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ABSTRACT

timuli-responsive polymers significantly change their physical or chemical properties when there is a small change in
Sthe conditions of their environments. Depending on the changes on conditions, they can self-assemble to form various
nanosized structures having important usages in different fields. In this review, we report an analysis of some of the recent
literatures on the basic subjects such as the architectures of different environmentally sensitive polymers, their classificati-
ons according to susceptibility and applications in various areas. During the last two decades, there have been great reports
in the strategies for the preparation of novel stimuli-responsive polymers and/or polymeric materials which are suitable for
various applications including materials science, nanotechnology, biotechnology, colloid and surface science, etc. In order
to make this very broad polymer type more understandable to readers, basic concepts/topics are generally schematized.
Furthermore, the strategies that can be followed in the production of these materials are tried to be given at a sufficient
level.
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0z

yaranlara duyarl polimerler, cevrelerindeki kosullarda kiglk bir degisiklik oldugunda fiziksel veya kimyasal 6zelliklerini
U onemli 6lglde degistirir. Kosullardaki degisikliklere bagli olarak, bu tir kopolimerler kendiliginden bir araya gelebilir ve
cesitli nanoboyutlu yapilar olusturabilir. Bu tir polimerlerin farkl alanlarda 6nemli kullanimlari vardir. Bu derlemede, gevre-
ye duyarli farkli polimerlerin mimarileri, duyarlliklarina gére siniflandirmalari ve gesitli alanlardaki uygulamalari gibi temel
konulardaki bazi glincel literatlr raporlarinin bir analizini sunuyoruz. Son yirmi yilda, biyoteknoloji, nanoteknoloji, kolloid
ve ylzey bilimi, malzeme bilimi vb. dahil olmak Gzere gesitli uygulamalar i¢in uygun uyariciya duyarl yeni polimerlerin ve
polimerik malzemelerin hazirlanmasina yonelik sentetik yontemlerde ve stratejilerde blytk gelismeler olmustur. Cok genis
kapsami olan bu polimer tirinin okuyucular tarafindan daha anlasilir olabilmesi icin genellikle temel kavramlar/konular
sematize edilmistir. Ayrica, bu malzemelerin Uretiminde izlenebilecek stratejiler yeter diizeyde verilmeye galigiimistir.
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INTRODUCTION

Stimuli-Responsive Polymers Providing New
Opportunities for Various Applications
Stimuli-responsive polymers have response to the
changes on their environmental conditions which result
with significant changes in their physical or chemical
properties. Stimuli-responsive polymers and polyme-
ric materials are called as “sensitive”, “talented” or
“smart”. Environmental conditions that cause changes
in the structures or behaviors of polymers; it can be
examined under the chemical, physical and biochemi-
cal titles (Figure 1). Such polymeric materials produced
can be of a type that can respond to one or more of
the external stimuli. If a polymer has a response to two
or more stimuli, it is called as multi-responsive polymer.
Such polymers have been very popular in recent years
[1-6]. Polymers of this type are prepared using two or
more polymers (or monomers) which are sensitive to
environmental conditions [3-7]. The interest available
with these combinable properties has increased further.
Polymers obtained from some special monomers such
as N-isopropylacrylamide (NIPAM), (2-dimethylamino)
ethyl methacrylate (DMA), (2-diethylamino)ethyl met-
hacrylate (DEA), (2-diisopropylamino)ethyl
ylate (DPA) and (2-N-morpholino)ethyl methacrylate
(MEMA) can be sensitive to temperature, ionic strength
and/or pH [7-9].

methacr-

Smart polymers are an important field of study that
attracts the attention of the commercial and academic
environment due to their wide range of applications.
Considering the years, the number of publications who-
se titles are “responsive polymer/gel, intelligent poly-
mer/gel, sensitive polymer/gel, and smart polymer/gel”
is increasing every year and this number has exceeded
800 annually in recent years (Figure 2). These polymers
are used in a wide variety of fields, such as sensors,
gene delivery vehicle, controlled active compound re-
lease systems, gene transport, artificial muscle, surface
coatings, membranes, tissue engineering, regenerati-
ve medicine, optical or micro-electromechanical, self-
healing and self-cleaning material production [3, 10].

Production of polymeric materials in different architec-
tures has become easier with the emergence of cont-
rolled/living polymerization methods such as group
transfer polymerization (GTP), atom transfer radical
polymerization (ATRP), nitrogen oxide-mediated poly-
merization (NMP), and reversible addition fragmentati-
on chain transfer (RAFT) polymerization. Architectures
of stimuli-responsive polymers can be of many different
types such as linear, branched, star, brush, comb, dend-
rimer, nanogel, microgel, and hydrogel (macrogel). Poly-
mer architectures can be in the form of homopolymers
or copolymers (random, block, branched, graft etc.).
The dimensions and structural shapes of these polyme-
ric structures enable the application area to be deter-
mined [1, 5, 7]. Information on polymeric architectures
and dimensions is given in Figure 3.

Figure 1. Classification of some stimuli-responsive polymers according to stimulus type and their responses to stimuli.
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Figure 2. Number of articles published between 1990 and 2019 (Source: ISI Web of Knowledge, August 2020).

The responses of these polymers to various stimuli can
be in the form of conformational change, fragmenta-
tion of the bonds, changes in hydrophilic/hydrophobic
balance or collapse/dissolution. These changes can
occur with very different ways, such as solubility, self-
assembly of macromolecules or transformation of diffe-
rent morphologies, sol-gel or inverse transitions. More
detailed explanations are given in schematic form in the
following sections.

Classification of Stimuli-Responsive Polymers
Stimuli-responsive polymers can be grouped under
three main headings. These are;

Chemical stimuli: These alter molecular interaction.
These factors are pH, CO,, CO [11], NO [11], H,S [12], re-
dox chemicals, salt and solvent.

Physical stimuli: These change the dynamics of polymer
chains. These factors are temperature, light, magnetic
field, electrical field, ultrasound and mechanical power.

Biochemical stimuli: Real functions of biological com-
ponents are used. These factors are enzyme, glucose,
antigen, amino acid, nucleic acid and polysaccharide.

pH-responsive polymers

In pH-responsive polymers, structural changes such as sur-
face activity, chain conformation, solubility, and configura-
tion may occur with the change of the pH of the solution.
If a polymer structure contains weak acidic or weak basic
groups that can be ionized, it is called as a pH-responsive
polymer. pH-responsive polymers are frequently used in
applications such as drug release (transport), gene transfer,
sensor, surfaces, membrane and chromatography thanks
to these properties [7, 13].

a) Acidic pH-responsive polymers: Polymers having weak
acidic groups are used as pH-responsive polymers. These
weakly acidic groups release protons at high pH values in
aqueous media. Therefore, depending on the pK_ value,
they acquire polyelectrolyte nature at different solution
pH values. Examples of such polymers are given in Table
1. Some selected polymers belonging to the class of acidic
pH-responsive polymers are examined below [7].

Carboxylic acids: Carboxylic acid groups, which are weak
acids, lose their acidic protons at basic pH conditions. If the
pH is low, they take the protons again and become unc-
harged. Poly(acrylic acid) (PAA) and poly(methacrylic acid)
(PMAA) are the most frequently studied polymers in the
class of polyacid because they can polymerize cheaply and
easily.
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Figure 3. Stimuli-responsive polymer types in different sizes (diameter) [7].

Sulfonic acids: Both poly(4-stylenesulfonic acid) (PSSA)
and poly(2-acrylamido-2-methylpropane sulfonic acid)
(PAMPS) are the most used polymer types in this class.
They are generally used in obtaining hydrogels .

Phosphonic acids: Phosphorus based (meth)acrylate poly-
mers are special polymer classes used in many fields. The-
se phosphorus-containing polymers are generally obtai-
ned by treatment of natural and synthetic polymers with
different phosphorus-containing compounds.

Boronic acids: Boronic acid-containing polymers are com-
monly used in the production of glucose sensor and self-
healing gel applications. In particular, polymers containing
phenylboronic acid groups (Ph-B(OH),) are often used.

b) Basic pH-responsive polymers: Polymers with weak
basic groups can also be used as pH-responsive polymers.
These weak basic groups are protonated at low pH values
in aqueous media. Therefore, they acquire polyelectroly-
te nature at different pH values, depending on the pK_
value. Some polymers belonging to the class of basic pH-
responsive polymers are examined below [7]. Examples of
basic pH-responsive polymers are also given in Table 1.

(Meth)acrylate, (meth)acrylamide and vinyl polymers
containing tertiary amines are among the polymer
types that are frequently used in various studies. Ter-
tiary amine methacrylate-containing polymers such as
poly[(2-diisopropylamino)ethyl methacrylate] (PDPA),
poly[(2-diethylamino)ethyl methacrylate] (PDEA) and
poly[(2-dimethylamino)ethyl methacrylate] (PDMA) are
the most preferred polymers [8]. Apparent pK_ values
of their conjugate acids are reported to be 7.0, 7.3 and
6.0, respectively. In particular, PDMA having a pK_ aro-
und 7.0 can be said to be the most remarkable polymer
because it has both temperature- and pH-responsive
nature [7, 9, 14]. Poly(4-vinylpyridine) (P4VP) and poly(2-
vinylpyridine) (P2VP) polymers are other important ba-
sic pH-responsive polymers. These polymers lose pro-
tons when the solution pH rises above pH 5 [7]. In the li-
terature, there are other pH-responsive basic polymers
containing imidazole, piperazine, pyrrolidine and morp-
holine groups. Poly[(2-N-morpholino)ethyl methacryla-
te] (PMEMA) polymer containing morpholine groups is
a salt-, temperature- and pH-responsive polymer with a
pK, of 4.9. Therefore it is interesting and an important
polymer as well [7, 9, 14].



