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Abstract: Poly(2-oxazoline)s are the synthetic polymers that are the products of the cationic ring-
opening polymerization (CROP) of 2-oxazoline monomers. Due to their beneficial properties, from
which biocompatibility, stealth behavior, high functionalization possibilities, low dispersity, stability,
nonionic character, and solubility in water and organic solvents should be noted, they have found
many applications and gained enormous interest from scientists. Additionally, with high versatility
attainable through copolymerization or through post-polymerization modifications, this class of
polymeric systems has been widely used as a polymeric platform for novel biomedical applications.
The chemistry of polymers significant expanded into biomedical applications, in which polymeric
networks can be successfully used in pharmaceutical development for tissue engineering, gene thera-
pies, and also drug delivery systems. On the other hand, there is also a need to create ‘smart” polymer
biomaterials, responsive to the specified factor, that will be sensitive to various environmental stimuli.
The commonly used stimuli-responsive biomedical materials are based mostly on temperature-, light-,
magnetic-, electric-, and pH-responsive systems. Thus, creating selective and responsive materials
that allow personalized treatment is in the interest of the scientific world. This review article focuses
on recent discoveries by Polish scientists working in the field of stimuli-responsive poly(2-oxazoline)s,
and their work is compared and contrasted with results reported by other world-renowned specialists.
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1. Introduction

For the last few decades, polymer chemistry has significantly expanded into biomedi-
cal applications. Polymer networks can be easily found within biomedical fields, in which
they can be used as polymeric biomaterials applied in tissue engineering, polymer ther-
apeutics, and implant technology. Thus, creating selective and responsive materials that
allow personalized treatment is in the interest of the scientific world. As a result, there is a
need for creating materials with supramolecular platforms that will provide a wide range
of well-defined pharmaceutics systems with high functionalization possibilities [1]. Due
to the fact that polymer networks are in possession of this required feature and allow the
obtention of highly defined materials to build complex pharmaceutics systems, they are
commonly used [2]. As described, the biocompatible polymers have gained researchers’
interest and become useful in drug delivery systems in a number of complex applications.
These polymers might be directly attached to pharmaceuticals and thus can be a part
of the drug substance. The subsequent conjugation to lipids will allow it to become a
part of the liposomal delivery system, whereas, by linking with cationic molecules, they
can become a part of the nucleic acid complexing polymer. As there are some examples
of well-defined biostable and biodegradable polymers widely used in medicine such as
poly(ethylene glycol) (PEG) or N-(2-hydroxypropyl)methacrylamide (HPMA), another class

Polymers 2022, 14, 4176. https:/ /doi.org/10.3390/polym14194176

https://www.mdpi.com/journal /polymers


https://doi.org/10.3390/polym14194176
https://doi.org/10.3390/polym14194176
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/polymers
https://www.mdpi.com
https://orcid.org/0000-0002-4890-7133
https://orcid.org/0000-0001-6195-9352
https://orcid.org/0000-0002-8257-642X
https://doi.org/10.3390/polym14194176
https://www.mdpi.com/journal/polymers
https://www.mdpi.com/article/10.3390/polym14194176?type=check_update&version=2

Polymers 2022, 14, 4176

2 of 30

of high-quality polymers is polyoxazolines [3]. Most researchers are focusing on the poly-
merization of 2-substituted monomers [4,5], because of the fact that the 4- and 5-position
of oxazoline’s monomers are more difficult to polymerize due to steric crowding [6]. The
poly(2-oxazoline)s are thus the products of cationic ring-opening polymerization (CROP) of
2-oxazoline monomers. The polymerization of 2-oxazolines, resulting in poly(2-alkyl/aryl-
2-oxazoline)s (PAOx), has been reported by four independent research groups [7-10] as a
result of the publishing 10 years earlier of the first ‘living’ and controlled polymerization
reaction by Szwarc [11,12]. The obtained PAOx is an organic class of poly(amide)s that can
be regarded as pseudo-peptides due to their structural similarities to naturally occurring
peptides [13] (Figure 1).
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Figure 1. Polymerization of 2-oxazolines and their structural similarity with poly(amino acid)s.

The main difference is that the peptide bonds present within the peptide structure link
together repeating units that come from amino acids, whereas the pseudo-peptide bonds
from PAOx link a substituent with the polymer main chain. It is a fact that the interaction
between an amide group and a non-polar side chain (substituent) makes PAOx able to
show side-chain-dependent properties [14].

The obtained biocompatibility, stealth behavior, nonionic character, stability, high
functionalization possibilities, low dispersity, and solubility in water and organic solvents
have caused poly(2-oxazoline)s to find many applications [1,3,15,16]. In response to the
reported properties with the connection of high versatility attainable by copolymerization
or post-polymerization modification, this class of polymeric systems has been widely used
as a polymeric platform for novel biomedical applications [17,18].

2. Synthesis of 2-Oxazoline Monomers

As has already been mentioned, the 4- and 5- substituted oxazoline monomer deriva-
tives are not well polymerizable. On the other hand, the 2-substituted 4,5-dihydrooxazoles,
called 2-oxazolines, are commonly used cyclic imino ethers for a CROP reaction [19]. The
first synthesized 2-oxazoline monomer, 2-amino-2-oxazoline, was prepared in 1889 by the
isomerization of the free base of 2-cyanoethyl-1-ammonium chloride [20]. The overview of
the synthesis of the first reported 2-oxazoline monomer derivative is presented in Figure 2.
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Figure 2. Synthesis of the first reported 2-oxazoline monomer derivative: 2-amino-2-oxazoline.

Due to the presence of a nucleophilic amine group within the obtained 2-oxazoline
derivative, this monomer is not able to be used for the subsequent CROP reaction. The
presence of any nucleophilic function within the monomer structure leads to the sponta-
neous termination of polymerization at an early stage or even causes interference with
the initiation process. Thus, the presence of, for instance, alcohols, thiols, or unprotected
amines must be avoided in the 2-oxazoline derivatives that are planned to be polymer-
ized. The additional factor that should be discussed is the influence of the substitution
in 4- or 5- positions to the CROP. In general, the presence of 4- or 5- substitutions slows
down polymerization because of the steric barriers [21]. However, the 4- and 5-substituted
oxazolines are polymerizable, which is commonly used in asymmetric catalysis, wherein
monomers with 5-substitution (or even 4-substitution) can be used to increase the stability
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of the ligands [22], whereas, from the first 2-oxazoline monomer synthesis in 1889, a variety
of strategies were reported, allowing 2-oxazoline derivatives to be obtained. This para-
graph will be focused only on the methodologies that allow the obtention of the monomer
derivatives capable of further CROP reaction. The possible monomer synthesis pathways
were combined in one graph and are presented in Figure 3.
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Figure 3. The representation of possible routes for 2-oxazoline monomer synthesis. Adapted

from [19].

3. The Cationic Ring-Opening Polymerization (Crop) of 2-Oxazoline Monomers

As mentioned previously, the poly(2-oxazoline)s are the products of the living cationic
ring-opening polymerization (CROP) reaction of 2-oxazoline monomers [19]. The CROP
follows a typical chain-growth polymerization mechanism including initiation, propagation,
and termination, which is presented step by step in Figure 4. The figure presents the
main steps of the polymerization reaction: initiation by electrophilic medium addition,
propagation caused by nucleophilic substitution, and final termination with the nucleophile
chemical compound [12].
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Figure 4. General mechanism of the living cationic ring-opening polymerization (CROP) of 2-
oxazoline monomers. Adapted from [12].

In accordance with literature reports, the CROP reaction of 2-oxazoline monomers can
be processed in a living or quasi-living manner under appropriate conditions [12]. From
the thermodynamic point of view, the CROP reaction is unfavorable due to the value of
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the entropy of polymerization, whereas the driving force of the process is the enthalpic
gain caused by the isomerization of the cyclic imino ether into a more stable tertiary
amide. The result is a spontaneous polymerization of 2-oxazoline monomers after initiation,
often performed at elevated temperature conditions [23,24]. Additionally, to obtain living
polymerization, the purity of every component plays an important role. It is crucial to use
the extreme purity and dryness of solvents, as well as initiators and monomers, to reach
optimal polymerization conditions. Due to the fact that the presence of nucleophilic species
in the polymerization mixture causes the irreversible termination step, these molecules are
not allowed. Furthermore, during the polymerization reaction, the absence of strong bases
is required, as these species induce the deprotonation of the cation, which subsequently
leads to the promotion of chain transfer reactions. By maintaining the described rules,
it is possible to reach the living mechanisms of the polymerization reaction. Thus, the
post-polymerization modification of poly(2-oxazoline) derivatives creates an important
area for further research [25,26]. In the following subsections, each of the polymerization
steps shown in Figure 4 (initiation, propagation, and termination) will be described.

3.1. Initiation

The initiation step is an exothermic reaction running with an initiation constant rate
(k1). It occurs as a nucleophilic attack of the cyclic imino ethers (2-oxazoline monomers)
on the electrophilic initiator agent, which directly results in the formation of an oxazoline
cation (Figure 5) [12].
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Figure 5. The initiation of the living cationic ring-opening polymerization (CROP) of 2-oxazoline

R

monomers. Equilibrium between the cationic and covalent molecules depends on the counter ion.
Adapted from [12].

As the data show, there is a variety of initiators that can be successfully used to deter-
mine the CROP of 2-oxazoline monomers. The initiator can be both organic and inorganic
Lewis acids [7,10], chloroformates [27], silyl halides [24], various alkylating agents (alkyl
halide, tosylates, and triflates), and also supercritical CO; [28]. Currently, the most useful
initiators seem to be alkylating agents, from which the methyl triflate, methyl tosylate,
methyl iodide, and benzyl bromide should be mentioned. Thanks to the high chemical
and physical stability, methyl tosylate is therefore the most preferred CROP initiator [29].
As mentioned, the initiation is usually performed at elevated temperatures. However,
the CROP can also ben performed at room temperature by using extremely reactive elec-
trophiles, such as the mentioned triflates [29]. Compared to this data, even under elevated
temperatures, some of the reported initiators exhibit slow initiation such as ((2-oxo-1,3-
dioxolan-4-yl)methyl 4-methyl benzenesulfonate [30] or 3-butynyl tosylate [31]. As a result
of low efficiency or slow initiation, the desired first-order kinetics of polymerization will
not be achieved, which will subsequently lead to broader molar mass distribution [12].

During the initiation process, the counter ion present in the mixture influences the
equilibrium between the cationic molecule and the covalent molecule of the 2-oxazoline
monomer defined as kcoyatent and Keation (Figure 3). These are the equilibrium-rate constants
for the interconversion of the cationic into the covalent molecule and vice versa, depending
on the utilized initiator, monomer, and solvent [32]. The obtained covalent molecule
is a result of the ring-opening isomerization of the 2-oxazoline monomer and plays an
important role in the subsequent propagation step [33].

It should be noticed that, at the initiation step, the functionalities can be introduced
within the poly(2-oxazoline)-derivatives structure. This strategy requires the consideration
of the functional groups present in the initiator molecule, which needs to be compatible
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with the CROP of 2-oxazoline monomers and should also provide basic advantages, such
as fast initiation, to avoid reaching high molar-mass distributions. The techniques of
introducing end-group functionalities are well-known and have been widely reported in
the literature [34-36]. Furthermore, at this step of CROP, the shape of the final polymer
can be established. In literature, there are several reports that describe obtaining star-
shaped [37,38], graft, or even comb copolymers [39] by using 2-oxazoline monomers in
CROP. As a result, initiation can be summarized as a step of huge importance for obtaining
the desired polymers by their shape or content of functional groups.

3.2. Propagation

The propagation reaction is more complex, as it consists of a two-step mechanism.
The general mechanisms of each step of this reaction are presented in Figure 4. As it
shows, the first step is based on the addition of the first monomer to the product obtained
during the initiation (the rate is determined by the constant kp,l). Because of the slow rate,
this step can be a determining step, if the full initiation process is ensured [33]. As also
shown in Figure 6, during this step, an equilibrium between the cationic and the covalent
species is established, which is determined by the counter ion, solvent, and monomer. The
equilibrium present in this step can be compared with the equilibrium discussed within
the initiation process part. After achieving the total initiation efficiency and completing
the first step of propagation, the second step is taking place. This step is determined by
the increased propagation rate constant—k,—established by the neighboring dipole-ion
polarization effect. This polarization effect can be explained as a result of the stabilization
of the obtained transition state and the subsequent shifts of the equilibrium to the more
reactive cationic species, which is presented in Figure 6. The shifts of the equilibrium are
the results of the influence of various parameters, such as temperature, concentration, or
even solvent [33,40]. At this step, again, the equilibrium between the cationic and covalent
species plays an important role, as the k;, shows a linear relationship and is dependent on
the percentage of the cationic species of 2-oxaline monomers [33,41]. The conclusion made
at this step can be summarized as the cationic species playing an enormous role and should
be treated as the responsible individual for the propagation process.
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Figure 6. The propagation mechanism of the living cationic ring-opening polymerization (CROP) of
2-oxazoline monomers. Adapted from [12].

The most important parameters that have a strong impact on the kp, value within the
CROP of 2-oxazoline monomers are the monomer, temperature, and solvent. It has been
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reported that, for the polymerization reactions that do not consist of cationic 2-oxazoline
monomers propagating species, the obtained equilibrium between cationic and covalent
propagating individuals is shifted with the increasing polarity of the used solvent. It is
well-known that polar solvents are helpful and cause the stabilization of the cationic species
by solvation. As a result, it leads to an acceleration of the CROP reaction. One of the
most valuable examples was reported in 1998 by a Polish scientist, Professor Dworak,
who investigated the influence of the solvents on the efficiency of the CROP reaction. In
this study, the 2-methyl-2-oxazoline monomer (MeOx) was initiated by benzyl bromide,
which resulted in the obtention of 62 +/- 4% of cationic propagating species in the highly
polar solvent (nitrobenzene) and, in the comparison, less than 3% of cationic propagating
species in a less polar solvent (tetrachloromethane) [32]. The studies were based on the
article from 1976, reported by Professor Saegusa, which described the first reported MeOx
polymerization by using the mentioned benzyl bromide as an initiator agent [42]. The
proposed studies, which were the prelude to Professor Dworak’s experiments, used the
CH3;CN as a solvent medium. In fact, as the data showed, most of the current research
performs the CROP of 2-oxazoline monomers using acetonitrile at 140 °C [12]. Due to the
fact that the boiling point of the acetonitrile is 82 °C, the proposed temperature conditions
(140 °C) caused the creation of overpressure, which can be easily achieved using a closed
reaction vessel, such as a microwave oven [43]. However, the use of a microwave oven is
not required, because the CROP can be performed by using superheated conventionally
pressure reactors. Both of the reported methodologies allow the obtention of the same
polymers; thus, there are no specific microwave effects, and the results show the same
kinetics [44].

