalyzed by nanoreactors con-
taining a core of polystyrene (PS) and a shell of PNIPAAm-Ag
nanoparticles (Ag@PS-PNIPAAm). Results revealed a depen-
dence of the conversion with the temperature applied, even
though they did not follow the Arrhenius law. Then, the Ag nano-
particles (AgNPs) were adsorbed on the shell of the TSH nano-
reactor and the increase or decrease of the LCST temperature of
the hydrogel was used to regulate the conversion.

More examples of PNIPAAm combinations with inorganic
materials will be approached in the following sections according
to their application main fields.

4. Biomedical Emerging Applications of Poly
(N-isopropylacrylamide) and Derivatives

In the biomedical field, PNIPAAm is the most popular
temperature-responsive polymer investigated.[10] This

stimuli-responsive hydrogel and its copolymers have been
proved to be biocompatible[2] and have enhanced adhesion
towards several substrates (glass, metal, and plastics).[109,110]

Thus, both properties are attractive to explore new horizons
for their uses in biomedicine.

In the following sections, the most important systems
investigated until now, by combining TSH and other
compounds, will be detailed described.

4.1. Uses of Poly(N-isopropylacrylamide) Thermosensitive
Hydrogels and Derivatives in Biomedical Field

4.1.1. Thermosensitive Hydrogels in Drug Delivery Systems (DDS)
Applications

Various hydrogel-based dosage forms based on TSHs have been
developed to better target and control the current systems.[111]

In the ophthalmic field, the low bioavailability of eye drops due
to rapid clearance action induced by tear dilution and the lacrimal
drainage system represents a limitation. Luo et al.[112] demon-
strated effective topical treatment of dry eye disease (DED)
through a mucoadhesive drug delivery system based on
TSHs.[112] Specifically, the design of the material involved a drug
carrier that consisted of a chemically ternary material system
made of gelatin (GN), which served as an enzyme-mediated
degradable matrix; a thermoresponsive regulator, which was rep-
resented by the PNIPAAm; and a mucus-binding component,
which was lectin Helix pomatia agglutinin. The resultant biode-
gradable, mucoadhesive, and thermoresponsive hydrogel pro-
vided a sustained release of epigallocatechin gallate molecules
and elevated the drug bioavailability above therapeutic levels

Figure 7. SEM micrographs of dispersed PNIPAAm microgels synthesized from: a) dioxane; b) THF; c) toluene; d) cyclohexane. Although microgels are
spherical in all cases, they differ in size (scale bar: 1 μm). Reproduced with permission.[77] Copyright 2021, Elsevier.
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for a period over 14 days.[112] In the same field, Zhu et al.[113]

developed an in situ gelling formulation of ketoconazole based
on PNIPAAm/hyaluronic acid. In this study, high drug content
was achieved (91–96%) at slightly acid and neutral pHs (i.e., pH
6.0–7.5), the gelation temperature being of 33 °C.[113]

Current treatments for oral mucosa-related ulcers use drugs to
relieve pain and promote healing, but rarely consider drug resis-
tance to bacterial infection in the microenvironment of the oral
cavity or the prevention of bleeding from gingival mucosa ulcers.
Recently, an injectable, thermogelling chitosan-based system was
produced to address these concerns.[51] An aqueous solution of
chitosan-based conjugates, in particular, chitosan-g-PNIPAAm-
g-polyacrylamide (PAAm) graft copolymer could reversibly form
semi-solid gels at physiological temperatures and inhibit both
Gram-positive and Gram-negative bacteria. The systems with
the highest chitosan and PNIPAAm contents were found to pro-
mote the proliferation of gingival fibroblasts in vitro and exhib-
ited improved blood clotting in an in vivo rat study (Figure 9a).[51]

To fabricate a smart thermo-pH stimuli responsive drug
delivery system for cancer therapy, TSHs based on PNIPAAm-
doxorubicin (PNIPAAm-DOX) hydrogel were synthesized and
loaded into pH-responsive poly ethylene glycol)-2,4,6-trimethoxy

benzylidene pentaerythritol carbonate (PEG-PTMBPEC) poly-
mersomes.[69] The TSHs formulation revealed a small dimension
(170� 11.2 nm) and encapsulation efficiency of about 31%. In
vivo release evaluation assays demonstrated that the DOX release
was pH-dependent (i.e., faster at pH lower than the physiological
one) and, that the drug release was significantly decreased at
37 °C due to the gelation of PNIPAAm-DOX conjugate in the
interior compartment of the pH-responsive polymersomes.[69]

The pharmacokinetic profile evidenced that the prepared smart
hydrosomal formulation significantly increased the blood half-
life time of the drug and modified the biodistribution.[69]

Treatment with the polymersomal formulation did not cause
any systematic toxicity in terms of pathological alteration of vital
organs, survival rate, and body weight loss system. Moreover, the
tumor growth rate was significantly inhibited in mice receiving a
single dose via either intravenous or intratumoral injection in
comparison with the free DOX-treatment group.[69]