Table 1. Some acidic and basic pH-responsive polymers [7].
ACIDIC POLYMERS

Poly(carboxylic acids)
Poly(acrylic acid)
Poly(methacrylic acid)
Poly(ethylacrylic acid)
Poly(prophylacrylic acid)
Poly(4-vinylbenzoic acid)
Poly(itaconic acid)
Poly(phosphonic acids)
Poly(ethylene glycol acrylate phosphate)
Poly(vinylphosphonic acid)
Poly(ethylene glycol methacrylate phosphate)
Poly(4-vinyl-benzyl phosphonic acid)
Poly(sulfonic acids)
Poly(vinylsulfonic acid)
Poly(4-styrenesulfonic acid)
Poly(2-acrylamido-2-methylpropane sulfonic acid)
Poly(3-sulfopropyl methacrylate potassium salt)
Poly(amino acids)

Poly(aspartic acid)
Poly(L-glutamic acid)
Poly(histidine)

Poly(boronic acids)
Poly(vinylphenyl boronic acid)

Poly(3-acrylamidophenyl boronic acid)

Dextran is another important class of polymers in pH-
responsive natural polymers such as chitosan, hyaluro-
nic acid, alginic acid, and gelatin. These types of poly-
mers are biocompatible and biodegradable as well as
being pH-responsive. It is also remarkable that it allows
to various modifications. Graft polymers can be produ-
ced after a series of reactions using natural polymers.
Cross-linked hydrogels of different sizes (nano-, micro-
and macrogel) are also produced, through the functio-
nal groups of these natural polymers. They are success-
fully used in various biomedical applications such as in
drug release studies and self-healing gel systems [7].
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BASIC POLYMERS

Poly(tertiary amines)
Poly[(2-dimethylamino)ethyl methacrylate]
Poly[(2-diethylamino)ethyl methacrylate]
Poly[(2-diisopropylamino)ethyl methacrylate]
Poly[N-3-(dimethylamino)propyl methacrylamide]
Poly[(2-dimethylamino)ethyl acrylate]
Poly[2-(t-butylamino)ethyl methacrylate]
Poly(N, N-dialkylvinyl benzyl amine)
Poly[(2-diethylamino)ethyl acrylamide]
Morpholine, pyrrolidine, and piperazine
Poly[(2-N-morpholino)ethyl methacrylate)]
Poly(acryloylmorpholine)
Poly[(2-N-morpholino)ethyl methacrylamide)]
Poly(N-ethylpyrrolidine methacrylate)
Poly(N-acryloyl-N'-alkenyl piperazine)
Pyridine and imidazole
Poly(4-vinylpyridine)
Poly(2-vinylpyridine)
Poly(N-vinylimidazole)
Poly[6-(1H-imidazol-1-yl)hexyl methacrylate]
Dendrimers
Poly(propyleneimine) dendrimer
Poly(ethyleneimine) dendrimer

Poly(amidoamine) dendrimer

There have been quite a few studies among environ-
mentally responsive polymers involving pH-responsive
polymers. Since there are monomers suitable for the
production of various pH-responsive polymers and they
can also be produced with any type of polymerization,
examples of all polymeric architectures (nanogel, mic-
rogel, block copolymer, dendrimer, star, brushes, comb
etc.) are well presented [7, 13]. The changes that oc-
cur with the ionization of weak basic and acidic groups
that can be ionized by pH change are given in Figure 4
for both basic pH-responsive polymers and acidic pH-
responsive polymers. The increase of hydrophilicity in
the polymer chain provides important behaviors [8, 15].
When these polymer chains are used in the producti-
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Figure 4. Behaviors of pH-responsive and/or CO,-responsive polymers.

on of various block copolymers as seen in Figure 4c, it
is possible to obtain various amphiphilic block copoly-
mers and thus various self-assembly behaviors (spheri-
cal micelle [16, 17], flower [18, 19], vesicle [16, 20, 21],
wormlike [22, 23]) which is a very remarkable behavior
[24-26]. The related aggregate structures can reversibly
dissolve, swell or shrink depending on the pH of the
medium (Figure 4d) [27-31]. When these polymers are
used in various surface applications such as films, layer-
by-layer (LbL) technology, membranes, brushes, many
behaviors such as ion selective permeability, surface
charge change, wettability, change in pore size and thic-
kening/thinning of the polymer layer are encountered
[32-39]. When these polymers are involved in surface
applications such as membranes, numerous behaviors
such as ion selective permeation and change in pore
size are encountered (Figure 4f) [39-42]. These changes
can be in various types such as micelle-reverse micelle

[9, 21, 43, 44], vesicle-reverse vesicle [20, 45, 46], mi-
celle-wormlike micelle [47, 48], vesicle-wormlike micel-
le [22], vesicle-spherical micelle [22, 49-51], spherical
micelle-rod micelle [52] and other [53, 54] (Figure 4g).

It is possible to prepare pH-responsive hydrogels from
the monomers having weak acidic or weak basic func-
tional groups. Such groups either accept or release
protons in response to pH changes. As given in Figure 5,
hydrogels of acidic monomers release protons at high
pHs and become negatively charged. On the contrary,
basic monomer based hydrogels become positively
charged due to protonation of functional groups at
low pH. Both positive and negative formations cause
swelling due to an increase on hydrophilicity of related
groups. Such ionizations also change osmolarity and io-
nic interactions within the gel [15]. It is reported that
deswelling of pH-responsive hydrogel is faster than that



Figure 5. Swelling-shrinking of acidic and basic hydrogels with pH.

of its swelling. Hydrogels are also classified according
to their size: Macrogel (= 100 um), microgel (0.1-100
um) and nanogel (1-100 nm) [55]. Depending on the pH
change, we encounter sol-to-gel or gel-to-sol behaviors
of polymer chains of different architectures [18, 19, 56].

In another type of pH-responsive polymer, the covalent
bonds forming the polymer are broken down with the
change in the solution pH. Thus, the macromolecule
structure is divided into smaller pieces. For this, these
polymers must contain certain groups that are sensitive
to pH and are degradable. Such groups and their cleava-
ge products are given in Figure 6. These polymer types
are frequently used in drug release studies [7, 13]. The-
se groups can be found in the polymer main/side chain,
in end group and/or in the junction of blocks as can be
seen in Figure 4h. These bonds can be irreversibly bro-
ken down at suitable pH values [57-60]. As can be seen
in Figure 4i, it occurs by attaching various agents as side
groups to the polymer chain and breaking the bonds at
the appropriate pH value [57-60]. In addition, as shown
in Figure 4j, the destruction of the polymeric network
structure or the destruction of the cross-linked micelle
structure can be achieved by breaking down the groups
designed as cross-linkers in a pH-responsive manner
[61-65].

The release of drug molecules and other compounds by
pH change can occur in two different strategies. In the
first strategy, pH-responsive systems release such small
molecules via degradation of micellar type structures or
swelling/deswelling behaviors with pH changes. In the
second strategy, the release of drug molecules occurs
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with the cleavage of covalent bonds between polymer
and drug molecule by pH changes. The followings are
commonly used in polymer structures as pH-labile
bonds for later strategy (Figure 6); hydrazone [66-71],
acetal/ketal [72-75], cis-acotinyl [76-80], imine [81-83]
substituted trityl [84-86], orthoester [57, 87], boranate
ester [88-90], B-thiopropionate [62, 91], and others [92,
93]. Xu and co-workers have well presented the recent
developments in the area of pH-responsive polymer—
drug conjugates with various structures and architec-
tures [94]. They also tried to clarify the mechanism of
such synthesis.

CO,-responsive polymers.

CO,-responsive polymeric systems have attracted gre-
at attention in recent years [95], since CO, is abundant
in nature, low cost, environmentally friendly, non-toxic
and recyclable. In addition to these, it is preferred beca-
use of its high biocompatibility [96]. In CO_-responsive
polymers, the reaction occurs simply by adding or
removing CO, gas, which is a very cheap source for
changing the pH of the solution. Environmentally res-
ponsive polymer types based on pH, ion, enzyme and
redox, chemicals require a chemical substance to pro-
vide reversibility, and while in CO,-responsive polymers
it is sufficient to pass inert gas from the media. Since
the CO, stimulus can be found in an agueous environ-
ment, it penetrates the inner parts of the polymer and
allows the CO,-sensitivity of the polymer. In this way,
the problems encountered with light-, magnetic- and
mechanically-sensitive polymers are not experien-
ced and greater sensitivity is achieved in CO,-sensitive
polymers. Finally, CO,-sensitive polymers have good
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Figure 6. pH-responsive/degradable bonds.



biocompatibility and membrane permeability with hu-
man cells, making them important for bio-applications
[96]. CO,-sensitive polymers have been extensively
studied in relation to CO,-induced self-assembly, CO,-
triggered drug carriers, catalysts,”smart latex” systems,
CO,-exchangeable surfaces and fibers. CO,-sensitive
systems are pollution-free and have good reversibility.
The use of carbon dioxide as a trigger in aqueous soluti-
ons started in 2006 with the production of a surfactant
containing amide group [96].

The most commonly reported CO,-sensitive functional
groups are amidine [97-99], imidazole [100, 101], pri-
mary amine [102-105], secondary amine [106], tertiary
amine [107, 108], guanidine [101, 109], carboxylic acids
[104, 105, 110] and Lewis acid-base pairs [111, 112],
which can easily react with carbonic acid produced by
combination of CO, with water or polar organic solvents
(Figure 7). Recently, an innovative dual CO,-responsive
polymer system has been reported. This system is imp-
roved based on the Lewis acid-base theory and has va-
luable functions in organic solvent systems. [111, 112].
This type is a new type belonging to the second generati-
on CO,-responsive polymers class. In particular, CO, can
create bridge between polymer segments and induces
assembly by incorporating Lewis acid-base pairs into

Figure 7. CO,-responsive polymers with different functional groups.
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the polymer structure (Figure 4). These systems have
excellent reversible responses. Additionally, recyclable
nano-catalysts with good activity and recyclability [112]
and a novel polymer network with self-healing capabi-
lity [111] could be developed by utilizing CO, bridging
chemistry. The discovery of CO, sensitive materials that
can be used effectively in organic solvent systems pro-
vides an important opportunity for the development of
CO, sensitive processes that will be applicable in many
areas in the near future.