As mentioned previously, the monomer structure is also an important factor that
shapes the kp of the 2-oxazoline monomers” CROP reaction. Generally, the kp, value
can be modulated by the side-chain modification of the used 2-oxazoline derivative. As
the 2-oxazoline monomers form a wide group of compounds, they are prone to various
modifications, and thus, the modification’s products can include a wide range of functional
groups. Finally, these functionalities may lead to the broader dispersity of the obtained
poly(2-oxazoline)s derivatives or, on the other hand, of no polymerization due to the
potential interference of the built-in groups to the CROP mechanism [45]. Some of the
functional groups that have an impact on the CROP mechanism and thus, the chain transfer,
are presented in Table 1.

Table 1. The chain transfer behavior of some of the functional groups of the CROP of 2-oxazoline
monomers [12,21].

Strongly Interfering Moderately Interfering Non-Interfering
Mercaptans Disulfides Aromatic sulfides
Acids Alkenes Sulfones
Aromatic alcohols Aliphatic alcohols Aromatic nitrates
Aromatic aldehydes Ketones Esters
Thioesters Acrylic secondary amides Tertiary amides
Phenols Primary amides Secondary amides
Sulfoxides Aromatic nitriles Aromatic sulfides
Aliphatic nitriles Aliphatic chlorides

The structure of the monomer affects the partial positive charge present in the 5-
position of the cationic 2-oxazoline propagating species and the nucleophile character of
the imine functionality of the monomer. In fact, these two factors are contrary to each
other. It has been shown that donating an electron to the 2-oxazoline monomer causes an
increase in the nucleophilicity of the imine functionality, which makes it more reactive. At
the same time, the partial cationic charge of the 5-positions from the 2—-oxazoline monomer
propagation species decreases, which makes it less reactive. Additionally, it should be
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noted that the steric effects also play an important role and shape the k;, value, which
makes it much more difficult to predict. However, studies are still being performed [46].

3.3. Termination

Corresponding to the previous CROP stages, the termination process is also dependent
on the termination rate constant: k¢, which is determined by the equilibrium between the
cationic and covalent species. Due to the fact that the growing chain ends of the polymer are
relatively stable cations, the termination process is often performed using harsh conditions
(for example, by using high-temperature conditions combined with carboxylate anions as
terminating agents) [47]. However, the termination conditions of 2-oxazoline monomer
polymerization depend on the electrophilicity of the cation and the reaction partners. Thus,
the termination can be performed not only in harsh conditions, but sometimes there is a
possibility of performing it under mild conditions. For example, the reported hydroxide
species or cyclic amines terminating at room temperature can be noted [48]. Other reported
examples are thiols, which require minimal excess and no elevated temperature [3], and
azides, which can be used at both room [49] and elevated temperatures [50].

The termination of the CROP of (2-oxazoline)-based polymers occurs by the nucle-
ophilic attack in the 2- and 5- positions, which results in ester terminated polymer chains or
the introduction of the end group, respectively [12]. The general process of the termination
step is presented in Figure 7.
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Figure 7. The termination mechanisms of the living cationic ring-opening polymerization (CROP) of
2-oxazoline monomers. Adapted from [12].

The termination step can be used for introducing the desired functionalities into the
polymer structure. As mentioned previously, the initiation step allows the modification of
the structure, thus both of these processes provide a possibility of introducing a variety of
end groups. There are three main classes of terminating agents, used during the termination
step. The first class is a hydroxyl end-group functionality that has been reported to
proceed through a OH-nucleophilic attack to the 5-position. The most described example of
hydroxyl end-group functionality is the methanolic KOH solution [48]. The second class of
commonly used terminating agents is a wide range of nitrogen-based compounds. While
the use of ammonia had been thought to generate the primary amine-end group [51], recent
investigations led by a Polish scientist prove that a termination with ammonia leads to
hydroxyethyloamino end groups [52]. The important fact is that the use of primary and
secondary amines results in, respectively, secondary and tertiary amine end-groups [53],
and the use of tertiary amines yields a quaternary ammonium end-group [54]. Additionally,
one of the most popular end-group modifications of poly(2-oxazoline)-based materials is
the nucleophilic substitution made by azides. As reported, the azides have been widely
used and applied in poly(2-oxazoline)s functionalization [51]. The third, and last class of
terminating agents are carboxylate derivatives, widely reported to introduce end-groups
such as styrene derivatives, acrylates [52], or even methacrylates [53]. It is also well-known
that besides the mentioned classes of terminating agents, the thiols represent potential
nucleophile agents that can be used in the termination step during CROP reaction [51].
Generally, many end-functionalities are suitable for post-polymerization modification using
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click chemistry and can be easily introduced at the termination step. However, the number
of them is limited, and the most popular agents are presented in Figure 8 [26].
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the termination step of CROP and the general termination mechanism with using these terminating

agents.

4. The Biological Application Context of Poly(2-oxazoline)s

According to the thesis that poly(2-oxazoline) derivatives seem to be ideal candidates
for pharmaceutical applications, there is a need to focus on their biocompatibility. How-
ever, biocompatibility is a wide complex purpose, and it is based on the interaction of the
material with a variety of biological entities (for example, proteins or membranes). The
possible interactions formed inside the organism may be based on hydrophobic interactions,
hydrogen bonding, electrostatic, or any other. It means that there is a necessity for creating
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tailor-made pharmaceutics [54]. While the main application of the polymer-based drug
seems to be the release of the encapsulated drug over time by diffusion, there are also some
complex multifunctional polymers with covalently attached drug moieties constructed. The
use of polymers in combination with drug molecules possesses several significant advan-
tages that make these materials more useful than the pure drug molecule. These mentioned
advantages are improved pharmacogenetics, reduced antigenic activity, increased solubil-
ity of insoluble drugs or drugs of low aqueous solubility, the possibility of combination
with other functional components such as contrast agents, and protection against deacti-
vation and degradation during transport [55]. Whereas the majority of well-investigated
polymers for biomedical applications have focused on poly(ethylene oxide) (PEO) [17],
there are also lots of reports showing the biocompatibility of poly(2-methyl-2-oxazoline)
(PMeOx) [56] and poly(2-ethyl-2-oxazoline) (PEtOx) [57]. The reported beneficial features
of PMeOx—biocompatibility, stealth behavior, and biodistribution—made this polymer
useful in biomedical applications. Despite the more hydrophilic character than PEO [58],
which might cause complications in nonpolar organic solvents, PMeOx shows great po-
tential for use in pharmaceutical applications. Nevertheless, there is still a necessity to
perform in-depth studies of the poly(2-oxazoline)s to estimate the possible degradation
pathways. Due to the reported higher cytotoxicity of the copolymers of 2-ethyl-2-oxazoline
and ethylene imine than PEtOx [59], there is a need for detailed studies of the potential
formation of poly(ethylene imine) residues by the enzymatic degradation of the amine
bonds of poly(2-oxazoline)s [60].

One of the most important parameters that should be considered in order for drug
delivery to have a favorable performance is an estimation of the behavior of the used
compound in the physiological environment. It is not surprising that modern drug delivery
systems (DDS) must be stable in physiological media and also should show the release
behavior only in specific conditions without any side effects. The necessity of using selec-
tive and sensitive materials that are able to produce personalized and high-performance
treatments caused the joining of forces between medicine and polymer science. This in-
terdisciplinary research caused poly(2-oxazoline)-based DDS to gain popularity over the
past years, due to the possibility of the stimuli-responsive feature. The proposed materials
have utilized the common fact that physiological stimuli (temperature, pH, redox, etc.) are
generally used for release behavior, which is strictly connected with the values of these
physiological parameters that differ between inflammatory and normal tissue. It is worth
mentioning that most of the examples of poly(2-oxazoline)-based DDS have been reported
over the few past years and that the number of biomedical application of these compounds
are still relatively small in comparison with other types of DDS [61].

5. Poly(2-oxazoline)s as Stimuli-Responsive Polymers

Polymers that undergo reversible or irreversible changes as a result of interactions with
non-destructive, small environmental changes including heat, light, magnetic or electrical
field, pH, etc., are called stimuli-responsive polymers.

They belong to a group of materials characterized by their adaptability to the surround-
ing environment because of their response to external factors. This responsive behavior
elicited by an external stimulus can be manifested in a variety of ways. The changes that
can occur in polymer chains are most often the result of the breakage or formation of weak
intermolecular interactions (hydrogen, -, dispersive, electrostatic). These changes can
be expressed primarily in the conformational changes of individual polymer chains and
differences in interactions with other polymers or solvent molecules (resulting in a change
in solubility). Similar interactivity has been originally observed in biological systems,
wherein macromolecular compounds such as proteins and nucleic acids play an active,
responsive role. Designing stimuli-responsive polymers for biomedical applications is
therefore one of the most important challenges of biomimicry. Examples of functional
groups, sensitive to specific external stimuli, are shown in Figure 9 [62-66].
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Figure 9. Examples of stimuli-responsive functional groups. Reprinted from [67]. Copyright (2022),
with permission from Elsevier [or applicable society copyright owner].

Designing responsive polymer-based systems includes incorporating monomeric units
that are sensitive to environmental changes. Macroscopic structures such as hydrogels,
micelles, or polymer brushes are often made up of complex block copolymer chains, the
responsive behavior of which is related to the presence of components that are capable of
changing their properties under external stimuli. Changes in individual monomeric units,
which include, for instance, protonation (or deprotonation) in varying environmental pH,
bond breakage under the influence of temperature or changes in conformation under the
influence of light are factors that affect the entire polymeric structure [68-70].

There are also many examples referring to the synthesis of multifunctional copolymers,
containing more than one for the stimuli-responsive functional group. This concept of
structural design increases the variety of potential applications and allows the creation of
more sophisticated systems that, in theory, are more selective in terms of stimulus response.
The controlled drug delivery in the immediate vicinity of cancer cells can be mentioned as
an illustrative example, since the tumor cells’ milieu has a different physiological pH and
temperature than healthy tissues [67]. The numerous applications of stimuli-responsive
polymers include, among others, fields such as sensing, controlled drug delivery, actuation,
tissue engineering, catalysis, and dispersion-stabilizing agents. In these sectors, stimuli-
responsive polymers are becoming more and more significant [68,71-74].

Poly(2-oxazoline)s are fully suitable for biological applications. From the structural
point of view, this polymer family can be considered pseudo-peptides. Compared to
other biocompatible polymers, such as PEG, poly(2-oxazoline)s are characterized by lower
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toxicity, faster decomposition time, and flexibility regarding the synthesis of the desired
structure (their properties can be easily tuned with the implementation of various functional
groups) [3,75].

In terms of cytotoxicity and hemocompatibility, poly(2-ethyl-2-oxazoline) was inves-
tigated as an alternative for PEG [76]. Both polymers turned out to be highly tolerated
in short-term experiments, even at high doses. Some cytotoxic effects, as the study re-
vealed, occurred only after prolonged incubation at concentrations greater than therapeutic
dosages. The numerous advantages of poly(2-oxazoline)s over PEG include primarily: high
stability at room temperature, low viscosity, relatively high drug loading, and high removal
rate (tested on mice, wherein no accumulation in tissues was observed, whereas PEG may
accumulate in vivo) [3].

The most frequently reported applications of poly(2-oxazoline)s are primarily due to
their properties described above, including the controlled delivery of molecules (drugs,
proteins DNA, RNA) in living organisms. Among these mentioned biomedical applications,
the vast majority relate to the controlled release of drugs [61,75,77,78].

The term ‘drug delivery’ means the methods or processes of administrating the phar-
maceutical agent (drug) to achieve a therapeutic effect. Thus, the key factors, that shape
the drug delivery system value is delivering the drug in the right area at the right time and
in the right conditions. As a result, there are many factors that should be met to achieve
efficient drug delivery. Additionally, the release rate of the drug must be also taken into
account. It is a fact that achieving the desirable controlled release rate is quite hard. The
concentration of the released drug can be either too low or too high, which results in,
respectively, not achieving the effective therapeutics level or achieving the toxic level [79].
The schematic representation of the possible scenario is presented in Figure 10.
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Figure 10. The graph presents the drug concentration over time connected with the levels of pharma-

ceutic effectivity.

As a consequence, there is a need for creating ‘smart’ polymer biomaterials, responsive
to the specified factor, that will be sensitive to various environmental stimuli (such as
temperature, pH, or others). Some of the stimuli-responsive poly(2-oxazoline)-based
biomaterials are presented in subsequent paragraphs, with descriptions of their biomedical
applications.

Although polyoxazolines as homopolymers are characterized by pH- and thermo-
responsive properties (most examples of using poly(2-oxazoline)s as stimuli-responsive
polymers refer to these interactions), they are also included in copolymers that are sensitive
to other types of external environmental impacts [75].

5.1. Temperature-Responsive Structures

Among the stimuli-responsive polymer systems, temperature is the most often em-
ployed factor. The temperature is an easily controllable and applicable stimulus for both
in vitro and in vivo procedures [62]. The existence of a critical solution temperature is
one of the distinctive characteristics of thermo-responsive polymers. The lower critical
solution temperature (LCST) is the temperature below which a single phase exists in the
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(multi)polymer-solvent system. Above LCST, phase separation occurs by limiting the mis-
cibility of the polymer in a particular solvent. Systems that become soluble upon heating
have an upper critical solution temperature (UCST). These transition temperatures are the
values obtained for the optimum concentration, since this parameter also influences the
temperature at which the phase separation occurs. The LCST and UCST values are thus
determined for a specific critical concentration of the polymer and are the property of the
material. LCST and UCST are fundamental parameters of thermo-responsive polymers,
which enable their application in biomedicine, e.g., for drug delivery. LCST and UCST
values are often referred to as cloud point temperatures (Tcp), which is not a material
property (it is phase separation temperature, which is determined at a given moment
for specific conditions). The vast majority of thermo-responsive polymers exhibit LCST
behavior, which has been the subject of extensive research. Polymers with the LCST are
miscible with the solvents only below a threshold temperature. It is worth mentioning that,
for many polymers, the cloud point temperatures depend not only on the interactions of the
polymer chains with the solvent molecules and their concentration but also on the presence
of other components in the mixture. In the case of thermo-responsive polymers, the LCST
value can be easily adjusted by the implementation of hydrophobic and hydrophilic (in an
adequately selected ratio) moieties into the polymer structure [80-85].

A novel method to control the LCST of a polymer is to exploit the effect of molecular
recognition. Modified polymers (introduction of a specific functional group) can form
supramolecular bonds with particular molecules in solution. By varying the concentration
of the solute, it is possible to tune the temperature at which phase separation occurs. In the
following paper [86], the authors exploited this mechanism by modifying poly(2-oxazolines)
with an adamantane group. The adamantane moiety formed inclusion complexes with
-cyclodextrin based on the guest-host interactions. By manipulating the concentration of
-cyclodextrin in the solution, the authors were able to achieve a very wide range of the
LCST of the poly(2-oxazoline)-based copolymers (30-56 °C).