Lu et al.[114] prepared nanoparticles of about 70-90 nm of pol-
y(fluorene-co-vinylene) (PFV), a conjugated polymer, charged
with DOX drug and covered by a layer of PNIPAAm molecules,
by nanoprecipitation of the mixed organic solution in water. They
called the resulting nanocarriers as PNIPAAm-DOX-conjugated

Figure 8. a) Scheme of synthesis and preparation of TSH patch composed of natural (ALG) and synthetic (PAAm) hydrogels, intercalated with sheets of
poly(vinylpyrrolidone) functionalized with graphene and AuNPs, to potentiate the photothermal effect under NIR light. b) Example of drug- and dye
delivery under NIR activation (images on left) and amount released with time (plots on right). c) Photograph of NIR optical fiber above the hybrid
hydrogel and system to measure the temperature of the hydrogel, employed in this study. the hydrogel, employed in this study. Reproduced with
permission.[107] Copyright 2020, Elsevier.
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polymer nanoparticles (CPNs). This new system proved to have a
significant effect on the DOX release, potentiated by the collapse
of the PNIPAAm chains and the expulsion of the hydrophilic
drug (Figure 9b). In vitro drug release experiments demonstrated
that, at pH 5.5 (slightly acid) and 37 °C (above PNIPAAm LCST),
more than 70% of DOX was released because the NPs agglom-
erated, induced by the NIPAAm contraction and the protonated
drug could be expulsed due its higher hydrophilicity in such
media. They also observed a great stability of the PFV-DOX
NPs in PBS, attributed to the presence of PNIPAAm. The con-
jugated polymer PFV acted as a photosensitizer to produce high
reactive oxygen species (ROS) under white light irradiation. The
combination of the polymer with the TSH proved to be a prom-
ising nanocarrier for effective chemo-/photodynamic therapy
(PDT) in future cancer treatments.[114] More investigations
would be desirable to evaluate the toxicity of the whole system
in vivo.

4.1.2. Thermosensitive Hydrogels in Wound Healing Applications

In the field of wound healing, many researchers focused their
attention on the design and production of new materials. Very
recently, Banerjee et al.[115] reported a new wound-healable mate-
rial based on AgNPs embedded thermoresponsive multilayered
micellar inter-polyelectrolyte complex (IPEC) hydrogel, prepared
via reversible addition fragmentation chain-transfer (RAFT) poly-
merization. The preparation of the IPEC complex was carried out
via the interlocking of two ionic AB-type block copolymers:
an inner thiolated cationic poly(2-hydroxyethyl methacrylate-
block-poly(2-(methacryloyloxy)ethyltrimethyl ammonium chlo-
ride) (PHEMA-b-PMTAC) stabilized with AgNPs; an outer
anionic thermoresponsive poly(N-isopropylacrylamide-block-
sodium 4-vinylbenzenesulfonate) (PNIPAAm-b-PSS) moiety
with a flower-like morphology.[115] In vitro and in vivo studies
confirmed the suitability of this material for wound-healing

application, showing that tissue regeneration was more effective
when AgNPs were incorporated into TSHs.[115]

In a recent study, Han et al.[116] reported poly(N-isopropyl
acrylamide)/keratin double network (PNIPAAm/keratin DN)
gels fabricated through a covalent and ionic double cross-
linking strategy. Such TSHs exhibited multiple-responsiveness
(temperature, pH, and ROS), excellent antibacterial activity
and a faster wound healing rate. Indeed, in vivo wound healing
results evidenced more new born blood vessels and higher
collagen volume fraction than commercial wound dressing
Tegaderm (Figure 10a).[116] The wound healing rate for 14 days
was measured as well, demonstrating that the hydrogel-
treated group showed significant visual improvement
compared with the untreated group and the 3 M Tegaderm
group.[116]

One of the most powerful and versatile methods to fabricate
polymer devices is the 3D printing technology. Interestingly,
Nizioł et al.,[117] employed this technology to prepare a hydrogel
ink, composed of synthetic and natural precursors, for wound
dressings with an incorporated antimicrobial agent. The print-
able ink containing PNIPAAm precursors, sodium ALG, MC,
which was mixed with octenidine dihydrochloride and
2-phenoxyethanol (Octenisept, OCT) antiseptic commercial
product, was evaluated, showing outstanding printability
(Figure 10b). This study provided the protocol of ink's use for
the 3D printing of hydrogel scaffolds with good antimicrobial
activity for wound healing applications (external use).