A wide variety of architectures have been designed
in CO,-responsive polymers. Sample studies are given
to explain the behaviors seen in Figure 4. Basic pH-
responsive polymers take on more hydrophilic charac-
ter in the presence of CO, and their solubility in aqu-
eous media may change (Figure 4a) [97, 108, 110]. As
shown in Figure 4b, acidic pH-responsive polymers can
have a hydrophobic character by further reducing their
ionization [105, 110]. By using the behaviors observed
in Figures 4a and 4b, the self-assembly of the designed
block copolymers can provide the formation of diffe-
rent aggregates (micelle, vesicle, wormlike) (Figure 4c)
[101, 113]. Tertiary amine methacrylate monomers
such as DMA and DEA are frequently used in the pro-
duction of CO,-responsive block copolymer [114, 115].
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Figure 8. Schematic representation of protein capture and release via CO, sensitive polymer brushes. The collapsed polymer brus-
hes (before exposure to CO, or upon removing CO, with N2 bubbles) form a suitable surface for protein binding. On the other hand,
polymer brushes in the chain-extended conformation (after exposure to CO,) create an unfavourable surface for protein adsorption,
leading to release of proteins from surfaces [Copyright 2011, RSC, reprinted from ref. 119].

In addition, swelling of different aggregates (micelle,
vesicle etc.) and gels (macrogel, microgel and nanogel)
is among the important behaviors observed (Figure 4d)
[26, 98, 109, 116-118]. Wetting, thickening of the poly-
mer layer, change in pore size and change in charge are
encountered in brush polymers, films and membranes
(see Figures 4e and 4f) [119-125]. Another behavior is
the transformations that can occur in micelle morpho-
logies (Figure 4g) [102, 107, 115, 126]. Reversible cross-
linked systems can also be obtained by using in cross-
linking systems (Figure 4j) [103, 111, 112, 116, 127].

Kumar S. et al reported a successful study based on
CO,-switchable polymer brushes for reversible captu-
re/release of proteins. They succeeded to absorb CO,
on the surface decorated with PDEA brushes by using
CO,-saturated ultrapure water. In order to remove CO,
and bring PDEA brushes back to insoluble state, pas-
sing N, through the solution has been determined to
be enough. The process was completely reversible. The
related mechanism for the conformational transition of
the PDEA brushes is schematized and given in Figure 8.
However, unlike the conventional pH change induced by
acid-base addition, CO_-switchable water solubility can
be repeated many times for reversible adsorption and
desorption of a protein without contamination of the

solution by accumulated salt. This is the great advanta-
ge of using inert gases as the trigger [119].

Redox-responsive polymers

Redox-responsive polymers have electroactive residu-
es or groups in their structures (see Figure 9) that can
be oxidized (electron loss) and/or reduced (electron
gain). Changing the oxidation step of the related resi-
dues changes the properties of the redox-responsive
polymers or polymeric materials. Thus, it offers diffe-
rent application opportunities and interesting targets
in the design and use of electrochemical devices inc-
luding electrochromic devices, optoelectronic devices,
batteries, biosensors and/or biofuel cells. Thus, it offers
different application opportunities and interesting ob-
jectives in the design and use of electrochemical devi-
ces, including batteries, electrochromic devices, optoe-
lectronic devices, biosensors or biofuel cells. In addition,
these polymers offer important advantages in active
compound delivery/release systems such as pharmace-
uticals, drugs. Due to the presence of redox chemicals
in the human physiological fluid, they have an advan-
tage for biological applications. [128]. This section will
focus on the behavior of redox-responsive polymers
in an aqueous media, and many of these are related to
drug release.



Special oxidant-responsive and reductant-responsive
groups are present in the main chain or side group of
polymers. These are non-reversible reduction groups
such as diselenide [129, 130], trimethyl-locked benzo-
quinone [131], platinum (IV)-coordinate [132-135], alkyl
selenide [136], alkyl telluride [137], non-reversible oxi-
dation groups such as thioketal [138-141], alkyl sulfide
[142-144], aryl oxalate ester [145, 146], phenyl boronic
acid [147, 148], proline [149, 150] or reversible functi-
onal groups such as disulfide [151-154] and ferrocene
[155-162]. Redox-responsive functional structures and
their chemical transformations in some redox-responsi-
ve polymers are given in Figure 9.

The number of publications containing disulfide, ferro-
cene and platinum (IV) among the functional groups is
quite high. Therefore, it will be useful for readers to give
brief information about these functional groups. Vari-
ous reducing agents can be used to convert disulfide
bonds (S-S) to thiols (-SH). They also undergo disulfide
exchange in the presence of other thiols. Thus, poly-
mers containing disulfide bonds can be considered as
redox- and thiol-sensitive [163]. Among many physio-
logical redox pairs, glutathione (y-glutamyl-cysteinyl-
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glycine; GSH) is widely used to trigger drug delivery.
GSH/glutathione disulphide pair is the main redox pair
in this system. GSH compound provides a suitable en-
vironment for drug distribution within the cell, since its
concentration is very variable both inside the healthy
cell and on the outer surface of the cell, and this value is
quite high in cancer cells [128, 164]. The compound dit-
hiothreitol (DTT) is also frequently used to break down
the disulfide bonds. Disulfide bonds can be found in the
polymer main chain or side groups. The biodegradabi-
lity of these polymers occurs faster when they are in the
main skeleton [128]. Particularly, the usage of disulfide
bond containing ATRP initiators or (meth)acrylate and
di(meth)acrylate monomer types is very common in re-
lease studies of active compounds and self-regulation
studies [163, 165].

Ferrocene-containing polymers are fascinating poly-
mers with their high chemical stability and characte-
ristic electrochemical response. Ferrocene-containing
polymers are sensitive to both oxidizing and reducing
agents. While it has a positive charge in its oxidized form
(ferrocenium), its reduced form is neutral and gives the

Figure 9. Redox-responsive groups in polymers and their reduction/oxidation products.
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Figure 10. Behaviour of redox-, enzyme and light-responsive polymers.

polymer more hydrophilicity due to the formation of
the positive charge. Platinum(lV)-coordinate polymers
have been reported to be very useful in drug delivery
purposes since they can behave a reducing system in
the cell, which results with the release of platinum(ll)
and the encapsulation of drug molecules. Among re-
dox-responsive polymers, platinum(IV)-coordinate con-
taining polymers are one of the most interesting linkers.
In order to reduce the severe side effects on normal
cells, cisplatin being a broad-spectrum anticancer drug
must be conjugated with polymers. Generally, cisplatin
is oxidized to obtain a diol which is consumed in poly-
condensation reactions. Cisplatin-polymer conjugate
systems can be reduced in the intracellular environ-
ment by releasing cisplatin only in tumor cells [128].

Polymers of a wide variety of architectures can be de-
signed according to the types of changes occurring in
reducing- and oxidizing-responsive polymers. Behavi-
ors of various types of redox-responsive polymers are
schematized in Figure 10. As seen in Figure 10a, the bre-
akdown of the polymeric structure can be achieved by
breaking down the redox-responsive groups in the poly-
mer main chain. These redox-responsive groups can be
located in the end group of the polymer main chain,
along the main chain, and at the junction of two diffe-
rent blocks of the block copolymers [129, 130, 132, 138,
140, 153]. In Figure 10b, it is shown that the hydrophili-
city of the polymer chain increases with the separation
of the redox-responsive residues of the polymer chain
[166]. In Figure 10c, the hydrophilicity of the polymer



chain increases due to the redox-responsive ionic state
of the side groups in a polymer chain or the increase in
hydrophilicity due to the oxygen entering the structu-
re as a result of chemical transformation [137, 155]. By
attaching a compound (drug, dye molecule, etc.) to the
polymeric chain as a side group and cleaving the redox-
responsive bond, separation of the compound from the
polymer chain can occur (see Figure 10d) [133, 141].
Another very important approach given in Figure 10e is
redox-responsive cross-linking. By using this approach,
cross-linked micelles and gels can be obtained and re-
lease studies are carried out by breaking these bonds,
especially in drug applications. Bifunctional monomers
or agents capable of cross-linking polymer chains on
functional groups are used for this [167-169]. The main
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reasons of all other schematized behaviors are also ba-
sed on these explained behaviors. As seen in Figure 10f,
the formation of a more hydrophilic polymer chain or
the breaking of cross-links can result in degradation or
swelling behavior of aggregated structures [137, 151,
152, 155, 158, 160, 169, 170]. As shown in Figure 10g,
aggregates (micelle, wormlike, vesicle, lamella) can be
formed from block copolymers and their aggregate
morphology may change as redox-responsive [154, 162,
171-174]. As Figures 10h and 10i underline, depending
on the increase in hydrophilic structure and charge
change in film, membrane and brush structures, surfa-
ce wetting properties, pore size, selective ion permea-
bility and polymer thickness may change [157, 159, 175].

Figure 11. Intra-chain and inter-chain interactions and salt effect in polymer.
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lonic strength-responsive polymers

Response to ionic strength is typical property of some
neutral and ionisable polymers. Changes in ionic
strength can cause changes in the size of polymeric
structures or nanoaggregates, swelling-shrinkage of
gels, solubility of polymers, and fluorescent quenching
kinetics of chromophores of polyelectrolytes [176-181].
Salt added to solutions of anionic and cationic polymers
increases electrostatic interactions among groups in
polymer chains [181]. Polyampholytes designed with
two different monomers, both anionic and cationic,
and zwitterionic polymers with both negative and posi-
tive groups do not dissolve at low temperatures due to
the interactions between opposite charges [32, 35, 180,
182, 183]. The added salt solution reduces electrostatic
interactions between polymer chains. The behavior of
polyampholytes in agueous media is also related to the
type and ratio of ionic species included in the polymer
[182, 184]. Also, pH change significantly affects such
polymers [185]. Intra-chain and inter-chain interactions
and the effect of salt are schematized for different poly-
mer types in Figure 11.