In general, among the best-studied polymers in terms of thermal responsiveness are
polymers based on poly(N-substituted acrylamide)s. The most well-studied representative
of this group is poly(N-isopropylacrylamide) (PNIPAM) (Figure 11). Due to its lower
critical solution temperature (LCST), which is less than 32 °C (near body temperature),
PNIPAM-based hydrogels have been extensively employed to design thermo-responsive
drug delivery systems. The hydrophilic moieties of PNIPAM form strong hydrogen bonds
with water molecules at lower temperatures, which is responsible for its solubility in H,O.
Above the LCST, the interactions associated with the hydrophobic isopropyl domain begin
to predominate. As a consequence, the whole hydrogel structure shrinks, releasing water
along with dissolved content (Figure 12). There is a lot of research confirming the use
of this polymer for biomedical applications (controlled drug release, tissue engineering,
etc.) [80,87-89].
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Figure 11. Poly(N-isopropylacrylamide) (PNIPAM).

The self-organization of ordered structures in a solution is enabled by the combi-
nation of hydrophilic and hydrophobic monomers that are integrated into block copoly-
mers, the most common of which are micelles. Micelles are helpful for encapsulating and
delivering hydrophobic medicines into an aqueous environment. Well-studied thermo-
responsive polymers that are capable of forming micelles are poly(ethylene glycol) (PEG)
and poly(propylene glycol) (PPG) (Figure 13).
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Figure 12. Shrink-swell behavior of a thermo-responsive hydrogel upon exposure to temperature.
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During the hydrogel shrinkage, the loaded drug is irreversibly released from the polymeric system.
Adapted from [90].
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Figure 13. (a) Poly(ethylene glycol) (PEG) and (b) poly(propylene glycol) (PPG).

These polymers are often used as the hydrophilic part of amphiphilic copolymers.
Stimuli-responsive micelles can be formed when amphiphilic moieties in the structure
undergo micellization or demicellization by influencing the hydrophilicity /hydrophobicity
balance, which can be adjusted by external factors, such as temperature. Another possibility
is the formation of responsive micelles by incorporating some thermo-responsive monomers
into the polymeric structure.

Another example of thermo-responsive polymers is poly(vinyl ether)s (PVE). They
display changes when temperature varies within the physiological temperature range,
making this class of polymers potentially useful for biological applications. One of the most
representative polymers from this group is poly(methyl vinyl ether) (PMVE) (Figure 14),
which has a transition temperature of ca. 36 °C.

it
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Figure 14. Poly(methyl vinyl ether) (PMVE).

Thermosensitive copolymers of 2-ethoxyethyl vinyl ether and hydroxyethyl vinyl ether
have a transition temperature of 20.5 °C and have been used, for instance, in the controlled
release of vitamin E [91]. Other polymers that exhibit thermo-responsive behavior are
poly(N-vinylcaprolactam) [92] and poly(phosphazene)s [93].

Generally, the thermo-responsive feature is a result of the previously mentioned
lower critical solution temperature (LCST) behavior. It is known that the connection of
the small hydrophobic side-chain to the polymeric backbone leads to thermo-responsive
poly(2-oxazoline)s with LCST behavior. The range of polymers is limited by poly(2-methyl-
2-oxazoline), a hydrophilic polymer, which does not show LCST behavior in water, and
poly(2-butyl-2-oxazoline), with a hydrophobic butyl side chain, which causes insolubility
in water. Additionally, the presence of hydrophobic aliphatic or aromatic side chains
also results in obtaining hydrophobic poly(2-oxazoline) derivatives [94]. Some of the
poly(2-oxazoline) homopolymers that exhibit LCST behavior and thus, show the thermo-
responsive feature, are presented in Table 2.
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Table 2. The structures of thermo-responsive poly(2-oxazoline) homopolymers.
Polymer LCST [°C] * Characteristics Refs.
ly(2-ethyl-2- li
poly(2-e P}]]EtO:() xazoline) It is an irreversible thermal
transition when kept above its
[0} 66 LCST for a long time. It isa [95,96]
(for DP > 200) very popular component in
N polyoxazoline-based
’{/ \/\]\n copolymers
poly(isopropyl—Z—oxazoline) Due to its LCST being close to
PiPrOx body temperature, it is one of
the most prominent polymers
o 36 regarding drug delivery [94,96,97]
applications. The LCST of this
/{/ N \/\l\ polymer, however, is strongly
n dependent on end groups.
poly(2-n-propyl-2-oxazoline)
PnPrOx
o 24 Limited applications due to its [95,96]
(for DP > 300) low Tg and hydrophobicity !
N
n
poly(2-cyclopropyl-2-
oxazoline)
PCPrOx
30 High T 98
0 (for DP = 100) 1gh 1g [98]
AN
n
poly(2-methoxycarbonylethyl-
2-oxazoline)
~ PC2MestOx Exceptionally high thermal
o transition temperature,
101 susceptible to hydrolysis, low [99]
o for DP =100 thermal stability compared to
(0] other poly(2-oxazolines), and
relatively high Ty
N
+ \/\l\n
poly(2-
methoxycarbonylpropyl-2-
oxazoline)
PC3MestOx
~o
% Susceptible to hydrolysis, [99]
fo) andvery low Ty
o

N

* In many cases, LCST depends highly on DP and the concentration of the polymer.

Whereas the first thermo-responsive poly(2-oxazoline) analog is poly(2-ethyl-2-oxazoline)
(PEtOx), reported by Lin and coworkers in 1988 [100], the polymeric analog with great
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potential seems to be poly(isopropyl-2-oxazoline) (PiPrOx). This polymer, first reported to
be thermo-responsive by Uyama and Kobayashi in 1992 [97] seems to be the most studied
and most popular thermo-responsive material [101,102], thanks to its LCST being similar
to body temperature, 26 °C to 34 °C [103].

There are studies that focused on the examination of the properties of thermo-responsive-
based materials, which can be successfully used for creating defined polymers with de-
sired applications. One of them was reported in 2020 by Dworak and coworkers’ [104]
investigation of the properties of gradient copolymers based on 2-isopropyl- and 2-n-
propyl-2-oxazoline (poly(iPrOx-nPrOx)), as well as their temperature responsiveness and
applicability as temperature-dependent-solubility (TDS) materials for cell culture in vitro.
The investigation was based on the temperature-dependent cell detachment from the
matrices due to temperature changes. This Polish research group has been investigating
temperature-dependent materials [105]; thus, their study focusing on poly(2-oxazoline)-
based thermo-responsive materials can be understood as a continuation and development
of the previously reported work. The main parameter examined during this study was the
behavior of the obtained matrices under aqueous conditions, which imitated the human
body environment. From the obtained results, one of the greatest conclusions is that the
presence of solid support for matrices with temperature-dependent solubility seems to be
the crucial factor for their stability [104]. In a second study, reported in 2017 by Dworak
and coworkers [14] a series of thermo-responsive copolymers were synthesized by a CROP
reaction. The copolymers were based on 2-n-propyl-2-oxazoline and 2-ethyl-2-oxazoline
or 2-n-propyl-2-oxazoline and 2-methyl-/2-isopropyl-2-oxazoline. The prepared copoly-
mers were synthesized with the preservation of similar comonomer ratios. The obtained

copolymers are presented in Figure 15.
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Figure 15. The structures of synthesized copolymers. Adapted from [14].

The reported studies were focused on the behavior of the obtained copolymers in
aqueous solutions and thus, the influence of the concentration and composition of the
copolymer on the final observed cloud points with subsequent aggregation, which was
examined by the UV-Vis and dynamic-light-scattering measurements. As the results
showed, the prepared copolymers displayed various aggregation behaviors shaped by
not only the concentration but also by the temperature, as some parts of the examined
copolymers were thought to be thermo-responsive. As Figure 16 shows, the obtained
copolymers were different. The copolymerization of 2-n-propyl-2-oxazoline with 2-ethyl-2-
oxazoline allows the obtention of random copolymers, whereas the CROP of 2-n-propyl-2-
oxazoline with both 2-methyl-2-oxazoline or 2-isopropyl-2-oxazoline allows the obtention
of gradient copolymers due to a greater difference in monomer reactivity. The obtained
results showed that, for random copolymers, there is no hysteresis observed, and only
the gradient copolymers at a specified concentration (5 mg mL~!) show the hysteresis of
the phase transition. Additionally, the hysteresis was more evident for the copolymers
obtained using 2-methyl-2-oxazoline. However, the self-arrangement of thermo-responsive
2-oxazoline gradient copolymers in water still requires more detailed studies and should
be a subject of further research [14].

Another study that displays the direct exploitation of the thermo-responsive poly(2-
oxazoline)-based materials for biomedical applications was notified in 2014 by Dworak
and coworkers’ article on (co)poly(2-substituted-2-oxazoline) surfaces for dermal applica-
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tions [106]. In this study, the thermo-responsive copolymers based on poly(2-substituted-2-
oxazoline)s were synthesized to further prepare brush structures (linear polymer chains
tethered on the surface) suitable for cell sheet engineering. The material was obtained by
using biocompatible poly(2-isopropyl-2-oxazoline) and copolymers of 2-ethyl-2-oxazoline
and 2-nonyl-2-oxazoline immobilized onto the modified surface of the glass using the
grafting-to method. Additionally, in the first step, the copolymers were obtained by using
CROP. The obtained surfaces were thermo-responsive, as their thickness and philicity
varied due to the temperature changes. The temperature increase above the Tcp caused
the shrinking of the polymer chains, whereas the decrease allowed noticing the layer
thickness. The main application of prepared thermo-responsive surfaces is support for
dermal fibroblast culture and detachment. Additionally, the adhesion and proliferation on
the copolymer’s surfaces were observed only when the culture temperature achieved the
Tcp. The examined surfaces turned out to be suitable for the treatment of wounds and in
skin tissue engineering thanks to their unique property of the detachment of the dermal
fibroblast sheets from the polymer layers during the lowering of the temperature. This
valuable feature could be also controlled by a variation in the temperature, without the
necessity of mechanical or enzymatic methods for cell detachment [106].

Similar studies were also performed by Dworak and coworkers and reported in
2015 [107]. In this study, the application of different thermo-responsive poly(2-isopropyl-2-
oxazoline) layers of different crystallite contents was investigated. As was reported, the
main application of the proposed materials was intended to be cell sheet engineering. The
obtained materials were applied as biomaterials, and the results showed the dependence
between synthesized polymeric layer crystallinity and human dermal fibroblast adhesion,
proliferation, and detachment (Figure 16).

confluent HDFs sheet membrane put onto
on sPIPOx0 the HDFs on sPIPOx0 sPIPOX0 layer after
24h,37°C 15 min, 20 °C removal of membrane

o

SR g

3 Nl

HDFs detached and transferred
by membrane from sPIPOx0
10 days after detachment, 37 °C

Figure 16. The representation of reported human dermal fibroblast (HDF) sheet detachment and
transfer procedure. Reprinted from [107]. Copyright (2022), with permission from Elsevier [or
applicable society copyright owner].

As reported, after 24 h on culture plates, human dermal fibroblast formed sheets on
all poly(2-isopropyl-2-oxazoline) layers. Additionally, the number of cells in the confluent
sheet was doubled, which has been connected with the number of seeded cells. The
influence of lowering the temperature was also examined. It was reported that, in the lower
temperature environment, the morphology of the fibroblast changed, which was a result of
the changes in the physicochemical properties of the layer. The morphology was changed
from spindle-like to ellipsoidal. These morphology changes allow the detachment of the
fibroblast sheet from the surface, resulting in the possibility of the detachment and transfer
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of cell sheets in the skin-substitute membrane [107]. The collected data allows the expansion
of the knowledge of thermo-responsive materials for the biomedical engineering process
and thus, can be treated as a prelude and milestone for the review article published in 2018
by the same Polish research group, mainly focusing on the application of thermo-responsive
polymer surfaces for tissue engineering [108].

There was also star-shaped poly(2-ethyl-2-oxazoline)s synthesized, which differed
in the length and number of arms from that reported in 2011 by Kowalczuk et al., a
Polish research group [38]. As the scientific research group represented by Kowalczuk
et al. was primarily focused on the synthesis of both thermo-responsive 2-oxazoline-based
materials [104,109] and thermo-responsive star-shaped stable polymer nanolayers [110],
the presented work may be treated as a sum of interests of the research group. Thus,
the mentioned references can be regarded as a prelude to the final paper focusing on
thermo-responsive star-shaped 2-oxazoline-based polymers, which were prepared by using
dipentaerythrityl hexakis(2-nitrobenzene sulfonate) and a tosylated hyperbranched poly-
mer of glycidol as initiators. The desired star shape was determined by nuclear magnetic
resonance [38]. A schematic representation of the synthesis of the desired star-shaped
materials is presented in Figure 17.
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Figure 17. A schematic representation of the synthesis of star-shaped poly(2-ethyl-2-oxazoline)s.
Reprinted from [38]. Copyright (2022), with permission from Elsevier [or applicable society copyright
owner].

Because the obtained star-shaped polymers show a phase transition temperature
in the range of 62 to 75 °C, the influence of molar mass and topological structure was
established as a significant factor in temperature behavior, compared with the linear species.
Additionally, due to the spherical shape combined with their thermo-responsive properties,
the proposed materials might be useful for the controlled transport and release of various
active compounds [38].

In studies reported by Polish scientists Kopka et al. in 2021, the application of poly(2-
isopropenyl-2-oxazoline) was established [111]. As can be found in the literature, the poly(2-
isopropenyl-2-oxazoline) (PiPOx) can successfully contribute to biomedicine due to its
nontoxicity [112]. Another PiPOx advantage is its ability for a huge range of modifications
with multiple chemical compounds containing desired functionalities. From the purpose of
this review, the most important seems to be the post-polymerization modification reaction
by using multiple aliphatic carboxylic acids, which directly leads to obtaining thermo-
responsive copolymers [113,114]. The presented studies could thus be treated as a prelude
for obtaining thermo-responsive hydrogel networks for biomedical applications. Generally,
in the work reported by Kopka et al., a hydrogel network was prepared using poly(2-
isopropenyl-2-oxazoline) (PiPOXx), poly(ethylene oxide) (PEO), and selected biologically
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active compound: cinnamic acid, benzoic acid, or eugenol. The proposed networks,
possessing in their structure compounds that demonstrate antimicrobial action, were
thought to show antimicrobial activity, which may cause a huge interest in designing
materials dedicated to biomedical applications. Due to the fact that skin damage, burns,
and wounds are often associated with bacterial infections, there is a need for preparing
dressings effective for common bacterial strains that caused skin infections [111]. Therefore,
the proposed networks should be effective for Staphylococcus aureus, Pseudomonas aeruginosa,
Enterococcus spp., and Escherichia coli, which have been also responses to skin infection
episodes [115,116]. During the synthesis, it was established that the one-step synthesis
enabled efficient network formation with gel content at the 90% level. Additionally, the
hydrogel formation and crosslinking stages were carried out without using any toxic
compounds. The prepared hydrogels were investigated by measuring the swelling and
mechanical properties. At least, after the characterization of prepared networks, the
antimicrobial activity was also widely examined. It was reported that all of the synthesized
hydrogels showed a desired antimicrobial effect in the contact zone. It should also be
noted that the eugenol-loaded network showed a broader bacteriostatic effect inhibiting
microorganism growth than the other hydrogels prepared during this work [111].