Blacklow et al.[118] developed a novel design of mechanother-
apeutic device for wound dressing, which activated and acceler-
ated the healing. In this work, a new paradigm for wound
management was presented, which was inspired by embryonic
wound contraction and took recent advances in hydrogels and
adhesives.[118] This work led to active adhesive dressings
(AAD), which were able to form strong adhesion to skin and gen-
erate sufficient contractile strains in response to skin exposure

Figure 9. a) Healing of gingival ulcers in Sprague Dawley rats after treatment with chitosan-based thermogels, with increasing time. In the graph inserted,
a high reduction of ulcer relative residual area can be seen with time and with increasing TSH content. Data are presented as means of standard deviation
and significance was analyzed using two-way ANOVA and Bonferroni post-tests (n¼ 3, *p< 0.05, **p< 0.01, ***p< 0.001 in comparison with the
Control group). Reproduced with permission.[51] Copyright 2020, Royal Society of Chemistry. b) Schematic illustration of the formation of thermal-respon-
sive nanoparticle (PNIPAAm-DOX-CPNs), drug release, and chemo-/PDT synergistic therapeutic mechanism. Reproduced with permission.[114]

Copyright 2019, American Chemical Society.
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temperature to enhance healing. The newly reported ADD con-
sisted of a hybrid PNIPAAm-ALG network that contracts wounds
at the physiological temperature, accelerating and supporting
skin wound healing as demonstrated by in vitro and in vivo
studies.[118]

All the above-mentioned studies give us one idea of how
natural and synthetic TSHs would influence the next generation
of dressings, antiseptic films, among other biomedical materials,
development.

4.1.3. Thermosensitive Hydrogels in Bioseparation and Bioanalysis
Studies

TSHs-based chromatography technique system was also investi-
gated to purify and separate a variety of proteins and cells.[119–121]

Temperature-responsive HPLC columns and temperature-
responsive solid-phase extraction (TR-SPE) columns were found
to work as effective separation tools for monoclonal antibodies,
nucleic acid drugs, and cells. In another work,[122] a new device
for bioanalysis was manufactured using a poly(NIPAAm-co-
BMA-co-DMAPAAm) (where BMA is n-butyl methacrylate and
DMAPAAm is N,N-dimethylaminopropyl acrylamide) hydrogel
modified TR-SPE system, in which silica beads with average
diameters ranging from 100 to 150 μm were employed for opti-
mizing the column towards the size of blood cells. Temperature-
dependent cell elution behavior was observed in the separation of
HL-60 and Jurkat cells (leukemia cells). Cell retention and elution
behaviors were changed by varying the content of the cationic
group in the copolymers and by modulating the temperature.
As reported in Figure 11a, cells were retained in columns con-
taining beads with cationic properties at 37 °C, whereas beads
without cationic properties did not retain the cells. Cells were

later eluted at 4 °C because of reduced hydrophobic interactions,
while the retention at 37 °C occurred through electrostatic inter-
actions. Nagase et al.[123] developed a block copolymer brush with
bottom poly(2-hydroxyethyl methacrylate [HEMA]-co-propargyl
acrylate) and top poly(N-isopropylacrylamide-co-HEMA) (where
HEMA is hydroxyethylmethacrylate) segments. The complex sys-
tem was synthesized using a two-step procedure: atom
transfer radical polymerization followed by the conjugation of
cell affinity peptides to the bottom segment of the copolymer
brush through a click reaction. Using a cyclic RGD peptide
(cRGD) as a cell-affinity peptide, enhancement of cell adhesion
with rapid adhesion on the copolymer brush was observed at
37 °C, whereas the copolymer brush without cRGD did not
exhibit cell adhesion. Temperature-modulated cell adhesion
and detachment were performed with a relatively long upper
segment because the affinity between peptides and cells was
modulated by the swelling and shrinking of the upper thermor-
esponsive segment.[123]

Controlled radical polymerization by reversible addition-
fragmentation chain transfer (RAFT) was employed to fabricate
double-layered, non-cytotoxic surfaces beneficial for the cell sheet
attachment/detachment process.[124] Radiation-induced grafting
of poly(acrylamide) (PAAm) from PS cell-culture Petri dishes and
subsequent chain extension of the grafts by poly(N-isopropylacry-
lamide) (PNIPAAm) was achieved by pre-irradiating PS with an
electron beam. The RAFT polymerization permitted to control
the thicknesses of both blocks on nanoscale, which is crucial
for cell sheet engineering. Water contact angle measurements
demonstrated that dishes modified by PAAm-block-PNIPAAm
brushes showed significant temperature-dependent interfacial
properties in aqueous media.[124]

Recently, the effects of terminal cationization and length of
grafted PNIPAAm chains on temperature-dependent cell

Figure 10. a) Schematic illustration of the wound and treatment schedule in rats and macroscopic observation of rat wounds at different time intervals
treated with the blank, 3 M Tegaderm dressing, and PNIPAAm/keratin DN gels; Reproduced with permission.[116] Copyright 2021, Royal Society of Chemistry.
b) Four different 3D-printed scaffoldmodels fabricated with a hydrogel ink composed of PNIPAAm/ALG:MC (1:1) and charged withOCT antimicrobial agent.
The authors demonstrated that OCT release is potentiated at temperatures of 37°C thanks to the presence of the TSH. Scale bar corresponds to 1 cm.
Reproduced under the terms of a Creative Commons Attribution CC-BY license.[117] Copyright 2021, The Authors, published by MDPI.
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adhesion–deadhesion were investigated.[125] PNIPAAm brushes
with three chain lengths were grafted on glass coverslips via
RAFT polymerization surface initiated and terminal substitution
with either monocationic trimethylammonium or nonionic
isopropyl moieties was performed (Figure 11b). Interestingly,
cationized PNIPAAm surfaces showed markedly high cell
adhesion compared with nonionized ones. It was attributed to
the monocations concentrated at the periphery of the dehydrated
PNIPAAm brushes. Furthermore, longer PNIPAAm chains
reduced cell adhesion because of the increased surface hydrophi-
licity but accelerated cell detachment from the thermoresponsive
surfaces.[125]