The presence of salt (such as NaCl and CaCl,) in hydro-
gels containing anionic groups such as PAA and car-
boxymethyl cellulose triggers shrinkage [178, 186-191].
Similarly, it triggers shrinkage in hydrogels containing
cationic groups such as PDMA and PMEMA in the pre-
sence of salt (such as Na,SO,) [27, 192-195]. While the
presence of salts in polysulfobetaine-containing hydro-
gels triggers swelling, salts trigger swelling in polyamp-
hoteric hydrogels and zwitterionic hydrogels consisting
of anionic and cationic monomers [184, 196]. It also has
a property that triggers physical gel formation [197].
The salt effect is a very important parameter for tem-
perature-sensitive polymers as well, and it will be dis-
cussed in the following section.

Highly charged polyelectrolytes can be shielded by
varying ionic strength, thus modifying the charge
density and adsorption behavior. As an example, The
Cu(ll) cation can be immobilized on a poly(NIPAM-co-
vinylimidazole) copolymer for protein separation using
the affinity binding of specific proteins to Cu(ll) cation.
The increase in ionic strength precipitates polymer cha-
ins that bind proteins. The high ionic strength reduces
the repulsive electrostatic strength of the copolymer,
which causes an increase in hydrophobic interactions
and thus leads to precipitation of the polymer. The high
salt concentration reduces the repulsive electrostatic

strength of the copolymer, which results with an inc-
rease in the hydrophobic interactions among polymer
chains and thus leads to precipitation [198].

The most common method to obtain a response from
a smart polymeric system is based on kinetically cons-
trained diffusion of the stimulus. For example, salt- or
pH-sensitive polymer gels react by transport of exter-
nal ions around the polymer backbone. Similarly, the
response of temperature sensitive polymers can be
adjusted by heat transfer control. Consequently, the
polymer’s response to many conventional stimulants
is a slow process. Electric-, magnetic-, ultrasound- or
electromagnetic field-responsive mechanisms
overcome this problem. In recent years, to clarify these
processes, various studies have been carried out in dif-
ferent fields such as biomedical, sensor, organ engine-
ering, membrane permeability, microelectronic system,
surface control [163, 199].

can

Temperature-responsive polymers

It can be said that smart materials obtained with tem-
perature-responsive polymers are the most important
members of the environmentally-responsive polymer
class. Temperature-responsive polymers can be produ-
ced in different polymeric architectures such as hydro-
gel, film, star, brush, comb, block copolymer (micelle),
spherical particles of different sizes. Especially, tempe-
rature-responsive polymers between 20-40 °C are fre-
quently studied by considering the body temperature
(37 °C). Therefore, poly(N-alkyl(meth)acrylamide)s are
perhaps the most intensively studied temperature- or
thermo-responsive polymers. Since the earliest report
by Scarpa et al on the thermo-responsive PNIPAM poly-
mer in 1967, temperature remains the most widely
used stimulus in the field of sensitive polymers [200].

Temperature-responsive polymers show a sudden chan-
ge in their dissolution state and total volume at certain
temperatures. This temperature is known as cloud po-
int (CP). There are two types of volume phase transition
temperature for thermo-responsive water soluble poly-
mers; the lowest critical solution temperature (LCST)
and the upper critical solution temperature (UCST). The
polymer is insoluble above LCST and/or below UCST (Fi-
gure 12). Both CP behaviors can be determined by using
various methods, including UV-visible (UV-vis), infra-
red (IR), NMR and dielectric spectroscopies, differential
scanning calorimetry, static and dynamic light scatte-
ring, and turbidity measurements. Figure 12c highlights
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Figure 12. Overview of UCST and LCST behavior of polymers in solution.

a typical turbidity behavior of temperature-responsive
polymers. Simply, a polymer solution with a concentra-
tion of 0.5 wt% is located into a UV-spectrophotometer
and the phase transition temperature (cloud point) is
determined when the absorbance of the polymer so-
lution decreases (UCST) or increases (LCST) to 50% of
its maximum absorbance at the wavelength of 350 nm
[8, 201].

For thermo-responsive polymers, the hydrophilic-
hydrophobic balance of the polymer chain changes
with temperature (an increase for LCST behavior) and
the polymer becomes more hydrophobic (for LCST). If
a polymer chain becomes more hydrophobic, water
molecules reorient and reorganize around the newly

formed hydrophobic areas of the polymer. Water mo-
lecules and polymer chains cannot do hydrogen bonds
any more. The polymer-water solution undergoes pha-
se separation and precipitation of the polymer (or collo-
idal) is observed [8]. The turbidity of LCST-type polymer
is also shown as a function of temperature in Figure 12c.
As can be seen, there is an increase in the turbidity of
the polymer solution, or in other words, an increase in
the absorbance with the increase in temperature.

LCST and UCST describe the minimum and maximum
temperatures of both single phase and two phase areas
in the phase diagram of the polymer/solvent mixture
(Figure 12a and b). If the solution temperature of the
polymer with LCST is below the LCST value, the poly-
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mer is soluble (single phase), when it is above the LCST
value, the polymer is insoluble (two phase). If the soluti-
on temperature of the polymer with UCST is below the
UCST value, the polymer is insoluble (two phases), and
when it is above the UCST value, the polymer dissolves
(single phase). That is, UCST and LCST are opposite be-
haviors.

Many theories have been proposed to explain LCST
and UCST values of polymers. The most commonly ci-
ted and well-supported theory is that posed by Schild
[2]. As swell known from thermodynamics, Gibbs free
energy change of mixing is given as AG | =AH_ - TAS_,
where G is the Gibbs free energy, H is the enthalpy, T is
the temperature (K), and S is the entropy. For mixing
(solvation) to occur, AG_ must be negative. While a
negative AG__favors solvation, a positive AG__favors
desolvation or flocculation of the polymer from soluti-
on. Neutral polymers dissolve in a solvent via hydrogen
bonding and dipole-dipole interactions between water
and polymer chains/side groups. In a solvation or disso-
lution of polymer sample, AS__ will always be positive
which favours solvation.

On the other hand, below LCST or above UCST, there is
a positively modest change in entropy (AS ), by solvati-
on, a negative change in enthalpy of mixing (AH_ ) with

m\x)’

hydrogen bond formation. AG_ is negative and disso-
lution occurs, as dissolution is promoted both enthalpi-
cally and entropically. As the temperature changes, the
hydrophilic-hydrophobic balance of the polymer chain
changes, resulting in more hydrophobic properties.
Due to an increase on the hydrophobicity of the poly-
mer chain, the water molecules reorient around the
newly emerging hydrophobic regions of the polymer
and become highly organized. As the water molecules
are arranged, they no longer form hydrogen bonds with
the polymer, resulting in a positive enthalpy change.
Also, the entropy of the system is reduced because wa-

R1
R=H, CH
+ ) 3
o) Y*\)RN/HESO; Y=0, NH
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Figure 13. Structures of some sulfobetaine-containing polymers.

ter becomes more organized as it is organized around
the hydrophobic polymer interface (hydrophobic ef-
fect). These two factors combine to make the total free
energy change (Gmix) positive, making desolvation and
phase separation an energetically favourable process.
This (de)solvation behaviors are shown in Figure 12c for
a LCST type polymer.

UCST and LCST behaviors are completely reversible.
Both LCST and UCST are severely affected by the type
of polymer (monomer type) [202, 203], molecular we-
ight of the polymer [8, 202], concentration of polymer
[202], monomer ratios in copolymer [204-206], solvent
(alcohol etc.) and salt type and concentration [202, 203,
206, 207].

Temperature-responsive polymers are generally com-
posed of amphiphilic monomers containing hydrophilic
groups such as amide, carbonyl, secondary amine, terti-
ary amine and quaternary amine and hydrophobic gro-
ups such as methyl, ethyl and propyl. These polymers
exhibit interesting phase behaviors depending on the
temperature due to their amphiphilic structure. LCST
and UCST values of some selected polymers are given
in Table 2 and 3. Only linear homopolymers are given in
Table 2. These CP values should be examined by consi-
dering that they will be affected by molecular weights,
architecture, concentration, ionic strength and type of
solvent. The CP value of copolymers can be tuned to the
desired UCST or LCST values by changing the monomer
ratio. LCST value decreases with increasing molecular
weight of polymers exhibiting LCST property [8]. On the
other hand, in polymers with UCST properties, as the
molecular weight increases, the UCST value increases
[202]. As the concentration of the polymer with LCST in
solution increases, the LCST value decreases. This is the
opposite for polymers with UCST behavior, that is, UCST
values increase [202, 203].
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Table 2. Some polymers exhibiting LCST behavior and their temperatures [211-213].

Polymers

Poly(acrylamide) and poly(methacrylamide)

Poly(N-isopropylacrylamide)

Poly (N-isopropylacrylamide)

Poly(N-ethylacrylamide)
Poly(N,N-ethylmethylacrylamide)

Poly(N-ethylmethacrylamide)

Poly(N, N-diethylacrylamide)

Poly(N,N-propylacrylamide)

Poly(N-acryloylpyrrolidine)
Poly(acrylate) and poly(methacrylate)
PDMA
PMEMA
Poly(N-vinyl amide)
Poly(N-vinyl caprolactam)
Poly(peptide)
Poly(N-acryloyl-L-proline methyl ester)

Poly(oxazoline)

Poly(2-n-propyl-2-oxazoline)

Poly(2-isopropyl-2-oxazoline)
Poly(oxides)

Poly(ethylene oxide) or poly(ethyleneglycol)

Poly(propylene oxide) or PEG

Poly(vinyl ethers)
Poly(methyl vinyl ether)
Poly(2-ethoxyethylvinylether)

Poly[2-(2-ethoxy)ethoxyethylvinylether]

* The effect of the concentrations has not been studied

LCST (CP)*

27.0-36.0°C
61.0-41.2 °C (3000-420000 g/mol)
72.8-85.5 °C (3300-7400 g/mol)
58.0-68.8 °C (5400-36500 g/mol)
58.0°C
28.6-32.9 °C (9600-593000 g/mol)
25.0 °C (10000 g/mol)

51.0°C (15000 g/mol)

32.0-50.0°C

34.0-53.0°C

31.0-38.0 °C (3200-470000 g/mol)

17.5°C (12200 g/mol)

23.8°C (12000 g/mol)

38.7°C (9700 g/mol)

96.0 °C (20000 g/mol)

15.0 0C-35.0 °C (1200-3000 g/mol)

37.0°C
20.0°C (22000 g/mol)

40.0-40.5 °C (20000-34000 g/mol)
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The number of UCST type polymers is more limited than

LCST type polymers. Generally, sulfobetaine derivative

polymers are studied in the literature [202, 203]. Co-
polymers or mixtures of homopolymers consisting of
two different monomers can also exhibit this behavior.
Sulfobetaine polymers, which are very common, were

obtained by the reaction of tertiary amine groups con-
taining polymers such as DMA with various sultone che-
micals (1,3-propanesultone, 1,4-butanesultone) [203,
208]. Polymers containing both the quaternary amine

group (-NR.*) and the sulfonate group (-SO,) in the ter-
minal group are obtained by the reaction over the ter-
tiary nitrogen atom where the steric hindrance is low
[202]. It is possible to obtain sulfobetaines containing
both a quaternary amine group (-NR.*) and a sulphate
(-SO,) group in the end group by different methods
[209, 210]. The structures of (meth)acrylate and (meth)
acrylamide type sulfobetaine polymers containing dif-
ferent hydrophilic and hydrophobic parts are summari-
zed in Figure 13.