Furthermore, in 2015, Bouten et al. [99] reported an article focused on the synthesis and
thermal properties of several thermo-responsive poly(2-oxazoline) derivatives containing a
methyl ester side chain. The materials synthesized during this research were homopolymers
based on 2-methoxycarbonylethyl-2-oxazoline (C2MestOx) and 2-methoxycarbonylpropyl-
2-oxazoline (C3MestOx), as well as copolymers with 2-ethyl-2-oxazoline (EtOx) and 2-
n-propyl-2-oxazoline (nPrOx), and varied by the composition. The mentioned methyl
ester side chains were varied, and, as a result, there were 10, 20, 30, 50, and 70 mol %
content established. The proposed research of Tcp of PC2MestOx and PC3Mest Ox was
a pioneering investigation. As the obtained data showed, these Tcp’s closely resemble
the Tcp’s of PEtOx and PnPrOx, respectively. Additionally, the obtained Tcp value of
PC3MestOx was 26 °C; thus, the article showed that this polymer might be successfully
used for many biomedical applications. Summarizing the results, almost all of the prepared
materials showed that the Tcp’s varied between 26 °C and 108 °C. The varied temperatures
are related to the composition of the specified material [99]. This reported study can be
helpful and might be treated as a prelude to further studies of the well-defined biomedical
applications of the PC3MestOx-based materials.

5.2. pH-Responsive Structures

pH-Sensitive polymers contain moieties that may donate or absorb protons in response
to a change in the pH of the surrounding environment. The electrostatic repulsion of the
produced charges, brought on by the pH change, causes ionic interactions to influence
the polymer chain in an aqueous solution to either lengthen or collapse. Polybases are
capable of accepting protons under acidic conditions (expansion of the polymeric structure),
whereas polyacids like poly(acrylic acid) donate their protons and swell under basic
conditions. In other words, the term “pH-responsive polymers” refers to polyelectrolytes
with weakly acidic or basic moieties that receive or donate protons when the pH level
changes. In controlled release applications, pH is a common internal stimulant, since
different pH values occur in different organs, tissues, and cellular compartments. In
the case of poly(2-oxazolines), pH-responsiveness can be tuned with great efficiency by
functionalization either by carboxylic acid or amines/amides [117]. As an example of
incorporating the carboxylic group into the polyoxazoline chain, the post-polymerization
functionalization of PC2MestOx can be proposed. In the following work [118] authors
carried out the basic hydrolysis of the ester group in PC2MestOx with lithium hydroxide
as the reagent. The reaction was followed by acidification with hydrochloric acid to obtain
carboxylic groups along polymer chains. On the other hand, secondary amine groups can be
attached into polyoxazoline chains by the partial acidic hydrolysis of any poly(2-oxazoline).
Partially hydrolyzed poly(2-oxazoline)s can be further modified by reaction with methyl
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succinyl chloride, followed by amidation using primary amine. In such a way, it is possible
to introduce amide groups into polymeric chains [119]. There are also reports indicating
that poly(2-oxazoline)s with an ester group can be functionalized with hydrazine [120], as
well as with a guanidinium or 2-aminoimidazole group [121]. pH-Responsive polymeric
materials have been investigated in biomedical applications, primarily in controlled drug
delivery in specific human organs or intracellular compartments (such as endosomes or
lysosomes). Taking advantage of the fact that pathological changes in the human body
often lead to changes in the physiological pH, pH-responsive polymers can be applied
as controlled drug carriers. There are two main strategies for exploiting the properties
of the pH-responsive materials: using polymers with ionizable groups that change their
conformation and/or solubility in response to changes in the pH and designing polymers
that contain functional groups sensitive to pH. After changing the pH of the environment,
bonds that were formed between these functional groups and, for instance, drug molecules
can be cleaved, resulting in releasing the previously bound medicine from the polymeric
system. When ionizable groups are connected to the polymer structure, this results in a
conformational shift for the soluble polymers and a change in the swelling behavior (in the
case of hydrogels) [61-63,80].

As the previous subsection showed, the thermo-responsiveness of poly(2-oxazoline)-
based systems are well-known and widely reported. However, pH-responsive materials
with poly(2-oxazoline)s included are quite new in science and seem to be an area with
great potential. The following studies report pH-responsive materials containing poly(2-
oxazoline)s for biomedical applications.

One of the studies is reported in the 2015 article by Zhao et al. [122]. In this work, novel
biocompatible poly(2-ethyl-2-oxazoline)-co-poly(r, p-lactide) (PEtOx-co-PLA) copolymers
were synthesized. The self-assembly polymeric micelles were prepared by using the
combinational technique, using both cationic and anionic ring-opening polymerization
reactions. Subsequently, two chemotherapeutic agents were encapsulated (doxorubicin
and D-alpha-tocopheryl polyethylene glycol 1000 succinate) to obtain a combinational
material for treating multidrug resistance (MDR) cancer. These copolymers were used as
potential pH-responsive biomaterials for tumor-targeted drug delivery systems and also
controlled the delivery of anti-cancer drugs and the P-glycoprotein inhibitor. The efficient
drug delivery by the synthesized micelles was the result of folate-mediated targeting,
pH-responsive drug release, and D-alpha-tocopheryl polyethylene glycol 1000 succinate-
aroused P-glycoprotein inhibition (Figure 18).

As reported, both of the proposed anticancer drugs were efficiently loaded into the
self-assembled polymer micelles. It was estimated that the efficiency of MDR reversion
for the micelles was confirmed by increasing doxorubicin accumulation combined with
cytotoxicity. Additionally, there were some beneficial features noted. The observed benefits
had a small size, high drug encapsulation efficiency, acidic pH-responsive quick-release
characteristics, desirable tumor-targeting behavior, and cytotoxicity. Thus, the proposed
multifunctional copolymeric micelles are suggested to be promising systems for improving
MDR cancer treatment therapy [122].
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Figure 18. (A). The general overview of the synthesized copolymeric micelles modified with folate
and the acid-triggered drug release from the pH-responsive micelles. (B). The general overview of
synthesized copolymeric micelles for targeted and controlled drug delivery. Reprinted from [122].
Copyright (2022), with permission from Elsevier [or applicable society copyright owner].

Another study focused on using doxorubicin as an anti-cancer agent in poly(2-oxazoline)-
based biomaterials was reported in a 2018 investigation by Hoelzer et al. [123]. In this paper,
a co-polymer-based nanogel was synthesized by using block synthesis. The desired nanogel
was prepared by cross-linking a copolymer micelle with a cationic 2-((4-)aminobutyl)-2-
oxazoline (AmOx) core and 2-ethyl-2-oxazoline (EtOx) shell. As the first monomer applied
during the synthesis was EtOx, the second one had to be introduced under an inert atmo-
sphere to avoid the termination process prior to the extension of the polymer chain. The
obtained poly-2-oxazoline-based nanogel micelles by using glutaraldehyde as a cross-linker
were covalently loaded with doxorubicin using pH-responsive imine chemistry (Schiff
base). From in vivo investigations, it has been found that treatment with the proposed
nanogels revealed a significant tumor growth inhibition and also an increase in survival
time. In comparison, pure doxorubicin alone showed no effect on tumor progression, which
forms a strong suggestion that the proposed poly(2-oxazoline)-based nanogel micelles can
be a promising strategy to control tumor growth with fewer side effects. Additionally, the
biodistribution has also been investigated by the microscopy of mouse organs, and the
obtained results showed the predominant localization of doxorubicin within tumorous
tissue [123].

A different strategy for providing anti-cancer doxorubicin for breast tumor treatment
was proposed by Gao et al. [124] in 2019. The proposed materials were pH-responsive
dual drug co-delivery platforms for further combined chemo/photothermal therapies.
The anti-cancer drug (doxorubicin) was loaded onto the coated by polydopamine black
phosphorus nanosheets, to which poly(2-ethyl)-2-oxazoline was conjugated. Then, the
loading into the surface of the nanocapsules of another anti-cancer agent (bortezomib) was
conducted, which gave the proposed platforms the property of delivering two different
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drugs [124]. Bortezomib is a well-known antitumor agent applicable to patients with
multiple myeloma; thus, it can successfully inhibit tumor cell growth by binding the
threonine residues of active sites. However, it has to be mentioned that the application of
bortezomib is limited, because of its non-specific binding to cell proteins, which causes it to
be rapidly cleared by the blood that ultimately produces dose-related cytotoxicity [125].
The used polydopamine layer allows for enhancing the system'’s stability before reaching
the tumor site. It also maintains the photothermal effects for further modifications. On
the other hand, the use of a pH-responsive system allows for remedying the deficiency of
drugs in tumor therapy and increasing the anti-tumor effects thanks to high photothermal
efficiency. The idea of the combination of several additional factors such as the surface
charge from negative to positive at the tumor extracellular pH (~6.8), and irradiation under
near-infrared laser causes the proposed platforms to be very promising for synergistic
cancer therapy. Additionally, due to raising the drug loading content, cellular uptake,
and pH-responsive release rate, these platforms exhibit high photothermal activity against
tumor cells [124].

The interesting strategy for the synthesis of pH-responsive anti-fouling layers has been
reported in 2018 by Tan and coworkers, of whom the Polish scientist, Jariczewski, should
be noticed [126]. In that report, poly(2-ethyl-2-oxazoline) (PEtOx) with polyacrylic acid
(PAA) has been investigated to incorporate the PEtOx into controllable-thickness coatings.
The multilayer thickness, studied during the presented report, varied from ~12 nm to
~1.5 pm. During synthesis, the partial hydrolysis of PEtOx has been introduced to achieve
multilayer stabilization by heat-inducted crosslinking. As reported, the crosslinking process
has been carried out at 150 °C for 40 minutes, which results in stabilization and counteracts
the dissolution at pH > 4.5. Thus, above pH 4.5, the synthesized crosslinked coatings
showed pH-responsive behavior. It has also been reported that the thermally crosslinked
multilayers were stable against film loss and instead exhibited pH-responsive swelling.
Additionally, the anti-fouling properties of the obtained multilayers have been investigated
by evaluating the resistance to fouling by proteins, cells, and bacteria. The general overview
of the chemical details of the presented report is presented in Figure 19.

LbL Assembly

partial L
PEOX s PEOX-| PAA
hydrolysis - 5
Crosslinking

As-assembled Crosslinked

Figure 19. The general overview of the synthesis and thermal crosslinking process to obtain a
pH-responsive coating from partially hydrolyzed poly(2-ethyl-2-oxazoline) (PEOx-I). Reprinted
from [126]. Copyright (2022), with permission from Elsevier [or applicable society copyright owner].
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In reported research, bovine serum albumin (BSA) was used as a model protein to
study the resistance of prepared multilayers to protein adsorption properties. The obtained
data showed that the crosslinked ~220 nm multilayers showed the highest effectivity
toward BSA. However, the thinner or thicker multilayers showed increased BSA adsorption.
Additionally, obtained layers of ~220 nm and above were effective in some of the bacterial
strains, such as Gram-positive (S. aureus) and Gram-negative (E. coli) [126].

5.3. Light-Responsive Polymers

The majority of techniques for eliciting a response in stimuli-responsive polymeric
systems rely on kinetically constrained diffusion. For hydrogels, for instance, that react
to changes in pH or electrolyte concentration, there is a requirement for the transport of
externally introduced ions in a polymeric system. The reaction of temperature-sensitive
polymers can also be severely constrained by problems with heat transport. Because of
this, many conventional stimuli-responsive polymers respond relatively slowly. The use of
electric, magnetic, acoustic, or electromagnetic (light) fields provides a different kind of
stimulation that gets around this problem [62-64,127,128].

When exposed to a particular wavelength and intensity of light, light-sensitive poly-
mers can alter their physicochemical properties or break down. Light may be applied
remotely, is frequently affordable, and can be used as a trigger to induce a specific reaction
of the material. Usually, light responsiveness comes about as a result of structural changes
in the polymer chains induced by light. The reason for this behavior is the presence of
specific functional groups in the polymer backbone or side chains. Photo-irradiation is
a very simple, non-invasive way to elicit responsive behavior, which is a key feature of
photo-sensitive polymer systems. Practically the whole light spectrum, starting from the
most energetic UV and extending all the way to the far infrared, may be used, providing
a unique diversity compared to other types of stimuli. Moreover, electromagnetic wave
irradiation is directed at a specific area or volume of the material. In light-responsive
polymers, the effect on the relevant light-responsive moiety can be related to photoinduced
isomerization and/or photochromism [67]

As examples of functional groups changing their characteristics under the influence of
light, the following photo-responding groups can be mentioned: azobenzenes, spiropyrans,
and spirooxazines. Among them, polymers with azobenzene groups have been investigated
the most. Azobenzene is a chromophore that undergoes a rapid and complete change
in electronic structure, geometric form, and polarity as a result of irradiation-induced
cis-to-trans isomerization [64,128].

The majority of cases wherein numerous stimuli are impacted sequentially include
the use of thermo-responsive polymers and light-responsive functional groups that are
structurally connected to the polymer chain in order to tune the LCST [67].

The light-sensitive azobenzene group as an end-chain group was, for instance, used
in a telechelic polyoxazoline-based (poly(2-isopropyl-2-oxazoline)) copolymer (Figure 20).
Its synthesis and characterization was described in the following paper by Kim [129]. The
LCST of the obtained polymer was impacted by this photo-induced trans—cis isomerization,
with the polar cis form having a higher LCST (23 °C) than the nonpolar trans form (21 °C).

O, — -
Opf-Ong

Figure 20. Thermo- and light-sensitive polymer based on poly(2-isopropyl-2-oxazoline).

Another example of a similar approach that incorporates both light and thermal re-
sponsiveness is the following work [130]. The authors of the mentioned paper characterized
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a copolymer containing poly[oligo(2-ethyl-2-oxazoline)acrylate] and poly(2-nitrobenzyl
acrylate) part (P(OEtOxA)-co-PNBA). By irradiation with UV light with a wavelength of
350 nm, they managed to increase the LCST of the copolymer by about 15 degrees. How-
ever, the design proposed by the authors assumes an irreversible structural change in the
copolymer. It turned out to be, therefore, a one-time solution.