4.2. Advanced Diagnosis Approaches by Combining
Thermosensitive Hydrogels with Other Materials

The development of multifunctional biomedical devices is one of
the pioneering emerging fields with increase investigations in
TSHs. However, the plastics used as a substrate to prepare
the biomedical platforms or the hydrogels are non-responsive
materials, hindering the detection of implants or prosthesis once
inserted in the body. Then, one successful strategy is to use plas-
monic particles to be able to take the advantage of semi-invasive
spectroscopy diagnosis tools.

For instance, Quidant and coworkers[126,127] demonstrated the
plasmon-enabled inactivation of bacteria after stimulation of PP
yarn surface, functionalized with Au@citrate-stabilized NPs,
with near-infrared spectroscopy (NIR). However, the big disad-
vantage of using NIR is the extremely high temperature the laser
can reach, causing also the death of good cells. Nowadays, Raman
spectroscopy seems to be more promising than NIR, with the
advantage of a lack of negative effect on live cells or in the
degradation of biomedical plastics.

Recent advances in the employment of plasmonic NPs serve
as the foundations for rapid progress in unusual spectroscopy
applications of surface-enhanced Raman scattering (SERS) in
the medical field. The most renowned and driving force
researcher behind the development of this type of bio-imaging
and bio-marker detection by using plasmonic effect and
Raman vibrational spectroscopy is Prof. Liz-Marzán.[128]

Álvarez-Puebla and Liz-Marzán[129] were the first to describe
the preparation of AuNPs with PNIPAAm as shell
(Au@pNIPAM) for SERS applications. Moreover, they evaluated
the influence of LCST in the Raman-enhanced spectroscopy sig-
nal. More recently, Bodelón et al.[130] were able to detect three
tumor-associated protein biomarkers (in vitro) using
Au@pNIPAM microgels and an excitation laser of 633 nm.
Both works proved the potential application of such particles
in the biomedical field.

Figure 11. a) Temperature-modulated cell separation using P(NIPAAm-co-BMA-co-DMAPAAm) hydrogel-modified TR-SPE column. Concept of interac-
tion between polymer-modified surface and cells, protocol of cell separation using TR-SPE column, and corresponding elution profiles of HL-60 and Jurkat
cells. Reproduced with permission.[122] Copyright 2021, Springer Nature. b) PNIPAAm brush-modified substrates (PIPAAm brush, as called in the refer-
ence) with a terminal cationic group prepared via RAFT polymerization. Cationized PNIPAAm surfaces showed markedly high cell adhesion compared
with nonionized ones. Reproduced under the terms of a Creative Commons Attribution CC-BY license.[125] Copyright 2021, The Authors, published by
National Institute for Materials Science in partnership with Taylor & Francis Group.
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In SERS technology, there are several factors that can affect
the target detection, such as: 1) metal NP core (nature, morphol-
ogy, etc.); 2) NP shell nature; 3) nature of molecules used to sta-
bilize the NP shell (sodium citrate ascorbic acid, surfactant
mixtures, etc.); 4) nature of molecules used as fingerprint labels
(called SERS nanotags or RaRs, Raman reporters); 5) the thick-
ness of the coating used to encapsulate the metal-based NPs;
among others.[131] Fortunately, most of them are well controlled
and the signal can be enhanced by choosing the correct Raman
excitation source and probes. For example, Gambhir and
coworkers[132] developed a small animal Raman instrument
for rapid and wide-area spectroscopic imaging by using SERS
NPs injection in mice, as well as a complete Raman system
for SERS in vivo imaging detection of inflammatory processes
in human by endoscopy intervention.

For instance, the full conversion of PP meshes, used in hernia
repair, modified with PNIPAAm hydrogel and Au NPs
(PP-g-PNIPAAm@AuNPs), to a spectroscopic detectable mate-
rial has recently being reported by our group.[133] With plasma
activation and covalently bonded AuNPs we were able to distin-
guish the presence of 4-mercaptothiazole (4-MB), the RaR mole-
cule, inside the layer of PNIPAAm hydrogel and above the PP
yarns used as substrates, either using 532 or 785 nm irradiation
sources (Figure 12). The complex architecture of the mesh mate-
rial (textile fabrication, different densities, and pore sizes) did not
affect the sensitivity of the analysis. Nevertheless, further inves-
tigations with SERS in vivo imaging would be desirable for the

semi-invasive detection of the PP-g-PNIPAAm@AuNPs new
implants to certify that body fluids or organs will not interfere
with the spectrum recording.

4.3. Biomedical Sensors

The thermoresponsive properties of PNIPAAm have been
used to engineer different types of sensors, such as
piezoelectric,[134–139] irradiation,[140–142] optical,[143]

luminescent,[144] electrochemical,[145–150] humidity,[151] and
plasmonic.[152–154] This section reviews how the response
capacity of PNIPAAm against external stimuli has been used
to detect different analytes and chemical parameters using
different sensing elements and signals.