Another important feature of sulfobetaine type poly-
mers is that they are biocompatible [214]. Gel formation

may also occur with the increase in solution concentra-
tion and molecular weights of polymers exhibiting UCST
behavior [215]. It has been observed that the UCST
values of sulfobetaine homopolymer solutions (50.0 g

1) with different molecular weights differ up to 60 °C
with the change of molecular weight. It was observed

that there were changes up to 30 °C in UCST value with

the change of polymer concentration in this study [202].
The hydrophilic and hydrophobic parts of the polymer
structure are the main reason for these changes. Co-
polymers such as poly(acrylonitrile-co-acrylamide)

[P(AN-co-AM)] and P(AA-co-AM) also appear to exhibit
UCST behavior. Homopolymers of the monomers that
constituting this polymer exhibit the behavior of UCST
in the copolymer state, while the homopolymers do not
exhibit UCST behavior. The UCST values of such copoly-
mers are significantly affected by the change in como-
nomer ratio [204, 205, 216, 217].

Table 3. Some polymers exhibiting UCST behaviour and their temperatures [202, 203, 212].

Polymer

(Meth)acrylates

Poly[4-((3-(methacryloyloxy)propyl)dimethyl ammonium)butane-1-sulfonate]

Poly[3-((3-(methacryloxy)propyl)dimethyl ammonium)propane-1-sulfonate]

Poly[4-((2-(methacryloxy)ethyl)dimethyl ammonium)butane-1-sulfonate]

UCST (CP )*

41.0°C (37000 g/mol)

5.0 °C (74000 g/mol)

82.0 °C (22000 g/mol)
26.5°C (11000 g/mol)

Poly[4-((2-(acryloyloxy)ethyl)dimethyl ammonium)butane-1-sulfonate]
Poly[3-((2-(methacryloyloxyethyl)dimethyl ammonium)propane-1-sulfonate]

Poly[3-(4-(2-(methacryloxy)ethyl)morpholino)propane-1-sulfonate]
Poly[4-(4-(2-(methacryloxy)ethyl)morpholino)butane-1-sulfonate]
Poly[4-(1-(2-(methacryloxy)ethyl)piperidin-1-ium-1-yl)butane-1-sulfonate]
Poly[3-(1-(2-(methacryloxy)ethyl)piperidin-1-ium-1-yl)propane-1-sulfonate]
(Meth)acrylamides
Poly[3-((3-methacrylamidopropyl)dimethyl ammonium)propane-1-sulfonate]
Poly[3-((3-acrylamidopropyl)dimethylammonio)propane-1-sulfonate]
Poly[3-((2-methacrylamidoethyl)dimethyl ammonium)propane-1-sulfonate]

Poly(methacrylamide)

* The effect of the concentrations has not been studied

52.7 °C (16000 g/mol)

41.0°C (29000 g/mol)
13.2°C (15000 g/mol)

24.0°C (41000 g/mol)
70,0 °C (30000 g/mol)
4,0°C (93000 g/mol)

0°C < (104000 g/mol)

9.0°C
8.5°C (34500 g/mol)
16.0°C

57.0°C



The UCST value of aqueous polymer solutions is signi-
ficantly affected by the type and amount of salt added
[208, 215]. As given in Figure 11, salt added to the me-
dia is directed to positive and negative charges and the
interaction within the sulfobetaine units decreases. Salt
addition also reduces the interactions between neigh-
bor sulfobetaine units within the polymer chain and
sulfobetaine units among other polymer chains. The
solubility of polymer chains increases with decreasing
interaction. Thus, the cloud point is observed at lower
temperatures (UCST decreases). The effect of anionic
and cationic charges formed by dissolution of salts has
been studied in detail in different studies [202]. Soluti-
on viscosity decreases, respectively, when salts contai-
ning Fe3, Al**, Ca%, K*, Ni?* cations are used, while salts
containing CI, Br, I anions increase in this order [206].

Random, sequential, gradient and block copolymer
types are structures that can be obtained according

Figure 14. Behaviors of thermo-responsive polymers.
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to the order of the monomers in the polymer chain.
Homopolymers and random and gradient copolymers
can only exhibit precipitation or dissolution behavior in
aqueous media, depending on environmental conditi-
ons (Figures 14a and 14b). While the polymers showing
LCST with the temperature increase become hydrop-
hobic [201], the polymers showing UCST on the cont-
rary, when the temperature decreases, they become
hydrophobic and go to phase separation in the aqueous
solution environment [8, 203, 210, 218].

Among the polymeric structures of different architec-
tures, block copolymers are the most widely used type
due to their wide usage area [7]. Block copolymers ex-
hibit special behaviors such as self-assemble and disas-
semble (Figure 14c). The block copolymers may be in
different architectures and the number of blocks can
be more than two. However, it may be useful to make
an explanation on diblock copolymers. One block of dib-
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lock copolymers can be produced from polymer capab-
le of displaying UCST or LCST behavior. Both blocks can
be designed from blocks showing LCST/UCST behavior
or one block showing LCST and the other block UCST.
Numerous aggregates (spherical micelle, wormlike,
vesicle, lamellar and other) and changes in aggregate
morphology (micelle to reverse micelle [210], micelle to
vesicle [219], micelle to wormlike [220] and other) that
can be produced in this way are observed (Figure 14e).
If micelles are prepared with amphiphilic block copoly-
mers having thermo-responsive block, they may exhibit
swelling/shrinkage behavior with temperature (Figure
14d).

Another important behavior of temperature-sensitive
polymeric systems is the swelling-shrinkage behavior
we encounter in chemical gels (nano-, micro- and mac-
ro-). As the solution temperature increases (LCST be-
havior polymer) or decreases (UCST behavior polymer),
the dehydrated chemical gel shows volumetric shrinka-
ge (Figure 14d). Aqueous solutions of block copolymers

at high concentrations are also used in the production
of physical gels [18, 220]. This is all about how the co-
polymer was designed and its concentration. PNIPAM-
containing hydrogels are the most widely used type of
the class showing LCST behavior. PNIPAM can be found
alone or as a comonomer in the structure of hydrogels
[221-225]. Besides having low toxicity, when it comes
to temperature values such as 30-33 °C, they show gre-
at volumetric decrease. PNIPAM containing gels can be
of different sizes such as macrogel [221-224], nanogel
[226] and microgel [225, 227]. Apart from that, many
chemical gels of LCST-type [27, 192, 221, 228-236] and
UCST-type [215, 217, 237-243] can be produced. It can
also be obtained in physical gels with UCST-type [215,
244-246)] and LCST-type [18, 247] polymers.

When these polymers are involved in various surface
applications such as film, thin film [248], membrane
[249-257], brush [258-270], numerous behaviors such
as ion-selective permeability, surface charge change,
wettability, change in pore size, and thickening/thin-

Figure 15. Conformational changes that may occur in the aqueous solution of the block copolymer (double temperature-sensitive)

with UCST and LCST [212].



ning of the polymer layer are encountered (Figure 14g).
If micelles are formed at a certain solution pH, it is cal-
led the critical micellization pH (CMpH) and if it occurs
at a certain solution temperature, it is called the critical
micellization temperature (CMT). When these CMT and
CMpH values are not reached, micelle formation is not
observed in the solution medium. If the block copoly-
mer is designed from blocks with both UCST and LCST
behavior, it is possible to obtain double temperature-
sensitive polymers These changes will also show signi-
ficant changes with the critical micellization concent-
ration above or below [210, 212]. These changes are
schematized in Figure 15.

Generally, temperature-sensitive behaviors of poly-
mers in solution are discussed in above section. It also
has an important value in temperature-sensitive shape
memory polymers. Shape memory polymers (SMPs) are
smart materials that can change their shape to a pre-
defined state under a suitable stimulus. Such polymers
provide important additives in various application are-
as. In particular, two- and multiple-ways SMPs provide
unique opportunities to realize untethered soft robots
with programmable morphology and/or properties, re-
peatable actuation, and advanced multi-functionalities.
[271-275].

Magnetic field-responsive polymers

Magnetic field-responsive polymers are hybrid species
in which magnetic particles are stabilized with polymers
or embedded in the polymeric network. Such polymers
can be produced using a variety of strategies [276-
278]. Essentially, this feature is not a characteristic of
the polymer itself, but a property that arises from the
added magnetic particles. Magnetic field-responsive
polymers have found various applications in different
fields such as chemical adsorbent, separation science,
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catalysis, microfluidic valve and active compound distri-
bution [10, 277, 279].