5.4. Magneto-Responsive Materials

The benefit of employing a magnetic field in the case of interactive materials depends
on the variety of forms that the material responds to under a magnetic field, such as a
magnetic guide under a permanent magnetic field, an increase in temperature by the action
of a magnetic field, or both when employed alternately. Therefore, a variety of medication
delivery pathways are possible with magnetically responsive systems. In general, magnetic
guiding is achieved by injecting a magnetically sensitive carrier while concentrating an
external magnetic field on the biological target. Due to enhanced drug accumulation within
solid-tumor models, this idea has been shown to have significant potential in experimental
cancer therapy. Magnetic core-shell nanoparticles are potential candidates for such a
therapeutic strategy. According to the literature, the most popular magnetic particles for
this purpose are ferric oxides, such as Fe3O4 and Fe,O3. After combining these inorganic
compounds with polymers (mostly by coating), efficient magneto-responsive systems can
be designed [63,64,131].

When magnetic nanoparticles are combined with hydrogels, as the result, new capabil-
ities are created, such as magnetic-field-tunable mechanical properties. Notably, magnetic
gels are often used in thermal treatment, wherein they are activated by switching magnetic
fields and are intended to fight cancer cells. They can be utilized for controlled drug release
when loaded with certain medicines. Additionally, magnetic hydrogels can imitate the
contraction/elongation and electric capacity of soft human tissues [132].

One example of the successful synthesis of a material with magnetic properties based
on poly(2-oxazoline) is the following work [133]. After the acetylation of 3-CD, the EtOx
monomer was grafted onto acetylated 3-CD. Then the material was crosslinked with the
amine-functionalized Fe3O4 nanoparticles. Fe304 nanoparticles, which have exceptional
physicochemical and biological properties, are used as chemotherapeutic medication car-
riers. The implementation of magnetic-responsive nanoparticles to a polymer matrix is
one of the ways to produce a magnetic-responsive platform for the drug delivery system.
Doxorubicin hydrochloride (Dox) was loaded into the created magnetic nanohydrogel, and
its drug loading and encapsulation effectiveness as well as its pH- and reduction-triggered
drug release behaviors were examined.

A magnetic poly(2-oxazoline)-based hydrogel was synthesized by M. Cvek’s group [132]
The poly(2-oxazoline)-based hydrogels were synthesized and characterized in this paper
and can be used as a smart composite platform, useful in biomechanical or biomedical
sectors, due to the unique combination of features manifested as excellent biocompatibility
and sensitivity to magnetic fields.

5.5. Other Stimuli-Responsive Systems Based on 2-Oxazoline Derivatives

Due to the origination of both, exogenous and endogenous stimulus, they can be clas-
sified into the subsequent categories—chemical, physical, and biological. In comparison to
the previous subsections, which are focused on the first two classes, this subsection will be
dedicated to the third one [134]. As was mentioned, whereas the functioning of chemical
stimulus is based on the molecular interaction changes between polymer chains [135], the
physical stimulus influences the dynamics of polymer chains [136]. The functioning of a
biological stimulus can be thus explained as the action of the biological agent (enzyme or
receptor) triggering specific biochemical reactions or even ligand recognition, which results
in the drug release [134]. These bioreducible drug delivery systems have already been
widely reported, and they are successfully used within many systems such as anti-viral or
even peptide delivery [137,138]. Generally, the reduction-responsive systems show high
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stability in systemic circulation, and, additionally, they are able to quickly respond to the
differences in the concentrations of reducing species in specific environmental conditions.
These beneficial features result in the improvement of the selectivity and efficiency of the
entire treatment. It is also interesting that the major focus of stimuli-responsive systems
has been to target cancer treatment, which is caused by the specific tumor microenviron-
ment, such as low pH, elevated temperature, or redox level [134]. In general, the action of
polymeric drug delivery systems sensitive toward the redox level (reduction-responsive
polymeric systems) is based on taking advantage of the high gradient levels of glutathione
(GHS), which are present in some types of cancer cells [139]. Additionally, whereas re-
ductive stress is significantly higher inside cells than in the bloodstream, the reduction in
induced drug release provides a controlled release mechanism after cellular uptake and
thus, seems to be more interesting for biomedical applications [140].

The example of using the reduction-responsive poly(2-oxazoline)-based networks
as materials for controlled drug release was reported in a 2020 study by Polish scientists
Ceglowski et al. [140]. The report is focusing on the synthesis of poly(2-isopropenyl-2-
oxazoline)-based molecularly imprinted polymers (MIPs) and their subsequent application
in controlled drug release studies. Due to the fact that the used monomer, 2-isopropenyl-
2-oxazoline, contains a double bond as the side group, and the polymerization of that
2-oxazoline derivative is quite different from the mechanism presented in the introduction
part. The unusual behavior of the monomer during the polymerization leads to the polymer
with a structure similar to poly(methacrylamide)s, with a 2-oxazoline ring at the side chain.
To prepare MIPs, 3,3’-dithiopropionic acid (DTDPA) was used as a reduction-responsive
cross-linking agent, whereas 5-fluorouracil (5FU) was used as a template, as this drug
shows a broad activity spectrum against various tumors. The cross-lining process was
performed in the presence of a template using the mentioned dicarboxylic acid possessing
a disulfide bond. As the obtained MIPs’ structure contains disulfide bonds, the network
is thought to show a reduction-triggered release in the presence of a specified reductive
agent, represented by the tris(2-carboxyethyl)phosphine) (TCEP). The mechanism of the
reduction-responsive release is based on the TCEP-inducting cleavage of the MIP cavities
that directly leads to an increase in the release of the template. A general overview of the
reported synthesis and released studies is presented in Figure 21 [140].

T -+ AP
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Figure 21. The general overview of the synthesis of poly(2-isopropenyl-2-oxazoline)-based molecu-
larly imprinted polymers (MIPs) using 3,3’-dithiopropionic acid (DTDPA) as a reduction-responsive
cross-linker and 5-fluorouracil (5FU) as a template behaviorist subsequent release in the presence of
reductive reagent tris(2-carboxyethyl)phosphine) (TCEP). Reprinted from [140]. Copyright (2022),
with permission from an open access Creative Commons CC BY 4.0 license.

The obtained data showed that the synthesis of PiPOx-based MIPs is easy to perform
and that the obtained materials show higher adsorption capacity than their non-imprinted
analogs, which constitutes the success of the imprinting process. As the report was the
first paper using the 2-isopropenyl-2-oxazoline monomer for MIP synthesis, the obtained
data from the performed investigations are innovative and may be interesting for other
scientific research groups. Except for the analytical studies (FI-IR, SEM, TGA, and DSC),
the following examinations were performed to describe the adsorption mechanism, kinetics,
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and isotherms, as well as release studies in which the influence of TCEP addition was also
tested. The results generally confirm the prediction that the PiPOx-based MIPs possessing
disulfide bonds within the structure can be successfully used for the reduction-responsive
5FU release. The addition of TCEP caused the degradation of PiPOx-MIPs networks and
thus, increase drug release as predicted. Additionally, the 5FU release from the examined
materials (both MIPs and NIPs) was fitted with the Higuchi model at all examined pH
values. The performed adsorption kinetic studies proved the difference in the mechanism
of the adsorption of 5SFU between PiPOx-MIPs and PiPOx-NIPs structures. To summarize,
performed studies proved the efficiency of the proposed materials to be used in reduction-
responsive localized anticancer therapy [140].

6. Conclusions

Stimuli-responsive polymers are a very important and promising group of materials
that have many successful biomedical applications. A promising polymer group that
stands out in this context are poly(2-oxazoline)s. These polymers are characterized by
their high biocompatibility, hydrophilicity, and flexibility in the aspect of functionalization
(incorporating the desired functional groups into their structure to change the properties).

This review presented the mechanisms causing the responsiveness of polymers to
external factors. Due to developed synthesis technology and the wide variety of polymeric
materials, it is possible to design systems based on an extensive assortment of physical
and chemical stimuli. In addition to the most popular and well-known polymers based on
temperature and pH control, there are also systems being investigated for the interaction of
magnetic fields.

The use of poly(2-oxazolines) as the component of thermo- and pH-responsive poly-
meric systems in the context of controlled drug delivery as pristine polymers and polymer-
based systems were described in detail. The examples cited in the review confirm that
poly(2-oxazoline)s are excellent materials to be used in biomedical applications and that
many scientists in Poland have had input into developments in this field of research.

Author Contributions: Conceptualization, A.L., T.N. and M.C.; writing—original draft preparation,
AL, TN,; writing—review and editing, M.C.; visualization, A.L., T.N.; supervision, M.C.; funding
acquisition, M.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Science Centre, Poland, under grant number
2020/37/B/ST5/01938.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

N o G

Rosa, V.R.D.L. Poly(2-Oxazoline)s as Materials for Biomedical Applications. . Mater. Sci. Mater. Med. 2014, 25, 1211-1225.
[CrossRef]

Haag, R.; Kratz, F. Polymer Therapeutics: Concepts and Applications. Angew. Chem. Int. Ed. 2006, 45, 1198-1215. [CrossRef]
[PubMed]

Viegas, T.X.; Bentley, M.D.; Harris, ].M.; Fang, Z.; Yoon, K.; Dizman, B.; Weimer, R.; Mero, A.; Pasut, G.; Veronese, EM.
Polyoxazoline: Chemistry, Properties, and Applications in Drug Delivery. Bioconjug. Chem. 2011, 22, 976-986. [CrossRef]
[PubMed]

Frump, J.A. Oxazolines. Their preparation, reactions, and applications. Chem. Rev. 1971, 71, 483-505. [CrossRef]

Keigo, A.; Okada, M. Polymerization of oxazolines. Pergamon Prog. Polym. Sci. 1996, 21, 151-208. [CrossRef]

Saegusa, T.; Kobayashi, S. Polymerisation of Cyclic Imino Ethers. Int. Rev. Sci. Phys. Chem. Ser. 1975, v, 153-190.

Tomalia, D.A.; Sheetz, D.P. Homopolymerization of 2-Alkyl-and 2-Aryl-2-Oxazolines. J. Polym. Sci. A Polym. Chem. 1966, 4,
2253-2265. [CrossRef]


http://doi.org/10.1007/s10856-013-5034-y
http://doi.org/10.1002/anie.200502113
http://www.ncbi.nlm.nih.gov/pubmed/16444775
http://doi.org/10.1021/bc200049d
http://www.ncbi.nlm.nih.gov/pubmed/21452890
http://doi.org/10.1021/cr60273a003
http://doi.org/10.1016/0079-6700(95)00020-8
http://doi.org/10.1002/pol.1966.150040919

Polymers 2022, 14, 4176 26 of 30

10.
11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Seeliger, W.; Aufderhaar, E.; Diepers, W.; Feinauer, R.; Nehring, R.; Their, W.; Hellmann, H. Recent Syntheses and Reactions of
Cyclic Imidic Esters. Angew. Chem. Int. Ed. 1966, 5, 875-888. [CrossRef] [PubMed]

Kagyia, T.; Narisawa, S.; Maeda, T.; Fukui, K. RING-OPENING POLYMERIZATION OF 2-SUBSTITUTED 2-OXAZOLINES. J.
Polym. Sci. B 1966, 4, 441-445. [CrossRef]

Bassiri, T.G.; Levy, A.; Litt, M. Polymerization of cyclic imino ethers. I. Oxazolines. J. Polym. Sci. B 1967, 5, 871-879. [CrossRef]
Szwarc, M. Polymerization Initiated by Electron Transfer to Monomer. A New Method of Formation of Block Polymers. Nature
1956, 178, 1168-1169. [CrossRef]

Verbraeken, B.; Monnery, B.D.; Lava, K.; Hoogenboom, R. The Chemistry of Poly(2-Oxazoline)s. Eur. Polym. ]. 2017, 88, 451-469.
[CrossRef]

Konradi, R.; Pidhatika, B.; Miihlebach, A.; Textor, M. Poly-2-Methyl-2-Oxazoline: A Peptide-like Polymer for Protein-Repellent
Surfaces. Langmuir 2008, 24, 613-616. [CrossRef]

Oleszko-Torbus, N.; Utrata-Wesotek, A.; Watach, W.; Dworak, A. Solution Behavior of Thermoresponsive Random and Gradient
Copolymers of 2-n-Propyl-2-Oxazoline. Eur. Polym. . 2017, 88, 613—622. [CrossRef]

Lorson, T.; Liibtow, M.M.; Wegener, E.; Haider, M.S.; Borova, S.; Nahm, D.; Jordan, R.; Sokolski-Papkov, M.; Kabanov, A.V,;
Luxenhofer, R. Poly(2-Oxazoline)s Based Biomaterials: A Comprehensive and Critical Update. Biomaterials 2018, 178, 204-280.
[CrossRef] [PubMed]

van Guyse, ].ER.; Hoogenboom, R. Poly(2-Oxazoline)s. Macromol. Eng. 2022, v, 1-48.

Adams, N.; Schubert, U.S. Poly(2-Oxazolines) in Biological and Biomedical Application Contexts. Adv. Drug Deliv. Rev. 2007, 59,
1504-1520. [CrossRef]

Hoogenboom, R.; Schlaad, H. Bioinspired Poly(2-Oxazoline)s. Polymers 2011, 3, 467-488. [CrossRef]

Glassner, M.; Vergaelen, M.; Hoogenboom, R. Poly(2-Oxazoline)s: A Comprehensive Overview of Polymer Structures and Their
Physical Properties. Polym. Int. 2018, 67, 32-45. [CrossRef]

Gabriel, S. Zur Kenntniss Des Brométhylamins. Ber. Dtsch. Chem. Ges. 1889, 22, 1139-1154. [CrossRef]

Levy, A ; Litt, M. Polymerization of Cyclic Iminoethers. IV. Oxazoline Polymerization in Solvents Containing Different Functional
Groups. |. Polym. Sci. A Polym. Chem. 1968, 6, 63—72. [CrossRef]

Kim, S.G.; Kim, K.H.; Jung, J.; Shin, S.K.; Ahn, K.H. Unprecedented Chiral Molecular Recognition in a C3-Symmetric Environment.
J. Am. Chem. Soc. 2002, 124, 591-596. [CrossRef] [PubMed]

Levy, A.; Litt, M. Polymerization of Cyclic Imino Ethers. II. Oxazines. J. Polym. Sci. B 1967, 5, 881-886. [CrossRef]

Hrkach, J.S.; Matyjaszewski, K. Reaction of 2-Methyl-2-Oxazoline with Trimethylsilyl Initiators. An Unusual Mode of Ring
Opening. Macromolecules 1992, 25, 2070-2075. [CrossRef]

Guillerm, B.; Monge, S.; Lapinte, V.; Robin, ]J.J. How to Modulate the Chemical Structure of Polyoxazolines by Appropriate
Functionalization. Macromol. Rapid Commun. 2012, 33, 1600-1612. [CrossRef]

Lava, K.; Verbraeken, B.; Hoogenboom, R. Poly(2-Oxazoline)s and Click Chemistry: A Versatile Toolbox toward Multi-Functional
Polymers. Eur. Polym. J. 2015, 65, 98-111. [CrossRef]

Dworak, A.; Schulz, R.C. Star Polymers and Block Copolymers of 2-Oxazolines Using Chloroformates as Initiators. Die Makromol.
Chem. 1991, 192, 437-445. [CrossRef]