Although piezoresistive sensors have been successfully
prepared by regulating the rate of swelling and de-swelling of
PNIPAAm hydrogels through their porosity,[134,135] faster and
much more versatile responses have been achieved by interpene-
trating that hydrogel with other components. For example, ther-
moresponsive nanostructured PNIPAAm hydrogel was
interpenetrated by in situ polymerization with light absorbing
and conducting polypyrrole (PPy) to achieve an ultra-stretchable
self-sensing remotely triggered actuator.[136] In such a self-
monitoring device, PPy acted as a photothermal transducer and
electrical conductor, while de-swelling of the PNIPAAm hydrogel
produced a volume shrinkage that facilitated the percolation of
the PPy network (Figure 13a). This allowed the creation of

Figure 12. Illustration of the conversion of PP mesh prosthesis to a SERS responsive material after functionalization with AuNPs/4-MB and PNIPAAm-co-
MBA hydrogel (on left and on middle images). On right side images, exemplified on top represent the Raman spectra with different source excitations
(532 and 785 nm) to detect the most important absorption band of RaR molecule (4-MB), trapped in gold NPs and in the interface between PP substrate
and TSH coating. Reproduced with permission.[133] Copyright 2022, American Chemical Society. On the bottom right, the plot represents the effect of
expansion/contraction of PNIPAAm chains, under temperature variations and increasing time, founding an LCST transition of 37 °C, 5 °C higher than the
same system without AuNPs/4-MB). Adapted with permission.[89] Copyright 2020, Wiley-VCH.
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untethered soft robots with unprecedented sensory capacities
(Figure 13b). A similar strategy was followed using conducting
PAni.[137] In this case, the PNIPAAm/PAni double network was
used to manufacture a system to disconnect circuits when, upon
reaching a high temperature, a volume change occurs in the
interpenetrated hydrogel. Amazingly, no interpenetrated
PNIPAAm was reported with poly(3,4-ethylenedioxythiophene)
(PEDOT),[155] which is not only the most stable conducting poly-
mer being explored but also the most used in biomedical appli-
cations due to its high biocompatibility, conductivity, and
stretchability.[156–158] In another approach, PNIPAAm was
combined with ionic hydrogels, for example, the one prepared
using polyvinyl alcohol (PVA), sodium tetraborate decahydrate
and sodium polyacrylate,[138] or metallic nanoparticles,[139] for
example, allyl mercaptan functionalized AuNPs, to create flexible
and stretchable systems able to respond against touch and temper-
ature stimuli simultaneously. However, the results achieved using
such a strategy are similar to those that could be obtained by using
CPs, which are also able to provide flexibility, stretchability, and a
linear variation of the conductivity against pressure.[159]

A thermoresponsive hydrogel to detect microwaves irradiation
was prepared using PNIPAAm cross-linked by a polydiacetylene-
containing layered composite.[140] The heating of water in the
hydrogel, which increased with the microwave irradiation time,

resulted in a gradual color change (Figure 13c). In contrast,
Robby et al.[141] used NIR light to detect the electronic state of
carbon quantum dots using a sensor made by loading
polydopamine-functionalized fluorescent carbon dots into
PNIPAAm hydrogel. Similar concepts, which are based on
PNIPAAm conformational changes upon irradiation, were used
to detect proteins with a hydrogel in which PAni nanofibers
modified with graphene oxide acted as physical cross-linker of
the PNIPAAm chains.[142] Despite these advances, the use as a
sensor of the thermal response induced in the PNIPAAm by
irradiation is still very incipient and, therefore, many more
studies are needed to improve the relationship between said
response and the type of radiation, depending on the desired
application.

In the field of optical sensors, ultra-sensitive detection of a
steroid hormone (progesterone) was achieved by functionalizing
a layer of PNIPAAm microgel with specific antibodies, which
was subsequently sandwiched between semi-transparent gold
layers supported on glass (Figure 14a).[143] The binding of the
antibody molecules induced the collapse of the microgel
producing the optical response of the device, which exhibited
visual color and multi-peak reflectance spectra. The limit
of detection of this sensor was as low as 0.28 ngmL�1 at room
temperature. Besides, promising luminescent sensors for

Figure 13. For the PNIPAAm/PPy piezoresistive hydrogel sensor: a) Resistivity changes with stretching, compression, and photothermal actuation due to
changes in alignment and apparent density of the conducting PPy network. Reproduced with permission.[136] Copyright 2021, Elsevier. b) Self-sensing
grasping motion by NIR manipulated local stimulation. Reproduced with permission.[136] Copyright 2021, Elsevier. c) For the PNIPAAm/polydiacetylene
hydrogel sensor to detector microwave irradiation: Photographs showing the change of color with increasing irradiation time (5, 10, 20, 30, and 33 s).
Reproduced with permission.[140] Copyright 2020, American Chemical Society.
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the detection of cationic surfactants were prepared using
quinoline-labeled thermosensitive PNIPAAm, which exhibited
pronounced temperature-controlled luminescence response
upon association with cationic surfactants, changing from green
to blue.[144]