Magnetic field-responsive polymers are directed to
the desired location by the effect of the magnetic fi-
eld. Maghemite (y-Fe,O,) or magnetite (Fe,O,) partic-
les, especially small (< 100 nm), exhibit super magnetic
properties and they are the most preferred types. In
addition, magnetic particles such as Co, CoFe,O,, Ni,
FeN, FePt, FePd are also used in the production of mag-
netic field-responsive polymers [1, 277, 280]. It is very
common for magnetic field-responsive polymers to be
obtained by embedding magnetic particles in a cross-
linked polymeric network. It can also be produced by
physical adsorption to the polymeric surface or by mo-
difying the surfaces of magnetic particles or by bonding
the previously produced polymer chain [10, 163, 279,
281]. Both components (polymer and magnetic partic-
le) of polymer-magnetic particle hybrid materials can
be produced during the experiment (in-situ) or before
the experiment (ex-situ) [278]. For example, magnetic
particles can be produced by first adsorbing Fe?*/Fe3*
to the polymer or polymer-inorganic hybrid material.
Polymer-magnetic particle hybrid system can also be
prepared by first producing the magnetic particle and
adding it to the polymerization media. Figure 16 shows
the magnetic field-responsive microgels obtained by
physically adsorbing Fe,O, nanoparticles onto the mic-
rogel and how these microgels are oriented in the mag-
netic field.

Magnetic targeting is based on attracting magnetic
microparticles or nanoparticles to an external source
of magnetic field. It provides a suitable media for cont-
rolled drug release by creating a magnetic field in the
desired tissue [199, 279, 282, 283]. Magnetic field-res-
ponsive polymers are preferred in the production of

Figure 16. Microgel loaded with Fe,O, particles and their orientation in the magnetic field.
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multi-responsive polymer (temperature-magnetic, pH-
magnetic, light-magnetic, etc.) [282]. General mecha-
nisms for the production of polymer/inorganic hybrid
materials are given in Figure 17 [7]. Some selected poly-
mer-magnetic particle hybrid systems are also given in
Table 4.

Light/photo-responsive polymers

Light-responsive polymers can change some of their
properties when exposed to light with an appropriate
wavelength (UV, NIR, or visible). These changes are due
to light-dependent structural transformations of spe-
cific functional groups of the polymer [163, 279, 282].
The physical (mechanical stiffness, swelling/contraction,
unwinding, shape, rate of degradation) and chemical
properties (surface hydrophilicity) of light-responsive
polymers can be adjusted very precisely by the light wa-
velength, intensity, exposure time and the type of light-
responsive groups [10]. Advantages of light-responsive
polymers compared to other responsive polymers are;
(i) availability of a wide spectrum of wavelengths (UV to
infrared) that can be effectively applied to the polymer,
(ii) 4D control over material sensitivity, (iii) adjustable
therapeutic light dose, (iv) facilitates regulation of the

in vivo response in the optical tissue window range [10].

Suggested possible applications of this type of polymers
are reversible photomechanical transduction, bioacti-
vity change of proteins, tissue engineering, optical sto-
rage, viscosity control, and release of active compounds
[163]. Light-responsive polymers are used especially in
controlled drug release and drug encapsulation studies.
Functional structures that form photo-responsive poly-
mers (Figure 18) and the classification according to the
type of change that occurred is made as follows;

Photo-isomerization (reversible): 1t includes ring ope-
ning-closing and cis-trans transformations. Polarity
change or ionic structure formation takes place. For
example; azobenzene, spiropyran, dithienylethen, trip-

henylmethane leuko and ciprooxacin derivatives can be
given.

Photo-dimerization (reversible): Photo-cross-linking oc-
curs by the [242] cyclocation mechanism. For example;
cinnamic ester, cinnamic acid and coumarin derivatives

can be given.

Figure 17. General mechanisms for the production of polymer/inorganic hybrid materials [278].



Table 4. Some selected polymer-magnetic particle hybrid systems.

Polymer Types

Microgel

Comb polymer
functionalized
MPs aggregates

Block copolymer

Core-shell
nanoparticles

Encapsulation

Encapsulation

Encapsulation

Core—shell

nanoparticles

Bead
Nanofiber
Microspheres
Film

Hollow

microsphere

LbL hollow
microsphere

Microsphere

Bruch sphere

Macrogel

Spherical
brushes

Block copolymer

Core—shell

Nanocapsules

PNIPAM: poly(N-isopropylacrylamide)

PHEMA : poly(hydroxyethyl methacrylate)

Magnetic
Particle Type

Fe,0, NPs, inside

F6304 NPs, 20 nm

Gold/iron oxide
NPs

Fe304,~10 nm

Fe3OA NPs, 3-8 nm
Fe,0, NPs

Fe,0,, 13 nm

37w

Magnetic NP, ~10
nm

F6304, ~10-15 nm

FeSOA, ~500 nm

Fe,O

374

MnFe,O,, 15-20 nm

27w

Fe,0,, 7-8 nm

374

Fe,0,, 200nm

'l

Fe,O,, 200-400 nm

374

Fe,0,, 11nm

3747

Fe,0,, 10 nm

374

Si0,@Fe,0

374

250 nm

Fe,0,, 10 nm

37w

Fe,0,, 22 nm

374
y-Fe,0,@silica,
15.0and 28.8 nm

Fe,0,, 5-30nm

37w

CoFe,0,,18 nm

274
Fe,0,, ~10 nm

Fe,0,, 5nm

Ehl

PMA : poly(maleic anhydride) PVA

PVIm: poly(1-vinylimidazole)

Polymer Name

PNIPAM

PMA-g-PVA comb polymer

(PNIPAM-co-AM)-b-poly(e-caprolactone)

P(NIPAM-co-AM)
PDEA

PDEA and poly(poly(ethylene glycol) methyl
ether methacrylate)) (PPEGMA)

Poly(D,L-lactic-co-glycolic acid)-L-lysineD-
galactose (PTX-MNP-PLGA-Lys-Gal)

P(NIPAM-AM-ALAmM)

Magnetic chitosan-cis-aconitic anhydride-
doxorubicin nanocomposite

P(PEGMA-co-QDEA)-grafted MNP
PEG
PNIPAM-co-polyglutamic acid

PEG-b-P(AA-co-nBuMA)-b-PGmMA and the
folate-conjugated block copolymer folate-
PEG-b-PGMMA

Salphen-In

PEG with 4-hydroxybenzaldehyde terminal
(PEG-CHO)

Poly(HEMA-co-MMA)-g-PGMA beads
Double-layer LA/PNIPAM
PMAA and PAM

Poly(vinylidene fluoride) fibers

PMAA

Chitosan-sodium alginate-PEG

Poly(4-[(4-methacryloyloxy) phenylazo]
benzenesulfonic acid)

PAMAM-b-PDMA-b-PPEGMA

PAM-carboxymethyl cellulose-PAM-
methylcellulose

PDMA

PEO-b-PVIm
PAA-PS
PMAA@PNIPAM

poly(vinyl alcohol)

: poly(vinyl alcohol)

PALAm: poly(allylamine)
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Stimuli Purpose of Usage
T Controlled drug delivery
Controllable removal of
pH )
heavy metal ions.
T Drug delivery, imaging,
magnetic hyperthermia
T Multi-modal cancer therapy
pH Adsorption of DNA
Adsorption of DNA
T
Controlled drug delivery/
release
T
Controlled drug delivery
pH Separation
T
Drug delivery
pH
H Drug delivery and MR
P imaging
T
pH -
Qil-water separation
pH,
redox
Drug release
Photo Sensor
pH Drug release
Electric Drug-delivery
pH, T Gene delivery
pH MR imaging
Magnetic storage system
pH, T Drug release

Drug release

PAM : poli(acrylamide)

QDEA: Quaternary DEA
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Figure 18. Some light-responsive polymers and the reversible/irreversible changes caused by light [163, 199, 313-315].

Photo-regulation (irreversible): It is the wolff rearrange-  Examples of each group are given in Figure 18. As can be
ment that occurs irreversibly. Examples are diazonaph-  seen, azobenzene is a well-known chromophore for cis-
thoquinone derivatives. trans isomer exchange due to reversible irradiation. Its

geometric shape and polarity changes with the irradia-
Photo-fragmentation (irreversible): It is separated from  tion. Trans-azobenzene has no dipole moment, whereas
the structure and hydrophobic-hydrophilic transforma-  cis-azobenzene has dipole moment. This change leads
tion occurs. As examples; o-nitrobenzyl ester, couma-  to material with self-regulating behavior. Coumarin de-
rinyl ester and pyrenylmethyl ester derivatives can be  rivatives [2+2] are frequently used as reversible photo-
given [163, 199, 313-315]. Considering these classificati-  cross-linking chemicals as a result of photo-dimeriza-
ons, some photo-responsive polymers can be designed  tion by cyclocation mechanism [199]. The behavior of
as shown in Figure 18 [199]. different functional groups in polymeric systems, whe-




re the effect of light is clearly shown, is schematized in
Figure 10. A wide variety of behaviors from spherical
polymeric particles, block copolymer and macromole-
cular structures designed in many other polymeric arc-
hitectures are schematized in Figure 10.

As seen in Figure 103, the degradation of the polymeric
structure can be achieved by breaking down the light-
responsive groups in the polymer main chain [316-323].
These photo-responsive groups can be located in the
end group of the polymer main chain, along the main
chain or at the junction of two different blocks of block
copolymers. In Figure 10b, it is seen that the photo-
responsive side group attached to the polymer chain
is separated. Generally hydrophobic polymer chain
becomes hydrophilic [324, 325]. The changes that oc-
cur with the formation of different isomer structures of
the light-responsive groups in the polymer main chain
without separation are also given in Figure 10c [325,
326]. In Figure 10d, it is shown that a compound (dye,
drug, etc.) is attached to the polymeric chain as a side
group and reversibly separated from the polymer cha-
in by photo-cross-linking [327]. It is worth to mention
that this model is not very common since the group to
be attached [2+2] should be suitable for participation.
Another very important approach is the use of polymer

G. Kocak et al./Hacettepe J. Biol. & Chem., 2020, 48 (5), 527-574

chains with side groups suitable for photo-dimerization
as photo-responsive reversible cross-linkers (see Figure
10e). Many micelles and gels have been obtained using
this approach [328-332]. Additionally, when exposed
to light, the followings may occur: (i) the formation of
different micelle morphologies with the increase of
hydrophilicity (Figure 10f) [333], (ii) swelling with the
formation of hydrophilic structure or breaking photo-
cross-links in structures (Figure 10g) [334-336], (iii)
change on wetting properties of the surfaces and (iv)
changes in film thickness (Figure 10h and 10i) [337-340].