Correia, V.G.; Bonifacio, V.D.B.; Raje, V.P,; Casimiro, T.; Moutinho, G.; da Silva, C.L.; Pinho, M.G.; Aguiar-Ricardo, A. Oxazoline-
Based Antimicrobial Oligomers: Synthesis by CROP Using Supercritical CO,. Macromol. Biosci. 2011, 11, 1128-1137. [CrossRef]
Glassner, M.; D'Hooge, D.R,; Park, ].Y.; van Steenberge, P.H.M.; Monnery, B.D.; Reyniers, M.F.; Hoogenboom, R. Systematic
Investigation of Alkyl Sulfonate Initiators for the Cationic Ring-Opening Polymerization of 2-Oxazolines Revealing Optimal
Combinations of Monomers and Initiators. Eur. Polym. |. 2015, 65, 298-304. [CrossRef]

Giardi, C; Lapinte, V.; Nielloud, F.; Devoisselle, ].-M.; Robin, J.-J. Synthesis of Polyoxazolines Using Glycerol Carbonate Derivative
and End Chains Functionalization via Carbonate and Isocyanate Routes. J. Polym. Sci. A Polym. Chem. 2010, 48, 4027-4035.
[CrossRef]

Fijten, M.W.M.; Haensch, C.; Lankvelt, B.M.V.; Hoogenboom, R.; Schubert, U.S. Clickable Poly(2-Oxazoline)s as Versatile Building
Blocks. Macromol. Chem. Phys. 2008, 209, 1887-1895. [CrossRef]

Dworak, A. The Role of Cationic and Covalent Active Centers in the Polymerization of 2-Methyl-2-Oxazoline Initiated with
Benzyl Bromide. Macromol. Chem. Phys. 1998, 199, 1843-1849. [CrossRef]

Saegusa, T.; Ikeda, H. Isomerization Polymerization of 2-Oxazoline. VI. Kinetic Study on the Polymerization of 2-Methyl-2-
Oxazoline Initiated by Methyl Iodide. Macromolecules 1973, 4, 808-811. [CrossRef]

Waschinski, C.J.; Herdes, V.; Schueler, E,; Tiller, ].C. Influence of Satellite Groups on Telechelic Antimicrobial Functions of
Polyoxazolines. Macromol. Biosci. 2005, 5, 149-156. [CrossRef]

Jordan, R.; Martin, K.; Rdder, H.J.; Unger, K.K. Lipopolymers for Surface Functionalizations. 1. Synthesis and Characterization of
Terminal Functionalized Poly(N-Propionylethylenimine)s. Macromolecules 2001, 34, 8858-8865. [CrossRef]

Volet, G.; Chanthavong, V.; Wintgens, V.; Amiel, C. Synthesis of Monoalkyl End-Capped Poly(2-Methyl-2-Oxazoline) and Its
Micelle Formation in Aqueous Solution. Macromolecules 2005, 38, 5190-5197. [CrossRef]

Weberskirch, R.; Hettich, R.; Nuyken, O.; Schmaljohann, D.; Voit, B. Synthesis of New Amphiphilic Star Polymers Derived from a
Hyperbranched Macroinitiator by the Cationic “grafting from” Method. Macromol. Chem. Phys. 1999, 200, 863-873. [CrossRef]


http://doi.org/10.1002/anie.196608751
http://www.ncbi.nlm.nih.gov/pubmed/4962631
http://doi.org/10.1002/pol.1966.110040701
http://doi.org/10.1002/pol.1967.110050927
http://doi.org/10.1038/1781168a0
http://doi.org/10.1016/j.eurpolymj.2016.11.016
http://doi.org/10.1021/la702917z
http://doi.org/10.1016/j.eurpolymj.2016.11.008
http://doi.org/10.1016/j.biomaterials.2018.05.022
http://www.ncbi.nlm.nih.gov/pubmed/29945064
http://doi.org/10.1016/j.addr.2007.08.018
http://doi.org/10.3390/polym3010467
http://doi.org/10.1002/pi.5457
http://doi.org/10.1002/cber.188902201248
http://doi.org/10.1002/pol.1968.150060107
http://doi.org/10.1021/ja0119696
http://www.ncbi.nlm.nih.gov/pubmed/11804489
http://doi.org/10.1002/pol.1967.110050928
http://doi.org/10.1021/ma00034a002
http://doi.org/10.1002/marc.201200266
http://doi.org/10.1016/j.eurpolymj.2015.01.014
http://doi.org/10.1002/macp.1991.021920223
http://doi.org/10.1002/mabi.201100126
http://doi.org/10.1016/j.eurpolymj.2015.01.019
http://doi.org/10.1002/pola.24188
http://doi.org/10.1002/macp.200800226
http://doi.org/10.1002/(SICI)1521-3935(19980901)199:9&lt;1843::AID-MACP1843&gt;3.0.CO;2-I
http://doi.org/10.1021/ma60036a004
http://doi.org/10.1002/mabi.200400169
http://doi.org/10.1021/ma011573e
http://doi.org/10.1021/ma050407u
http://doi.org/10.1002/(SICI)1521-3935(19990401)200:4&lt;863::AID-MACP863&gt;3.0.CO;2-N

Polymers 2022, 14, 4176 27 of 30

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kowalczuk, A.; Kronek, J.; Bosowska, K.; Trzebicka, B.; Dworak, A. Star Poly(2-Ethyl-2-Oxazoline)s-Synthesis and Thermosensi-
tivity. Polym. Int. 2011, 60, 1001-1009. [CrossRef]

Zhang, N.; Huber, S.; Schulz, A.; Luxenhofer, R.; Jordan, R. Cylindrical Molecular Brushes of Poly(2-Oxazoline)s from 2-
Isopropenyl-2-Oxazoline. Macromolecules 2009, 42, 2215-2221. [CrossRef]

Hoogenboom, R.; Paulus, R.M.; Fijten, M.W.M.; Schubert, U.S. Concentration Effects in the Cationic Ring-Opening Polymerization
of 2-Ethyl-2-Oxazoline in N,N-Dimethylacetamide. . Polym. Sci. A Polym. Chem. 2005, 43, 1487-1497. [CrossRef]

Fijten, M.W.M.; Hoogenboom, R.; Schubert, U.S. Initiator Effect on the Cationic Ring-Opening Copolymerization of 2-Ethyl-2-
Oxazoline and 2-Phenyl-2-Oxazoline. J. Polym. Sci. A Polym. Chem. 2008, 46, 4804—4816. [CrossRef]

Saegusa, T.; Kobayashi, S.; Yamada, A. Kinetics and Mechanism of the Isomerization Polymerization of 2-Methyl-2-Oxazoline by
Benzyl Chloride and Bromide Initiators. Effect of Halogen Counteranions. Makromol. Chem. 1976, 177, 2271-2283. [CrossRef]
Luef, K.P; Hoogenboom, R.; Schubert, U.S.; Wiesbrock, F. Microwave-Assisted Cationic Ring-Opening Polymerization of
2-Oxazolines. In Advances in Polymer Science; Springer: New York, NY, USA, 2016; Volume 274, pp. 183-208.

Baeten, E.; Verbraeken, B.; Hoogenboom, R.; Junkers, T. Continuous Poly(2-Oxazoline) Triblock Copolymer Synthesis in a
Microfluidic Reactor Cascade. Chem. Commun. 2015, 51, 11701-11704. [CrossRef]

Litt, M.; Levy, A.; Herz, ]. Polymerization of Cyclic Imino Ethers. X. Kinetics, Chain Transfer, and Repolymerization. ]. Macromol.
Sci. Part A Chem. 1975, 9, 703-727. [CrossRef]

Goossens, H.; Catak, S.; Glassner, M.; Rosa, V.R.D.L.; Monnery, B.D.; de Proft, F.; van Speybroeck, V.; Hoogenboom, R. Cationic
Ring-Opening Polymerization of 2-Propyl-2-Oxazolines: Understanding Structural Effects on Polymerization Behavior Based on
Molecular Modeling. ACS Macro Lett. 2013, 2, 651-654. [CrossRef] [PubMed]

Kobayashi, S.; Masuda, E.; Shoda, S.; Shimano, Y. Synthesis of acryl- and methacryl-type macromonomers and telechelics by
utilizing living polymerization of 2-oxazolines. Macromolecules 1989, 22, 2878-2884. [CrossRef]

Rosa, VR.D.L.; Tempelaar, S.; Dubois, P.; Hoogenboom, R.; Mespouille, L. Poly(2-Ethyl-2-Oxazoline)-Block-Polycarbonate Block
Copolymers: From Improved End-Group Control in Poly(2-Oxazoline)s to Chain Extension with Aliphatic Polycarbonate through
a Fully Metal-Free Ring-Opening Polymerisation Process. Polym. Chem. 2016, 7, 1559-1568. [CrossRef]

Podevyn, A.; Arys, K.; Rosa, VR.D.L.; Glassner, M.; Hoogenboom, R. End-Group Functionalization of Poly(2-Oxazoline)s Using
Methyl Bromoacetate as Initiator Followed by Direct Amidation. Eur. Polym. J. 2019, 120, 109273. [CrossRef]

Osawa, S.; Ishii, T.; Takemoto, H.; Osada, K.; Kataoka, K. A Facile Amino-Functionalization of Poly(2-Oxazoline)s’ Distal End
through Sequential Azido End-Capping and Staudinger Reactions. Eur. Polym. ]. 2017, 88, 553-561. [CrossRef]

Delaittre, G. Telechelic Poly(2-Oxazoline)s. Eur. Polym. J. 2019, 121, 109281. [CrossRef]

Grofs, A.; Maiel, G.; Nuyken, O. Synthesis and Copolymerization of Macromonomers Based on 2-Nonyl-and 2-Phenyl-2-Oxazoline.
Macromol. Chem. Phys. 1996, 197, 2811-2826. [CrossRef]

Weber, C.; Babiuch, K.; Rogers, S.; Perevyazko, I.Y.; Hoogenboom, R.; Schubert, U.S. Unexpected Radical Polymerization Behavior
of Oligo(2-Ethyl-2-Oxazoline) Macromonomers. Polym. Chem. 2012, 3, 2976-2985. [CrossRef]

Luxenhofer, R.; Han, Y.; Schulz, A.; Tong, J.; He, Z.; Kabanov, A.V,; Jordan, R. Poly(2-Oxazoline)s as Polymer Therapeutics.
Macromol. Rapid Commun. 2012, 33, 1613-1631. [CrossRef] [PubMed]

Khandare, J.; Minko, T. Polymer-Drug Conjugates: Progress in Polymeric Prodrugs. Prog. Polym. Sci. (Oxf.) 2006, 31, 359-397.
[CrossRef]

Goddard, P; Hutchinson, L.E.; Brown, J.; Brookman, L.J. Soluble Polymeric Carriers for Drug Delivery. Part 2. Preparation and in
Vivo Behaviour of N-Acylethylenimine Copolymers. J. Control. Release 1989, 10, 5-16. [CrossRef]

Rathna, G.V.N. Gelatin Hydrogels: Enhanced Biocompatibility, Drug Release and Cell Viability. J. Mater. Sci. Mater. Med. 2008, 19,
2351-2358. [CrossRef]

Huber, S.; Hutter, N.; Jordan, R. Effect of End Group Polarity upon the Lower Critical Solution Temperature of Poly(2-Isopropyl-
2-Oxazoline). Colloid Polym. Sci. 2008, 286, 1653-1661. [CrossRef]

Jeong, . H.; Song, S.H.; Lim, D.W.; Lee, H.; Park, T.G. DNA Transfection Using Linear Poly(Ethylenimine) Prepared by Controlled
Acid Hydrolysis of Poly(2-Ethyl-2-Oxazoline). ]. Control. Release 2001, 73, 391-399. [CrossRef]

Wang, C.H.; Fan, K.R.; Hsiue, G.H. Enzymatic Degradation of PLLA-PEOz-PLLA Triblock Copolymers. Biomaterials 2005, 26,
2803-2811. [CrossRef]

Nemati Mahand, S.; Aliakbarzadeh, S.; Moghaddam, A.; Salehi Moghaddam, A.; Kruppke, B.; Nasrollahzadeh, M.; Khonakdar,
H.A. Polyoxazoline: A Review Article from Polymerization to Smart Behaviors and Biomedical Applications. Eur. Polym. ]. 2022,
178,111484. [CrossRef]

Gil, E.; Hudson, S. Stimuli-Reponsive Polymers and Their Bioconjugates. Prog. Polym. Sci. 2004, 29, 1173-1222. [CrossRef]
Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-Responsive Nanocarriers for Drug Delivery. Nat. Mater. 2013, 12, 991-1003. [CrossRef]
[PubMed]

Roy, D.; Cambre, ].N.; Sumerlin, B.S. Future Perspectives and Recent Advances in Stimuli-Responsive Materials. Prog. Polym. Sci.
2010, 35, 278-301. [CrossRef]

Stuart, M.A.; Huck, W.T.; Genzer, J.; Muller, M.; Ober, C.; Stamm, M.; Sukhorukov, G.B.; Szleifer, I.; Tsukruk, V.V.; Urban, M.; et al.
Emerging Applications of Stimuli-Responsive Polymer Materials. Nat. Mater. 2010, 9, 101-113. [CrossRef] [PubMed]

Yan, X.; Wang, F; Zheng, B.; Huang, F. Stimuli-Responsive Supramolecular Polymeric Materials. Chem. Soc. Rev. 2012, 41,
6042-6065. [CrossRef] [PubMed]


http://doi.org/10.1002/pi.3103
http://doi.org/10.1021/ma802627y
http://doi.org/10.1002/pola.20603
http://doi.org/10.1002/pola.22814
http://doi.org/10.1002/macp.1976.021770805
http://doi.org/10.1039/C5CC04319K
http://doi.org/10.1080/00222337508065890
http://doi.org/10.1021/mz400293y
http://www.ncbi.nlm.nih.gov/pubmed/35606947
http://doi.org/10.1021/ma00197a002
http://doi.org/10.1039/C5PY01913C
http://doi.org/10.1016/j.eurpolymj.2019.109273
http://doi.org/10.1016/j.eurpolymj.2016.11.029
http://doi.org/10.1016/j.eurpolymj.2019.109281
http://doi.org/10.1002/macp.1996.021970919
http://doi.org/10.1039/c2py20479g
http://doi.org/10.1002/marc.201200354
http://www.ncbi.nlm.nih.gov/pubmed/22865555
http://doi.org/10.1016/j.progpolymsci.2005.09.004
http://doi.org/10.1016/0168-3659(89)90013-8
http://doi.org/10.1007/s10856-007-3334-9
http://doi.org/10.1007/s00396-008-1942-7
http://doi.org/10.1016/S0168-3659(01)00310-8
http://doi.org/10.1016/j.biomaterials.2004.07.064
http://doi.org/10.1016/j.eurpolymj.2022.111484
http://doi.org/10.1016/j.progpolymsci.2004.08.003
http://doi.org/10.1038/nmat3776
http://www.ncbi.nlm.nih.gov/pubmed/24150417
http://doi.org/10.1016/j.progpolymsci.2009.10.008
http://doi.org/10.1038/nmat2614
http://www.ncbi.nlm.nih.gov/pubmed/20094081
http://doi.org/10.1039/c2cs35091b
http://www.ncbi.nlm.nih.gov/pubmed/22618080