Thermal-switchable systems for electrochemical detection
have been also reported using a combination of PNIPAAm
(nano)hydrogels and electrochemically responsive
materials.[103,145–150] The choice of the latter was decided
primarily on the basis of their advantages in terms of sensitivity,
selectivity, and stability. Among the utilized electroactive
materials, ruthenium nanoparticles,[147] palladium nanoparticles
dispersed on graphene sheets,[150] silica nanoparticles function-
alized with glucose oxidadase,[149] PAni with copper ions,[103]

poly(3,4-ethylenedioxythiophene),[146] CNT-cellulose nanocrys-
tals,[148] and CNT-graphene quantum dots,[145] deserve special
mention due to their successful electrochemical response. The
combination of those materials with PNIPAAm enabled the
temperature-reversible “on/off” electrochemical detection of
antibiotic sulfamethazine,[147] 4-nitrophenol,[150] glucose,[103]

herbicide aclonifen,[103] antineoplasic drug 5-fluorouracil,[146] lac-
tate,[148] and paracetamol,[145] respectively. Within this context,
the incorporation of PNIPAAm provides great advantages with
respect to the use of electroresponsive materials alone, since it
allows including of a selective effect depending on the tempera-
ture that is not easy to achieve with other materials.

In contrast, humidity sensors have been also manufactured
using PNIPAAm-based microgels. More specifically, bilayered
stretchable and bendable sensors composed of polydiallyldime-
thylammonium chloride deposited on a single layer of microgel,
which was attached to a semi-flexible gold support, were reported
to measure the humidity of the environment.[151] Thus, the
degree of bending of such a bilayered system was found to
depend on the humidity, decreasing with increasing humidity.
This phenomenon was coupled to a change in the material con-
ductivity, which was proved by connecting this system to a circuit
with a light-emitting diode (LED) (Figure 14b). Inspection of the
variation of the sensor bending, the resistivity, and the LED light
intensity as a function of the humidity is included in Figure 14b.
As can be seen, the light intensity increased, due to the decreased
electrical resistance, with the humidity. Despite this being an
outstanding application, no sensor has been yet interconnecting
the responses of PNIPAAm and their derivatives towards both
the humidity and the temperature.

Finally, plasmonic technology was also used to develop
sensors with enhanced sensitivity. For instance, Lee et al.[152]

intercalated a thermoresponsive PNIPAAm layer of nanometric
thickness between gold substrate and AuNPs. Quantitative
changes in surface plasmon resonance signals were observed
when the temperature increased from 20 to 32 °C, which caused
a reduction from 30 to 14 nm in the thickness of the PNIPAAm
layer. This caused an improvement in the refractive sensing with

Figure 14. a) Sketch of the optical sensor constructed with PNIPAAm microgel and semi-transparent gold layers for the detection of progesterone.
Reproduced with permission.[143] Copyright 2016, Springer Nature. b) For the PNIPAAm-based humidity sensor: Light intensity (left axis), resistance
(right axis), and degree of bending (photographs) against the relative humidity (left side). The right side depicts the light-emitting diode (LED)-containing
an electric circuit used to measure the light intensity and the resistance as a function of the degree of bending (i.e., relative humidity). Reproduced with
permission.[151] Copyright 2016, Wiley-VCH.
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respect to the control, which was around 20%. Similar principles
were recently applied by Causa and coworkers[153] and by
Whitten and coworkers[154] for developing melamine and
light-sensitive gas sensors, respectively, using functionalized
PNIPAAm and plasmonic AuNPs.

5. Thermoresponsive Hydrogels for Water
Treatment

Nearly 98% of the water resources on earth are stored as either
seawater or brackish water. Desalination comprises a noncon-
ventional water resource practice that is able for filling the
gap in the water balance supply. The most widely used processes
in desalination plants are reverse osmosis (RO), forward osmosis
(FO), and thermal separations, such as membrane distillation
(MD).[160] All such chemical engineering processes require the
consumption of semipermeable membranes fabricated with pol-
ymers, usually multilayered and arranged with ceramic and
hybrid materials. However, the membrane's and filter's costs,
foiling problems, and the large amount of residue generated after
the water purification (for 1L of pure water, �2 kg of waste),
added to the fact that traditional desalination consumes a large
amount of energy and produces huge greenhouse gas emissions,
represent a persistent drawback.

In this sense, hydrogels are emerging as powerful alternatives
to the classical materials usually employed in water purification.
TSHs applied for solar-driven water evaporation and desalination
are experiencing increasing interest since 2017. The most
prominent works belonging to North America[161–163] and
China.[164–166]

5.1. Thermosensitive Hydrogel for Solar Desalination

In desalination technologies, PNIPAAm has attracted attention
as an innovative and alternative material suitable to achieve a
reduction of energy consumption. For instance, Zhao et al.[16]

described a FO process based on the use of poly
(sodium styrene-4-sulfonate-co-N-isopropylacrylamide) mem-
branes, which could be regenerated at 50 °C through membrane
distillation, having thermal consumption of around 29 kWhm�3

and electrical consumption less than 4 kWhm�3, and with a
mass flux rate of 4 kgm�2 h�1 (KMH) of seawater cleaned.
Such reference data, which were used by authors to conclude
that the TSH behavior facilitates draw solution regeneration
compared to other systems, also provided valuable insights into
the weak points of this technology and guidelines for its further
development.