On the upper part, polymers are designed according to
the types of change caused by the effect of light. A lar-
ge number of polymeric systems can be produced with
various structures in many different architectures (ho-
mopolymer, block copolymer, dendrimer, micelle, gel
etc.) and polymers containing various light-responsive
groups in terms of their reaction to light [314, 341, 342].
Some selected light-sensitive polymer structures are gi-
ven in Figure 19.

Until now, examples of polymers that can be used to
release active compounds such as drugs in solution
media are given. Shape-changing and shape-memory

Figure 19. Chemical structures of some polymers designed to be light-responsive.
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Figure 20. Transformation of trans/cis isomeric azobenzene containing polymer and light-driven liquid-crystal film.

polymeric systems can be produced using similar app-
roaches [313, 343]. Among the different stimuli playing
role in polymer actuation, light provides very useful op-
portunities to control some properties of such systems,
including precise spatial/temporal remote control, ea-
sily tunable properties, and pausing/resuming of actu-
ation [343]. Such responsive polymers opens a door for
new application areas where reversible configurability
and adaptability play important roles, e.g. soft robotics,
sensors, micromachines, and biomedical devices [313,
343].

Azobenzene chromophore has cis and trans isomers.
Irradiation with ultraviolet (UV) and visible lights can
cause conversion to each other of these isomers. Both
isomers have different lengths, thus, the length of azo-
benzene chromophore can be varied by UV and visible

light irradiation. As seen in Figure 20, light-driven liquid-
crystal film containing azobenzene chromophores can
be bent reversibly by UV and visible light, respectively
[344, 345]. Trans-isomeric azobenzene has a length of
0.9 nm and it converts to cis-isomeric azobenzene with
a length of 0.56 nm when irradiated by UV light. Irrida-
tion with white light causes a reversible recovery of its
original state.

Ultrasound-responsive polymers

Ultrasound is harmless and can penetrate deep into tis-
sues [10]. The concept of ultrasound-responsive poly-
meric systems for use in the delivery and targeting of
drugs is based on the dosage accumulation in the desi-
red area by local ultrasound effect of drugs as external
stimuli. Ultrasound is the local stimulant used to trig-
ger the release of the active compound in the desired
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Figure 21. Ultrasound-responsive drug delivery from block copolymer micelles.

tissue site of encapsulated drugs from microemulsions, Three types of frequencies are generally used for bio-
polymer micelles, multilayer capsules, and liposomes  medical applications: Low (< 1 MHz), medium (1-5 MHz)
(Figure 21) [346]. and high (5-10 MHz) frequency. When ultrasound is
applied to the target tissue, various physical factors can
trigger the release of the drug. These include pressure
variation, acoustic fluid flow, cavitation and heating of
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local tissue (hypothermia). Ultrasound also acts in the
breakdown of cell membranes and increasing the per-
meability of blood vessels. In this way, the delivery of
active compounds to cells or tissues increases. It is also
reported that ultrasound causes a high rate of drug re-
lease in the local area [163].

Bonds may be broken by the effect of ultrasound in
some structures. Zhao and co-workers introduced an
amphiphilic block copolymer based on 2-tetrahydropy-
ranyl methacrylate (THPMA) as ultrasound-responsive
polymer. A PEO-b-THPMA block copolymer was synthe-
sized which form micelles by PTHPMA block forming
micelle-core and PEO block forming corona in aqueous
media. After ultrasound irradiation, the cleavage of the
tetrahydropyranyl groups resulted with a hydrophilic
PAA block formation which causes destabilization of the
micelles and quick release of the related cargo in the
micellar structures (Figure 21).

Electric field-responsive polymers (EFP)

Smart materials that change their properties such as
size and shape are called as “electro-active”, “elect-
ric field-responsive polymers” or electro-responsive”.
Electro-responsive polymers occupy an important pla-
ce in the smart material class because they can convert
electrical energy into mechanical energy. They are pro-
mising materials for various applications such as in bi-
omechanics, artificial muscle training, sensing, energy
transmission, noise reduction, chemical separations,
and controlled drug delivery [10, 163]. The deformation
(usually bending) of the gel in an electric field is affec-
ted by factors such as variable osmotic pressure based
on voltage-induced motions of ions in solution, the pH
value or salt concentration of the surrounding environ-

ment, the position of the gel relative to the electrode,
the thickness or shape of the gel, and the applied volta-
ge. Applying an electric field to the polymer results with
a conversion of polymer via a physical action. In general,
responses appear as gel precipitation in an electric field,
electrochemical reactions, electrically active complex
formation, ionic polymer-metal complexations, or chan-
ges in electrophoretic mobility [163]. While polypyrrole,
polyaniline, polythiophene, sulfonated styrene, acrylic
acid and polyvinyl alcohol can be given as examples of
some synthetic electro-responsive polymers, alginate,
chitosan and hyaluronic acid are examples of natural
electro-responsive polymers. It is known that hydrogels
prepared from these polymers have polyelectrolyte
properties and exhibit properties such as electrically
responsive swelling, shrinkage and bending properti-
es [10]. In recent years, studies on hydrogels stand out
among electric field-responsive polymer architectures
[163].

The deformation of polyelectrolyte gels under electric
field is caused by anisotropic swelling or directing char-
ged ions towards the anode or cathode side of the gel.
For example, when ionized poly(acrylic acid) gels in aqu-
eous media are under an electric field, mobile hydroni-
um ions migrate towards the cathode, while negatively
charged immobile acrylate groups in negative networks
create a uniaxial stress in the gel by attracting towards
the anode. The region surrounding the anode is subjec-
ted to the greatest stress while the region around the
cathode is subjected to the smallest stress. This stress
gradient contributes to anisotropic gel deformation un-
der an electric field (Figure 22) [163].

Figure 22. Volumetric transformation of electro-responsive hydrogels under applied voltage.



Biochemical stimuli-responsive polymers
Protein-responsive polymers can be considered under
two main headings as enzyme- and antigen-responsi-
ve. Another important class is glucose-responsive poly-
mers. Apart from these, nucleic acid (RNA and DNA,
amino acid, peptide and polysaccharide) responsive
polymers are also available [347, 348].

a) Enzyme-responsive polymers: Enzymes are impor-
tant compounds that catalyse various reactions in the
human body and take part in highly specific reactions. It
is an important approach that enzymes can break down
specific bonds in the designed natural or synthetic poly-
mer. Enzyme-responsive polymers have a significant
advantage in drug delivery due to their self-occurrence
in the biological environment. However, there are im-
portant issues which are the polymers to be designed
do not react with other enzymes, are biocompatible,
non-toxic, and release active compounds such as drugs
in the target tissue. Considering these important points,
polymers such as PEG, polysaccharides, polypeptides,
poly(lactic acid) (PLA), and poly(lactic-co-glycolic acid)
(PLGA) have been used [349].

There are enzymes being responsible for different types
of reactions in polymeric structures (Figure 23). Enz-
ymes used in this field can be classified as follows;
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Hydrolase: Enzymes that break the chemical bond
between large molecule atoms in the presence of
water. These enzymes can be in various types that
cleave peptide, glycosidic and ester bonds.

. Enzymes that cleave peptide bonds: For
example; lipase, a-chymotrypsin [350-
352], elastase [352, 353], matrix metal-
loproteinase [354, 355], caspase [356],
cathepsin [357, 358], plasmin [359],
thrombin [360, 361], thermolysin [352,
362] and trypsin [363].

. Enzymes that break down ester bonds:
For example; acetylcholinesterase [364],
esterase [365], phospholipases [366]
and phosphatase [367-369].

. Enzymes that break down glycosidic
bonds: For example; amylase [370], ga-
lactosidase [371], glucuronidase [372]
and a-L-fucosidase [373].

Oxidoreductase: It is the enzyme that catalyzes
the transfer of an electron from one molecule to
another. For example; peroxidases [374, 375] and
azoructase [376].

Figure 23. Transformations performed by enzymes on some specific groups.
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e Transferase: It is the type of enzyme that cataly-

zes the transfer of various chemical groups (except
hydrogen) from one compound to another. For
example; kinase [369, 377], phosphopantetheinyl
transferase [378] and trans-glutaminase [379].

Various architectures of polymers are designed accor-
ding to the types of changes occurring in enzyme-res-
ponsive polymers. Some of them are schematized in
Figure 10. Degradation of polymeric structure can be
achieved by breaking down the enzyme-responsive gro-
ups in the polymer chain (Figure 10a). These enzyme-
responsive groups can be located in the end group of
the polymer chain, along the main chain, and at the
junction of two different blocks of block copolymers
[376, 380-382]. In Figure 10b, changes occur in the
hydrophilicity of the polymer chain by enzyme-respon-
sive group separation or addition of the side groups
in the polymer chain [383, 384]. The attachment of a
compound to the polymeric chain as a side group and
separation of the compound from the polymer chain
by enzyme sensitive bond cleavage is schematized in
Figure 10d [350, 371, 372, 385, 386]. Another very im-
portant approach is enzyme-responsive cross-linking or
breaking of cross-links that is given in Figure 10e. Cross-
linked micelles and gels can be obtained using this app-
roach as well [387, 388].