Polymers 2022, 14, 4176 28 of 30

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Schattling, P.; Jochum, F.D.; Theato, P. Multi-Stimuli Responsive Polymers-the All-in-One Talents. Polym. Chem. 2014, 5, 25-36.
[CrossRef]

Hu, L.; Zhang, Q.; Li, X.; Serpe, M.]. Stimuli-Responsive Polymers for Sensing and Actuation. Mater. Horiz. 2019, 6, 1774.
[CrossRef]

Shu, T.; Hu, L.; Shen, Q.; Jiang, L.; Zhang, Q.; Serpe, M.]. Stimuli-responsive polymer-based systems for diagnostic applications. J.
Mater. Chem. B 2020, 8, 7042. [CrossRef] [PubMed]

Liu, F; Urban, M.W. Recent Advances and Challenges in Designing Stimuli-Responsive Polymers. Prog. Polym. Sci. 2010, 35, 3-23.
[CrossRef]

Zhang, A.; Jung, K.; Li, A; Liu, J.; Boyer, C. Recent Advances in Stimuli-Responsive Polymer Systems for Remotely Controlled
Drug Release. Prog. Polym. Sci. 2019, 99, 101164. [CrossRef]

Lemanowicz, M.; Gierczycki, A.; Kuznik, W. Review of Stimuli-Responsive Polymers Application as Stabilization Agents in
Solid-Liquid Dispersion Systems. Polymer 2021, 61, 92-97. [CrossRef]

Shu, T.; Shen, Q.; Zhang, X.; Serpe, M.J. Stimuli-Responsive Polymer/Nanomaterial Hybrids for Sensing Applications. Analyst
2020, 145, 5713. [CrossRef]

Gao, Y.; Wei, M.,; Li, X.;; Xu, W.; Ahiabu, A.; Perdiz, ]J.; Liu, Z.; Serpe, M.J. Stimuli-Responsive Polymers: Fundamental
Considerations and Applications. Macromol. Res. 2017, 25, 513-527. [CrossRef]

Jana, S.; Uchman, M. Poly(2-Oxazoline)-Based Stimulus-Responsive (Co)Polymers: An Overview of Their Design, Solution
Properties, Surface-Chemistries and Applications. Prog. Polym. Sci. 2020, 106, 101252. [CrossRef]

Bauer, M.; Lautenschlaeger, C.; Kempe, K.; Tauhardt, L.; Schubert, U.S.; Fischer, D. Poly(2-Ethyl-2-Oxazoline) as Alternative for
the Stealth Polymer Poly(Ethylene Glycol): Comparison of in Vitro Cytotoxicity and Hemocompatibility. Macromol. Biosci. 2012,
12, 986-998. [CrossRef] [PubMed]

Bauer, M.; Tauhardt, L.; Lambermont-Thijs, HM.L.; Kempe, K.; Hoogenboom, R.; Schubert, U.S.; Fischer, D. Rethinking the
Impact of the Protonable Amine Density on Cationic Polymers for Gene Delivery: A Comparative Study of Partially Hydrolyzed
Poly(2-Ethyl-2-Oxazoline)s and Linear Poly(Ethylene Imine)s. Eur. J. Pharm. Biopharm. 2018, 133, 112-121. [CrossRef] [PubMed]
Hwang, D.; Dismuke, T.; Tikunov, A.; Rosen, E.P.; Kagel, ].R.; Ramsey, ].D.; Lim, C.; Zamboni, W.; Kabanov, A.V.; Gershon,
T.R,; et al. Poly(2-Oxazoline) Nanoparticle Delivery Enhances the Therapeutic Potential of Vismodegib for Medulloblastoma by
Improving CNS Pharmacokinetics and Reducing Systemic Toxicity. Nanomedicine 2021, 32, 102345. [CrossRef]

Ward, M.A.; Georgiou, T.K. Thermoresponsive Polymers for Biomedical Applications. Polymers 2011, 3, 1215-1242. [CrossRef]
Schmaljohann, D. Thermo- and PH-Responsive Polymers in Drug Delivery. Adv. Drug. Deliv. Rev. 2006, 58, 1655-1670. [CrossRef]
[PubMed]

Zhang, Q.; Weber, C.; Schubert, U.S.; Hoogenboom, R. Thermoresponsive Polymers with Lower Critical Solution Temperature:
From Fundamental Aspects and Measuring Techniques to Recommended Turbidimetry Conditions. Mater. Horiz. 2017, 4, 109-116.
[CrossRef]

Osvath, Z.; Ivan, B. The Dependence of the Cloud Point, Clearing Point, and Hysteresis of Poly(N-Isopropylacrylamide) on
Experimental Conditions: The Need for Standardization of Thermoresponsive Transition Determinations. Macromol. Chem. Phys.
2017, 218, 1600470. [CrossRef]

Roy, D.; Brooks, W.L.A.; Sumerlin, B.S. New Directions in Thermoresponsive Polymers. Chem. Soc. Rev. 2013, 42, 7214-7243.
[CrossRef]

Taylor, M.J.; Tomlins, P.; Sahota, T.S. Thermoresponsive Gels. Gels 2017, 3, 4. [CrossRef] [PubMed]

Gandhi, A.; Paul, A.; Sen, 5.0.; Sen, K.K. Studies on Thermoresponsive Polymers: Phase Behaviour, Drug Delivery and Biomedical
Applications. Asian J. Pharm. Sci. 2015, 10, 99-107. [CrossRef]

van Guyse, ].ER.; Bera, D.; Hoogenboom, R. Adamantane Functionalized Poly(2-Oxazoline)s with Broadly Tunable Lcst-Behavior
by Molecular Recognition. Polymers 2021, 13, 374. [CrossRef] [PubMed]

Ashraf, S.; Park, H.-K,; Park, H.; Lee, S.-H. Snapshot of Phase Transition in Thermoresponsive Hydrogel PNIPAM: Role in Drug
Delivery and Tissue Engineering. Macromol. Res. 2016, 24, 297-304. [CrossRef]

Mackiewicz, M.; Romanski, J.; Drozd, E.; Gruber-Bzura, B.; Fiedor, P.; Stojek, Z.; Karbarz, M. Nanohydrogel with N,N'-
Bis(Acryloyl)Cystine Crosslinker for High Drug Loading. Int. ]. Pharm. 2017, 523, 336-342. [CrossRef]

Schwall, C.; Banerjee, I. Micro- and Nanoscale Hydrogel Systems for Drug Delivery and Tissue Engineering. Materials 2009, 2,
577-612. [CrossRef]

Zeng, J.; Cui, S.; Wang, Q.; Chen, R. Multi-Layer Temperature-Responsive Hydrogel for Forward-Osmosis Desalination with
High Permeable Flux and Fast Water Release. Desalination 2019, 459, 105-113. [CrossRef]

Ishida, M.; Sakai, H.; Sugihara, S.; Aoshima, S.; Yokoyama, S.; Abe, M. Controlled Release of Vitamin E from Thermo-Responsive
Polymeric Physico-Gel. Chem. Pharm. Bull. (Tokyo) 2003, 51, 1348-1349. [CrossRef] [PubMed]

Mohammed, M.N.; Yusoh, K.B.; Shariffuddin, J].H.B.H. Poly(N-Vinyl Caprolactam) Thermoresponsive Polymer in Novel Drug
Delivery Systems: A Review. Mater. Express 2018, 8, 21-34. [CrossRef]

Lee, S.B.; Song, S.-C.; Jin, J.-I; Sohn, Y.S. Thermosensitive Cyclotriphosphazenes. J. Am. Chem. Soc. 2000, 122, 8315-8316.
[CrossRef]

Hoogenboom, R.; Schlaad, H. Thermoresponsive Poly(2-Oxazoline)s, Polypeptoids, and Polypeptides. Polym. Chem. 2017, 8,
24-40. [CrossRef]


http://doi.org/10.1039/C3PY00880K
http://doi.org/10.1039/C9MH00490D
http://doi.org/10.1039/D0TB00570C
http://www.ncbi.nlm.nih.gov/pubmed/32743631
http://doi.org/10.1016/j.progpolymsci.2009.10.002
http://doi.org/10.1016/j.progpolymsci.2019.101164
http://doi.org/10.14314/polimery.2016.092
http://doi.org/10.1039/D0AN00686F
http://doi.org/10.1007/s13233-017-5088-7
http://doi.org/10.1016/j.progpolymsci.2020.101252
http://doi.org/10.1002/mabi.201200017
http://www.ncbi.nlm.nih.gov/pubmed/22648985
http://doi.org/10.1016/j.ejpb.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30308239
http://doi.org/10.1016/j.nano.2020.102345
http://doi.org/10.3390/polym3031215
http://doi.org/10.1016/j.addr.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17125884
http://doi.org/10.1039/C7MH00016B
http://doi.org/10.1002/macp.201600470
http://doi.org/10.1039/c3cs35499g
http://doi.org/10.3390/gels3010004
http://www.ncbi.nlm.nih.gov/pubmed/30920501
http://doi.org/10.1016/j.ajps.2014.08.010
http://doi.org/10.3390/polym13030374
http://www.ncbi.nlm.nih.gov/pubmed/33530443
http://doi.org/10.1007/s13233-016-4052-2
http://doi.org/10.1016/j.ijpharm.2017.03.031
http://doi.org/10.3390/ma2020577
http://doi.org/10.1016/j.desal.2019.02.002
http://doi.org/10.1248/cpb.51.1348
http://www.ncbi.nlm.nih.gov/pubmed/14600391
http://doi.org/10.1166/mex.2018.1406
http://doi.org/10.1021/ja001542j
http://doi.org/10.1039/C6PY01320A

Polymers 2022, 14, 4176 29 of 30

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Hoogenboom, R.; Thijs, HM.L.; Jochems, M.].H.C.; van Lankvelt, B.M.; Fijten, M.W.M.; Schubert, U.S. Tuning the LCST of Poly(2-
Oxazoline)s by Varying Composition and Molecular Weight: Alternatives to Poly(N-Isopropylacrylamide)? Chem. Commun. 2008,
5758-5760. [CrossRef] [PubMed]

Glassner, M.; Lava, K.; Rosa, V.R.D.L.; Hoogenboom, R. Tuning the LCST of Poly(2-Cyclopropyl-2-Oxazoline) via Gradient
Copolymerization with 2-Ethyl-2-Oxazoline. J. Polym. Sci. A Polym. Chem. 2014, 52, 3118-3122. [CrossRef]

Uyama, H.; Kobayashi, S. A Novel Thermo-Sensitive Polymer. Poly(2- Iso -Propyl-2-Oxazoline). Chem. Lett. 1992, 21, 1643-1646.
[CrossRef]

Bloksma, M.M.; Weber, C.; Perevyazko, 1.Y.; Kuse, A.; Baumggrtel, A.; Vollrath, A.; Hoogenboom, R.; Schubert, U.S. Poly(2-
Cyclopropyl-2-Oxazoline): From Rate Acceleration by Cyclopropyl to Thermoresponsive Properties. Macromolecules 2011, 44,
4057-4064. [CrossRef]

Bouten, PJ.M.; Lava, K.; van Hest, ].C.M.; Hoogenboom, R. Thermal Properties of Methyl Ester-Containing Poly(2-Oxazoline)s.
Polymers 2015, 7, 1998-2008. [CrossRef]

Lin, P; Clash, C.; Pearce, E.M.; Kwei, TK.; Aponte, M.A. Solubility and Miscibility of Poly( Ethyl Oxazoline). Polym. Sci. 2010, 26,
603-619. [CrossRef]

Diab, C.; Akiyama, Y.; Kataoka, K.; Winnik, EM. Microcalorimetric Study of the Temperature-Induced Phase Separation in
Aqueous Solutions of Poly(2-Isopropyl-2-Oxazolines). Macromolecules 2004, 37, 2556-2562. [CrossRef]

Park, ].S.; Akiyama, Y.; Winnik, EM.; Kataoka, K. Versatile Synthesis of End-Functionalized Thermosensitive Poly(2-Isopropyl-2-
Oxazolines). Macromolecules 2004, 37, 6786—6792. [CrossRef]

Zhao, ].; Hoogenboom, R.; van Assche, G.; van Mele, B. Demixing and Remixing Kinetics of Poly(2-Isopropyl-2-Oxazoline)
(PIPOZ) Aqueous Solutions Studied by Modulated Temperature Differential Scanning Calorimetry. Macromolecules 2010, 43,
6853-6860. [CrossRef]

Oleszko-Torbus, N.; Bochenek, M.; Utrata-Wesotek, A.; Kowalczuk, A.; Marcinkowski, A.; Dworak, A.; Fus-Kujawa, A.; Sieron,
A.L.; Walach, W. Poly(2-Oxazoline) Matrices with Temperature-Dependent Solubility-Interactions with Water and Use for Cell
Culture. Materials 2020, 13, 2702. [CrossRef] [PubMed]

Oleszko-Torbus, N.; Utrata-Wesotek, A.; Bochenek, M.; Lipowska-Kur, D.; Dworak, A.; Watach, W. Thermal and Crystalline
Properties of Poly(2-Oxazoline)s. Polym. Chem. 2019, 11, 15-33. [CrossRef]

Dworak, A.; Utrata-Wesotek, A.; Oleszko, N.; Watach, W.; Trzebicka, B.; Aniol, J.; Sieroni, A.L.; Klama-Baryla, A.; Kawecki, M.
Poly(2-Substituted-2-Oxazoline) Surfaces for Dermal Fibroblasts Adhesion and Detachment. ]. Mater. Sci. Mater. Med. 2014, 25,
1149-1163. [CrossRef]

Oleszko, N.; Watach, W.; Utrata-Wesotek, A.; Kowalczuk, A.; Trzebicka, B.; Klama-Baryta, A.; Hoff-Lenczewska, D.; Kawecki, M.;
Lesiak, M.; Sieron, A.L.; et al. Controlling the Crystallinity of Thermoresponsive Poly(2-Oxazoline)-Based Nanolayers to Cell
Adhesion and Detachment. Biomacromolecules 2015, 16, 2805-2813. [CrossRef] [PubMed]

Utrata-Wesolek, A.; Oleszko-Torbus, N.; Bochenek, M.; Kosowski, D.; Kowalczuk, A.; Trzebicka, B.; Dworak, A. Thermoresponsive
Polymer Surfaces and Their Application in Tissue Engineering. Polymers 2018, 63, 327-338. [CrossRef]