Pioneer research in solar water desalination was developed by
Yu and coworkers, who combined hydrogels and conducting pol-
ymers.[167,168] The research was based on a mechanism that
involved the adjustment of different states of water in a polymer
network with a porous hydrophilic structure, thereby reducing
the heat required for vaporization. The utilization of a hydrogel
made of PVA/chitosan copolymer and PPy as stimulus-
responsive additive, allowed to design a highly efficient proto-
type, able to evaporate 2.5 KMH of brackish water with radiation
energy equivalent to 1 kWm�2 (or 1 sun) (Figure 15a–c).[161]

Moreover, in the outdoor solar desalination the water evaporation

rate, which is independent of salinity, was maintained up to 50 h
after continuous exposure of the hierarchically nanostructured gel
(HNG) to natural irradiation (i.e., natural sun light). Another
example, which was based on PNIPAAm hydrogel doped with
PPy-chlorine, with adjustable hydrophilicity, was reported by
the same authors.[168] They found that the evaporation rate
exceeded 3.0 KMH under 1 sun illumination, while the light-to-
evaporation conversion efficiency approached 100%. As a result,
the daily freshwater production was very high (18–23
Lm�2 day�1), proving that technologies based on TSHs are pow-
erful tools to reduce the consumption of urban water in city hall
facilities.

Other pioneering researches that successfully combined TSHs
with conductive materials (essentially graphene) to obtain clean
water, were reported by Prof. Liangti Qu and cowork-
ers.[164,165,169] Those authors devised a system to purify water
(output) from shower, clothes, and dish washers (input water)
for its subsequent application not only in similar or other domes-
tic uses but also in industry (Figure 15d). It was demonstrated
that many types of wastewater, even raw pharmaceutical waste-
water, can be purified by solar evaporation (Figure 15e). The
reported prototype consisted of a highly vertically ordered pillar
array structure of graphene framework (abbreviated as HOPGF)
(Figure 15f ), which could be installed on the transparent roof of
buildings to receive natural light. This is one example of vision-
ary research whose prototypes may end up reaching the market
and becomes one more tool against climate change in areas
with water stress: recovery of urban water (from domestic waste,
rain reservoirs, etc.) and purification for self-consumption
(Figure 15g).

Overall, reported results suggest that methods for desalinating
seawater using solar energy and conducting polymer hydrogels
(CPHs) or graphene hydrogels (GHs) could be viable. Among
the potential advantages of such technologies, the reduction of
energy costs as well as their possible application in offshore
and remote areas, are particularly promising and deserve special
consideration.

For mass production, there are other promising and consoli-
dated technologies able to generate freshwater from low-salinity
water,[170] for example, electrodialysis (ED), capacitive deioniza-
tion (CDI), ion concentration polarization, desalination batteries,
and microbial desalination cells.[171] Among such technologies,
CDI has attracted more attention, in recent years, because of its
reduced energy consumption, environmental friendliness, and
no secondary pollution.[172,173]

5.2. Thermosensitive Hydrogels for Capacitive Deionization

CDI is a potential desalination technology in which brackish
water flows between two electrodes separated by a spacer, as
can be seen in the simplified scheme of Figure 16.[174]

A CDI cycle consists of two steps. First, the purification of
water is conducted by ion electrosorption, where ions are immo-
bilized in porous carbon electrode pairs. In the last step, the
absorbed ions, which are released from the electrodes, and
are regenerated to repeat the two-step cycle process. CDI can
operate at low pressure (sub-osmotic) in comparison to RO
and FO systems and, usually, no membrane components are
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required.[175] Furthermore, energy recovery is also possible since
the energy release during electrode regeneration can be used to
charge a neighboring cell operating in the first ion electrosorp-
tion step.

The CDI efficiency is heavily related to the design of the
electrodes and electrode structure. Indeed, the development of

electrodes with a high surface area, good conductivity, and
well-controlled Faradaic reactions has attracted most of the
recent CDI research.[176] Nanostructured high-surface carbon
materials (i.e., carbon aerogels, activated carbon cloth and fibers,
CNTs, carbon nanofibers, and ordered mesoporous carbons) are
usually addressed as CDI electrode materials.[177]