Hydrogels are a kind of hydrophilic polymer networks
that may absorb water up to thousands of times of their
dry weight. Hydrogels (macrogel, microgel and nano-
gel) have chemical or physical cross-linking among their
chains and can swell/shrink with solvent or different sti-
muli, but remain insoluble in aqueous media [55]. Cross-
linking of polymers can be carried out by electrostatic

interactions or molecular interactions among polymer
chains (physical gels) or by chemically linking of poly-
mer chains with cross-linkers (chemical gels). They have
an important place among enzyme-sensitive polymers.
The enzyme-responsive hydrogels can be designed to
form or degrade a hydrogel with enzyme. Hydrogel
formation was accomplished either by enzymatically
forming cross-links between polymer strands (transglu-
taminase) or by generating reactive groups that form
cross-links with neighbouring strands (tyrosinase and
horseradish peroxidase, see Figure 10e) [363, 389-394].
Natural polymer based hydrogels can often be deg-
raded directly. Generally, synthetic polymers require
incorporation of enzyme-sensitive moieties, typically
in the form of enzyme cleavable cross-linkers such
as short peptide sequences. In this manner, polymer
hydrogels that can be degraded with matrix metallopro-
teinases, elastase and other enzymes were also repor-
ted [395-399]. In addition to create or destroy bonds in
polymer hydrogels, enzymes also employed to control
the morphology of hydrogel particles. Degree of swel-
ling can be changed by changing the overall charge of
the particles via enzymes such as thermolysin, elastase,
trypsin, and matrix metalloproteinases [352, 400-405].
Finally, enzyme sensitive sol-gel and gel-sol behaviors
can be obtained [369, 384, 406]. Similar approaches can
be used in degradation of polymeric solid particles and
polymer capsules as well.

The behaviors that occur in basic polymers have been
explained above. In this part, polymers that show chan-
ges according to polymer architectures are schematized
in Figure 10. The most important of them is the special
behavior encountered in block copolymers. The beha-
vior of self-assembly [407, 408] and disassemble [376,
383, 384] is obtained by the change in hydrophilicity of

Figure 24. Antigen-responsive reversible and irreversible hydrogels (irreversibly the antibody is not covalently bound to the polymer

but reversibly covalently bound).



one block of a block copolymer (Figure 10f). In additi-
on to this behavior observed in micelles, changes occur
in micelle morphologies due to their enzyme-sensitive
natures (Figure 10g) [355, 409-418]. Additionally, enz-
yme-responsive surfaces can be produced for different
purposes [419-422] (Figure 10h and 10i). Various poly-
meric drug delivery systems have been designed and
produced by using above polymeric structures given in
Figure 23.

Drug-active or diagnostic enzyme-active compounds
can be released directly from a polymeric system of dif-
ferent architecture by specific enzymatic bond cleavage
in the side chain. Loading of the active compounds into
polymeric materials can be provided by covalent bon-
ding or physical encapsulation techniques (cross-linked
polymeric matrix, self-arrangement or lattice porous
structure). For example, the release of active compo-
unds covalently bonded to the polymeric side chain by
means of enzymes will be released by the enzyme deg-
radation of the cross-linkers using active compounds
physically adsorbed in hydrogel or cross-linked micelles.
Physically adsorbed active compounds will also be re-
leased as a result of the breakdown of the bonds that
form the main backbone of the polymer. Polymeric
enzyme-responsive active compound carriers can be
activated by enzymes to reveal targeting ligands for cel-
lular distribution. In the other approach, enzymes can
facilitate the formation of specific products that cause
drug release from the polymeric material. These mec-
hanisms may vary greatly depending on the polymeric
system to be designed [423].

b) Antigen-responsive polymers: The antigen-respon-
sive polymer contains antibody-antigen interaction,
which is highly selective and specific interaction. An-
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tibodies (immunoglobulins) are globular proteins that
use special binding sites to identify and capture fore-
ign molecules called antigens [347]. Antigen and anti-
body groups interacting with each other are grafted
onto different polymer chains. The mixture of these
polymers forms cross-linked structures [424-426]. Free
antigen added to the medium is displaced by breaking
the existing antigen-antibody interaction. As a result,
gel-sol formation, gel swelling behavior or change of
pore size in membrane studies are triggered (Figure 24)
[427-431]. Antigen-responsive polymers can be used in
different studies such as sensor [432], controlled drug
release [429].

c) Glucose-responsive polymers: Glucose-responsive
polymers have respond to changes in glucose concent-
ration and are promising in the treatment of diabetes.
As diabetes has become one of the social health prob-
lems, interest in glucose-responsive polymer is increa-
sing. Changes in glucose concentration cause changes
in the properties of the polymer [433].

Diabetes is a metabolic disease in which the sugar (glu-
cose) value in the blood is higher than normal. Insulin in-
jection has been the main treatment for diabetes so far.
Injection shortage, dietary restriction, hospital controls,
and sometimes side effects of treatment reduce pati-
ents’ living standards. Because of all this, a continuous
and harmless insulin delivery system is needed to cre-
ate a feedback-controlled, closed-loop insulin release
system that can directly direct responses to blood glu-
cose levels [433].

In practice, it can be divided into two categories as in-
sulin release and glucose concentration diagnosis. Glu-
cose-responsive polymeric systems divided into three

Figure 25. Polymeric systems modified with glucose oxidase and insulin release with glucose sensitivity.

557



558

G. Kocak et al./Hacettepe J. Biol. & Chem., 2020, 48 (5), 527-574

Figure 26. ConA modified polymeric systems and glucose-responsive insulin release.

categories [163, 433];
Enzymatic oxidation of glucose by glucose oxidase
(GOx),
Glucose binding with concanavalin A (ConA),

. The formation of reversible covalent bonds betwe-

en glucose and boronic acids.

i) Glucose oxidase modified systems: Most studies of
glucose-responsive polymers are well reported on the
reaction of glucose with glucose oxidase (GOx) cataly-
zed oxygen. Glucose-sensitivity is not caused by the di-
rect interaction of glucose with the responsive polymer,
but by the reaction of the polymer to products resulting
from the enzymatic oxidation of glucose. The enzymatic
action of GOx on glucose is highly specific and occurs to
gluconic acid and H,0, byproducts [434, 435].

Therefore, the inclusion of a polymer that responds to
any of such small molecules could indirectly lead to a
glucose-responsive system. Typically, the sensitive
polymer design includes GOx and the pH-responsive
polymer. The gluconic acid product resulting from the
reaction with glucose acts on the pH-responsive mac-
romolecule, causing swelling (or shrinkage) of the in-
sulin-containing hydrogel (or other type of polymeric
system) matrix used to treat diabetes. (Figure 25) [435-
438]. Glucolic acid formation will cause hydrophilicity
[437, 439] or swelling if a basic pH-responsive polyme-
ric system is present, whereas it will cause hydropho-
bicity and shrinkage with protonation if an acidic pH-
responsive polymeric system is present [438, 440-442].
Glucose sensitive polymers are used in chemical gels as
well as glucose-responsive physical gels and membrane
studies [443, 444].

Figure 27. lonization equilibria of boronic acids (Note that the balance shifts towards the anionic boronate form of boronic acid with

an increase on diol concentration).
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Figure 28. Phenylboronic acid containing polymeric systems and glucose sensitivity.

ii) ConA-based glucose-responsive systems: This mec-
hanism is based on the competitive binding of glucose
with glycopolymer-lectin complexes [445]. Lectins are
proteins that specifically bind carbohydrates [446-448].
Like GO¥, it is also possible to use them as biosensors to
develop glucose-responsive systems. ConA is the most
extensively used lectin to sensitize glucose [163]. ConA
is considered the most important protein with its four
binding sites [446, 449].

In the basic mechanism for glucose-responsive drug re-
lease, ConA is attached to polysaccharide units on the
chain, resulting in a three-dimensional polymer structu-
re in which insulin is trapped [449, 450]. In the presence
of glucose in the blood, the complex between ConA and
the saccharide residue is degraded by the formation of
the ConA-free glucose bond (Figure 26). As a result, gel-
sol transition or swelling behavior will be observed in
the structure [446, 449, 451-453]. It is also designed in
different block copolymers [448, 454-456].

iii) Phenylboronic acid containing systems: While glu-
cose-responsive systems based on GOx and lectins
are versatile and highly specific, adherence to protein-
based components can limit applications under non-
biological conditions or longer time intervals that can
promote denaturation [163, 433]. Since phenylboronic
acid (PBA) and its derivatives are known to form re-
versible covalent complexes with 1,2 or 1,3 diols, they
serve as promising components for glucose-responsive
sensors [457-459]. As shown in Figure 27, PBA compo-
unds have two forms that are in equilibrium in water.
Non-ionic species (1) is abundant in the environmen-
tal while the ionic form is hydrophobic, it forms the

hydrophilic structure (2). When glucose is added to
the agueous system (3), the charged phenylborate can
form a stable complex with glucose through reversible
covalent bonding. Therefore, the equilibrium shifts in
the direction of the increasingly charged (hydrophilic)
phenylborate forms (3) [460]. The solubility of boronic
acid-containing polymers is dependent from both pH
and the concentration of compatible diols in the me-
dium. The formation of the hydrophilic structure trig-
gers changes in polymers of different architectures. For
example, it triggers changes such as swelling in hydro-
gels [461], (Figure 28), reversible gel formation [462-
464], self-assembly and disassembly behaviors in block
copolymers [465-473], surface studies [474, 475], film
thickness and pore size changes [459, 476, 477]. If insu-
lin is included in the polymeric system, insulin is relea-
sed and its use in diabetes is provided [471, 478].

The most important problem of the mechanism given in
Figure 27 is that PBA-diol complex formation requires
an alkaline environment. New types of PBA derivatives
are developed to adjust the pK_ value of the PBA com-
pound to around 7.4, which is the physiological pH value.
In addition, some studies are also carried out on species
that can make complexes in pH 7.4 environment using
various copolymer structures [479, 480].

Closing Remarks

It seems that the extraordinary behavior/properties of
stimulus-sensitive polymers will continue to generate
more activity in scientific and technological pathways.
Such polymers are very useful for developing new ma-
terials that are very useful for human health and ease
of daily life. In this review, we have specifically highligh-
ted some stimulus-sensitive polymer or polymer-based
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examples reported over the last two decades. We have
also focused on possible synthetic pathways for their
syntheses, their classifications, self-assembly behavi-
ors due to changes on their environments, their nano-
and micro-aggregates, their derivative nanostructures/
materials, and applications in various fields. Given the
existence of many useful alternative synthetic procedu-
res and the diversity of many available biocompatible
monomers, it can be predicted that biodegradable sti-

mulus sensitive polymers, in particular, will lead to sig-
nificant advances in biotechnological applications, due
to their response to biological conditions.
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