Watach, W.; Klama-baryta, A.; Sitkowska, A.; Kowalczuk, A.; Oleszko-torbus, N. Alternative to Poly(2-isopropyl-2-oxazoline)
with a Reduced Ability to Crystallize and Physiological Lest. Int. . Mol. Sci. 2021, 22, 2221. [CrossRef] [PubMed]

Mendrek, B.; Zymetka-Miara, I; Sieron, L.; Fus, A.; Balin, K.; Kubacki, J.; Smet, M.; Trzebicka, B.; Sieroni, A.L.; Kowalczuk, A.
Stable S tar Polymer Nanolayers and Their Thermoresponsiveness as a Tool for Controlled Culture and Detachment of Fibroblast
Sheets. J. Mater. Chem. B 2018, 6, 641-655. [CrossRef]

Kopka, B.; Kost, B.; Rajkowska, K.; Pawlak, A.; Kunicka-Styczyniska, A.; Biela, T.; Basko, M. A Simple Strategy for Efficient
Preparation of Networks Based on Poly(2-Isopropenyl-2-Oxazoline), Poly(Ethylene Oxide), and Selected Biologically Active
Compounds: Novel Hydrogels with Antibacterial Properties. Soft Matter 2021, 17, 10683-10695. [CrossRef]

Kronekovd, Z.; Mikulec, M.; Petren¢ikova, N.; Paulovi¢ova, E.; Paulovi¢ova, L.; Jan¢inova, V.; Nosal’, R.; Reddy, P.S.; Shimoga,
G.D.; Chorvat, D.; et al. Ex Vivo and In Vitro Studies on the Cytotoxicity and Immunomodulative Properties of Poly(2-Isopropenyl-
2-Oxazoline) as a New Type of Biomedical Polymer. Macromol. Biosci. 2016, v, 1200-1211. [CrossRef] [PubMed]

Jerca, F.A.; Jerca, V.V.; Hoogenboom, R. Well-Defined Thermoresponsive Polymethacrylamide Copolymers with Ester Pendent
Groups through One-Pot Statistical Postpolymerization Modification of Poly(2-Isopropenyl-2-Oxazoline) with Multiple Carboxylic
Acids. J. Polym. Sci. A Polym. Chem. 2019, 57, 360-366. [CrossRef]

Jerca, F.A.; Jerca, V.V,; Anghelache, A.M.; Vuluga, D.M.; Hoogenboom, R. Poly(2-Isopropenyl-2-Oxazoline) as a Versatile Platform
towards Thermoresponsive Copolymers. Polym. Chem. 2018, 9, 3473-3478. [CrossRef]

Ki, V,; Rotestein, C. Bacterial Skin and Soft Tissue Infections in Adults: A Review of Their Epidemiology, Pathogenesis, Diagnosis,
Treatment and Site Of Care. Canadian. J. Infect. Dis. Med. Microbiol. 2008, 19, 173-184. [CrossRef]

Jenkins, T.C.; Sabel, A.L.; Sarcone, E.E.; Price, C.S.; Mehler, PS.; Burman, W.J. Skin and Soft-Tissue Infections Requiring
Hospitalization at an Academic Medical Center: Opportunities for Antimicrobial Stewardship. Clin. Infect. Dis. 2010, 51, 895-903.
[CrossRef] [PubMed]

Boerman, M.A.; van der Laan, H.L.; Bender, ].C.M.E.; Hoogenboom, R.; Jansen, J.A.; Leeuwenburgh, S.C.; van Hest, ].C.M.
Synthesis of PH- and Thermoresponsive Poly(2-n-Propyl-2-Oxazoline) Based Copolymers. J. Polym. Sci. A Polym. Chem. 2016, 54,
1573-1582. [CrossRef]


http://doi.org/10.1039/b813140f
http://www.ncbi.nlm.nih.gov/pubmed/19009072
http://doi.org/10.1002/pola.27364
http://doi.org/10.1246/cl.1992.1643
http://doi.org/10.1021/ma200514n
http://doi.org/10.3390/polym7101494
http://doi.org/10.1002/polb.1988.090260312
http://doi.org/10.1021/ma0358733
http://doi.org/10.1021/ma049677n
http://doi.org/10.1021/ma1012368
http://doi.org/10.3390/ma13122702
http://www.ncbi.nlm.nih.gov/pubmed/32545841
http://doi.org/10.1039/C9PY01316D
http://doi.org/10.1007/s10856-013-5135-7
http://doi.org/10.1021/acs.biomac.5b00745
http://www.ncbi.nlm.nih.gov/pubmed/26226320
http://doi.org/10.14314/polimery.2018.5.1
http://doi.org/10.3390/ijms22042221
http://www.ncbi.nlm.nih.gov/pubmed/33672348
http://doi.org/10.1039/C7TB02748F
http://doi.org/10.1039/D1SM01066B
http://doi.org/10.1002/mabi.201600016
http://www.ncbi.nlm.nih.gov/pubmed/27150385
http://doi.org/10.1002/pola.29188
http://doi.org/10.1039/C8PY00612A
http://doi.org/10.1155/2008/846453
http://doi.org/10.1086/656431
http://www.ncbi.nlm.nih.gov/pubmed/20839951
http://doi.org/10.1002/pola.28011

Polymers 2022, 14, 4176 30 of 30

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Sehlinger, A.; Verbraeken, B.; Meier, M.A.R.; Hoogenboom, R. Versatile Side Chain Modification via Isocyanide-Based Multicom-
ponent Reactions: Tuning the LCST of Poly(2-Oxazoline)s. Polym. Chem. 2015, 6, 3828-3836. [CrossRef]

Mees, M. A.; Hoogenboom, R. Functional Poly(2-Oxazoline)s by Direct Amidation of Methyl Ester Side Chains. Macromolecules
2015, 48, 3531-3538. [CrossRef]

Sedlacek, O.; Monnery, B.D.; Mattova, J.; Kucka, J.; Panek, J.; Janouskova, O.; Hocherl, A.; Verbraeken, B.; Vergaelen, M.; Zadinova,
M.; et al. Poly(2-Ethyl-2-Oxazoline) Conjugates with Doxorubicin for Cancer Therapy: In Vitro and in Vivo Evaluation and Direct
Comparison to Poly[N-(2-Hydroxypropyl)Methacrylamide] Analogues. Biomaterials 2017, 146, 1-12. [CrossRef]

van Guyse, ] ER,; Xu, X.; Hoogenboom, R. Acyl Guanidine Functional Poly(2-Oxazoline)s as Reactive Intermediates and
Stimuli-Responsive Materials. J. Polym. Sci. A Polym. Chem. 2019, 57, 2616-2624. [CrossRef]

Zhao, Y.; Zhou, Y.; Wang, D.; Gao, Y,; Li, ].; Ma, S.; Zhao, L.; Zhang, C.; Liu, Y.; Li, X. PH-Responsive Polymeric Micelles Based on
Poly(2-Ethyl-2-Oxazoline)-Poly(d,l-Lactide) for Tumor-Targeting and Controlled Delivery of Doxorubicin and P-Glycoprotein
Inhibitor. Acta Biomater. 2015, 17, 182-192. [CrossRef] [PubMed]

Hoelzer, D.; Leiske, M.N.; Hartlieb, M.; Bus, T.; Pretzel, D.; Hoeppener, S.; Kempe, K.; Thierbach, R.; Schubert, U.S. Tumor
Targeting with PH-Responsive Poly(2-Oxazoline)-Based Nanogels for Metronomic Doxorubicin Treatment. Oncotarget 2018, 9,
22316. [CrossRef] [PubMed]

Gao, N.; Xing, C.; Wang, H.; Feng, L.; Zeng, X.; Mei, L.; Peng, Z. PH-Responsive Dual Drug-Loaded Nanocarriers Based on Poly
(2-Ethyl-2-Oxazoline) Modified Black Phosphorus Nanosheets for Cancer Chemo/Photothermal Therapy. Front Pharmacol. 2019,
10, 270. [CrossRef]

Su, J.; Chen, E; Cryns, V.L.; Messersmith, P.B. Catechol Polymers for PH-Responsive, Targeted Drug Delivery to Cancer Cells. J.
Am. Chem. Soc. 2011, 133, 11850-11853. [CrossRef]

He, T.; Jariczewski, D.; Guo, S.; Man, S.M,; Jiang, S.; Tan, W.S. Stable PH Responsive Layer-by-Layer Assemblies of Partially
Hydrolysed Poly(2-Ethyl-2-Oxazoline) and Poly(Acrylic Acid) for Effective Prevention of Protein, Cell and Bacteria Surface
Attachment. Colloids Surf. B Biointerfaces 2018, 161, 269-278. [CrossRef]

Qiu, Y.; Park, K. Environment-Sensitive Hydrogels for Drug Delivery. Adv. Drug Deliv. Rev. 2001, 53, 321-339. [CrossRef]
Manouras, T.; Vamvakaki, M. Field Responsive Materials: Photo-, Electro-, Magnetic- and Ultrasound-Sensitive Polymers. Polym.
Chem. 2017, 8, 74-96. [CrossRef]

Kim, J.-H.; Koo, E;; Ju, S.-Y,; Jang, W.-D. Multimodal Stimuli-Responsive Poly(2-Isopropyl-2-Oxazoline) with Dual Molecular
Logic Gate Operations. Macromolecules 2015, 48, 4951-4956. [CrossRef]

Jana, S.; Bose, A.; Saha, A.; Mandal, T.K. Photocleavable and Tunable Thermoresponsive Amphiphilic Random Copolymer:
Self-Assembly into Micelles, Dye Encapsulation, and Triggered Release. ]. Polym. Sci. A Polym. Chem. 2017, 55, 1714-1729.
[CrossRef]

Taghizadeh, B.; Taranejoo, S.; Monemian, S.A.; Salehi Moghaddam, Z.; Daliri, K.; Derakhshankhah, H.; Derakhshani, Z.
Classification of Stimuli-Responsive Polymers as Anticancer Drug Delivery Systems. Drug Deliv. 2015, 22, 145-155. [CrossRef]
[PubMed]

Cvek, M.; Zahoranova, A.; Mrlik, M.; Sramkova, P.; Minarik, A.; Sedlacik, M. Poly(2-Oxazoline)-Based Magnetic Hydrogels:
Synthesis, Performance and Cytotoxicity. Colloids Surf. B Biointerfaces 2020, 190, 110912. [CrossRef] [PubMed]

Soleimani, K.; Arkan, E.; Derakhshankhah, H.; Haghshenas, B.; Jahanban-Esfahlan, R.; Jaymand, M. A Novel Bioreducible and
PH-Responsive Magnetic Nanohydrogel Based on 3-Cyclodextrin for Chemo/Hyperthermia Therapy of Cancer. Carbohydr.
Polym. 2021, 252, 117229. [CrossRef] [PubMed]

Monteiro, PE; Travanut, A.; Conte, C.; Alexander, C. Reduction-Responsive Polymers for Drug Delivery in Cancer Therapy—Is
There Anything New to Discover? Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2021, 13, 1887-1890. [CrossRef]

Traitel, T.; Goldbart, R.; Kost, J. Smart Polymers for Responsive Drug-Delivery Systems. |. Biomater. Sci. Polym. Ed. 2008, 19,
755-767. [CrossRef] [PubMed]

Pelaz, B.; Alexiou, C.; Alvarez-Puebla, R.A.; Alves, E; Andrews, A.M.; Ashraf, S.; Balogh, L.P.; Ballerini, L.; Bestetti, A.; Brendel,
C.; et al. Diverse Applications of Nanomedicine. ACS Nano 2017, 11, 2313-2381. [CrossRef]

Soliman, M.; Nasanit, R.; Abulateefeh, S.R.; Allen, S.; Davies, M.C.; Briggs, S.S.; Seymour, L.W.; Preece, ].A.; Grabowska, A.M.;
Watson, S.A.; et al. Multicomponent Synthetic Polymers with Viral-Mimetic Chemistry for Nucleic Acid Delivery. Mol. Pharm.
2012, 9, 1-13. [CrossRef]

Riber, C.E; Smith, A.A.A.; Zelikin, A.N. Self-Immolative Linkers Literally Bridge Disulfide Chemistry and the Realm of Thiol-Free
Drugs. Adv. Healthc. Mater. 2015, 4, 1887-1890. [CrossRef]

Quinn, J.E; Whittaker, M.R.; Davis, T.P. Glutathione Responsive Polymers and Their Application in Drug Delivery Systems.
Polym. Chem. 2017, 8, 97-126. [CrossRef]

Cegtowski, M.; Jerca, V.V,; Jerca, F.A.; Hoogenboom, R. Reduction-Responsive Molecularly Imprinted Poly(2-Isopropenyl-2-
Oxazoline) for Controlled Release of Anticancer Agents. Pharmaceutics 2020, 12, 506. [CrossRef]


http://doi.org/10.1039/C5PY00392J
http://doi.org/10.1021/acs.macromol.5b00290
http://doi.org/10.1016/j.biomaterials.2017.09.003
http://doi.org/10.1002/pola.29542
http://doi.org/10.1016/j.actbio.2015.01.010
http://www.ncbi.nlm.nih.gov/pubmed/25612838
http://doi.org/10.18632/oncotarget.24806
http://www.ncbi.nlm.nih.gov/pubmed/29854280
http://doi.org/10.3389/fphar.2019.00270
http://doi.org/10.1021/ja203077x
http://doi.org/10.1016/j.colsurfb.2017.10.031
http://doi.org/10.1016/S0169-409X(01)00203-4
http://doi.org/10.1039/C6PY01455K
http://doi.org/10.1021/acs.macromol.5b01046
http://doi.org/10.1002/pola.28537
http://doi.org/10.3109/10717544.2014.887157
http://www.ncbi.nlm.nih.gov/pubmed/24547737
http://doi.org/10.1016/j.colsurfb.2020.110912
http://www.ncbi.nlm.nih.gov/pubmed/32172162
http://doi.org/10.1016/j.carbpol.2020.117229
http://www.ncbi.nlm.nih.gov/pubmed/33183649
http://doi.org/10.1002/wnan.1678
http://doi.org/10.1163/156856208784522065
http://www.ncbi.nlm.nih.gov/pubmed/18534095
http://doi.org/10.1021/acsnano.6b06040
http://doi.org/10.1021/mp200108q
http://doi.org/10.1002/adhm.201500344
http://doi.org/10.1039/C6PY01365A
http://doi.org/10.3390/pharmaceutics12060506

	Introduction 
	Synthesis of 2-Oxazoline Monomers 
	The Cationic Ring-Opening Polymerization (Crop) of 2-Oxazoline Monomers 
	Initiation 
	Propagation 
	Termination 

	The Biological Application Context of Poly(2-oxazoline)s 
	Poly(2-oxazoline)s as Stimuli-Responsive Polymers 
	Temperature-Responsive Structures 
	pH-Responsive Structures 
	Light-Responsive Polymers 
	Magneto-Responsive Materials 
	Other Stimuli-Responsive Systems Based on 2-Oxazoline Derivatives 

	Conclusions 
	References