Figure 15. a) Illustration of an outdoor solar water purification membrane using hierarchically nanostructured gel (HNG) based on polyvinyl alcohol
(PVA) and PPy in natural sunlight; b) PVA/PPy filter assembly inside a desiccator with transparent lid; c) the homemade prototype for water purification
from the brine solution. Reproduced with permission.[161] Copyright 2018, Springer Nature. d) Scheme of water purification using a vertical system for
water collection after evaporation and condensation (HOPGF, highly ordered pillar array structure of graphene framework); e) On top, water contami-
nated with pharmaceuticals; on bottom, purified water after process of HOPGF and 1 sun; f ) Illustration of two pillar array structures with a sequence of 7
PVA/PPy/GO hydrogel; g) solar water purification based on HOPGF under natural sunlight. Reproduced with permission.[169] Copyright 2018, Royal
Society of Chemistry.
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In recent years, hybrid CPHs have been proposed as an alter-
native to replace carbon-based electrodes for water desalination.
The main advantage of hybrid hydrogels is the capability to
absorb an immense amount of water, up to several thousand
percent of their dry weight, with a high surface exposition to
the solution.[12] The incorporation of CPs has contributed to
enhance the pseudo-capacitance and electrosorption of the novel
hybrid CDI electrodes due to the good electrical and ions trans-
port properties of such materials. Therefore, CPHs are perfect
candidates for CDI systems. The good storage of electrical
charges of biodegradable hydrogels modified with conducting
polymers to be used as organically modified electrodes in studies
related to batteries and supercapacitors have been shown by
ours.[18,178,179] The design of electrodes based on CPHs allows
to adjust the intrinsic pore structure, improving the surface prop-
erties by increasing the affinity to somemetal ions by chelation or
redox reactions, and to adjust both the wettability and the zeta
potential.[177]

Pristine graphene hydrogel[180] (GH) and holey graphene
hydrogel[181] (HGH) were recently proposed as a new electrode
material in CDI due to their specific surface, high conductivity,
and high hydrophilicity. Moreover, new enhanced composites
based on GH and HGH have been proposed by adding conduc-
tive additives such as single and multi-walled carbon nanotubes
(SWCNTs and MWCNTs),[182] hollow N-doped mesoporous
carbon spheres,[183] ZrO2-doped TiO2 nanofibers,[184] and ZnO
nanoparticles.[185] Regarding the use of CPs, there are a few
examples of CDI technology. Yan et al.[182] reported the prepara-
tion of CDI electrodes made of SWCNTs dispersed in polyaniline
(PAni) matrix, while Gu et al.[186] combined graphene, PPy, and
manganese (Mn), as a new composite material to increase CDI
performance. In the latter, the CP was loaded into GH and acted

as a “spacer” between graphene sheets, improving the capacitive
properties and ion transportation of the composite.

Some of the advantages that might present the CPHs fabri-
cated with TSHs and CPs to move ions from the saltwater to
the bulk system are: high porosity, large absorbability, thermal
response, capacitive behavior, moderate to high conductivity,
and thermal stability. Such properties are fixed by the hydrogel
matrix and the capacitive response of the CP units.

Altogether, this makes it a novel and encouraging field of
development for novel CDI electrodes made of CPHs with ther-
mal modulation.

6. Summary and Perspective

The present review compiles the most relevant published works
related to PNIPAAm thermoresponsive hydrogel and derivatives,
on the progress of the past ten years, with respect to their appli-
cations in chemical engineering andmaterial science fields. With
the advent of “smart” TSH systems and combinations of them
with advanced materials, in the future, the development of
prototypes based on such hydrogels will gain force due to their
superior properties when combined together.

The most promising systems in the biomedical sector seem to
be that which combines TSHs with metallic nanoparticles
(crystalline structure) and conducting organic materials (covalent
structure), i.e., hybrid TSHs, in noninvasive and semi-invasive
medical diagnosis, in on-demand bacteria elimination and in
drug administration.

In the chemical engineering sector, perhaps the revolution
belongs from the use of TSHs to water recovery for self-
consumption of the population in areas with water stress, with

Figure 16. Illustration of CDI cell and the assembly of the equipment used to control the flow (pump), the conductivity of the electrolyte (conductimeter),
and to monitor the current applied (potentiostat). Reproduced with permission.[174] Copyright 2018, Royal Society of Chemistry.
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water capture induced by sun light. For it, the supply of a water
quality fast screening kit to quantify water purity would be nec-
essary, as well as a procedure to recover or purify the hydrogel
and the tools, used to manufacture the water collector device,
after their uses. The employment of synthetic TSHs in combina-
tion with natural hydrogels forecasts to be enhanced in the next
years, not only in membrane fabrication for obtaining fresh
water, but also in the design of prototypes for metal recovery.
In this sense, PNIPAAm hydrogel will play a relevant role due
to its modulated LCST property when copolymerized with other
acrylamide units, and taking the advantage of its swelling–
de-swelling states. Very recently, Park and Lee[187] reported
the purification of water contaminated with Liþ, promoted by
the hydrophilic–hydrophobic transition of PNIPAAm/ALG com-
posite doped with Al3þ ions (i.e., playing with its cloud
temperature). Tang et al.[188] were also able to recover UO2

2þ

from seawater by employing a sodium ALG/PNIPAAm thermor-
esponsive hydrogel system. Therefore, this TSH application is
coming into force.

Unfortunately, in the biomedical area, in vivo assays are
scarce. More investigations will be necessary if such “smart”
TSHs are intended for implants and/or injection into the human
body. In the field of CDI, more investigations will be necessary
on materials able to increase the efficiency of water production
with respect to energy consumption and electrodes recovery.
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