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ABSTRACT 

In the past, cationic poly(2-oxazolines) (POx) have emerged as a promising class of polymers for biomedical applications. Cationic 
POx are intensely researched as antimicrobials as well as drug or gene delivery vectors. This review aims to summarize synthetic 
strategies for the design of cationic, amine-derived POx. It showcases previous approaches to synthesize chain-end and side chain 
functional POx and discusses obstacles that can arise during different synthetic routes. Finally, it will present examples of the 
application of cationic POx in the life science field. This review showcases cationic POx as a promising material with high potential 
for future applications and underlines future directions of this polymer class. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 

Cationic polymers represent a versatile class of macromolecules
that have gained significant attention in biomedical applications
due to their ability to interact electrostatically with negatively
charged biological entities, including nucleic acids, proteins, cell
membranes, and bacterial surfaces [ 1 ]. These interactions make
cationic polymers particularly useful in drug delivery [ 2 ], gene
therapy [ 3 ], antimicrobial coatings [ 4 ], and tissue engineering
[ 5 ]. Their functional versatility arises from their tuneable physic-
ochemical properties, such as charge density, molar mass, and
hydrophilicity. 

Structurally, cationic polymers are defined by the presence of
positively charged functional groups along their backbone or
within their side chains, typically comprising amine, quaternary
ammonium, or guanidinium moieties [ 6 ]. Their electrostatic
properties facilitate strong binding to anionic biomolecules, a
feature that is crucial for applications such as gene delivery
and antimicrobial therapies. The solubility and biocompatibility
of these polymers vary depending on their charge density and
chemical composition. 
This is an open access article under the terms of the Creative Commons Attribution License, which perm
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Cationic polymers can be broadly categorized into natural and
(semi-)synthetic types. Among the naturally derived cationic 
polymers, chitosan, a polysaccharide derived from chitin, 
exhibits excellent biocompatibility and is widely explored 
for drug delivery, wound healing, and tissue engineering 
[ 7 ]. Besides, glycogen was extensively studied as a building
block for advanced biological materials [ 8 ]. Synthetic cationic
polymers, including poly(ethylene imine) (PEI), poly( β-amino 
ester)s (PBAEs), poly(2-dimethylaminoethyl methacrylate) 
(PDMAEMA), and polyquaternary ammonium compounds, 
are extensively employed in gene therapy, antimicrobial 
applications, and biomedical coatings due to their enhanced 
stability and functional tunability [ 9–12 ]. 

The biomedical potential of cationic polymers is vast, with
gene delivery being one of their most prominent applications
[ 1 ]. In non-viral gene therapy, cationic polymers facilitate the
condensation of DNA or RNA into stable nanoparticles, allowing
efficient cellular uptake and endosomal escape [ 13 ]. Synthetic
polymers like PEI and PDMAEMA provide high transfection
efficiency but may be associated with cytotoxicity at high molar
mass [ 14 ]. PEI remains a gold standard for gene transfection,
its use, distribution and reproduction in any medium, provided the original work is properly 
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although its cytotoxic effects have spurred the development of
degradable alternatives such as biodegradable cationic PBAEs,
which offer improved biocompatibility [ 11 ]. Similarly, chitosan-
and PDMAEMA-based vectors have demonstrated promise for
nucleic acid delivery in targeted therapies [ 10 ]. Additionally,
polypeptides such as poly-L-lysine and polyarginine have demon-
strated efficacy in gene delivery applications due to their strong
nucleic acid condensation capabilities [ 15, 16 ]. 

Another critical application of cationic polymers is in drug deliv-
ery, where they serve as carriers for hydrophilic and hydrophobic
drugs, enhancing their bioavailability and controlled release.
pH-sensitive cationic polymers enable targeted drug release at
specific physiological sites, such as tumours or inflamed tis-
sues, by leveraging the acidic microenvironment for polymer
degradation and cargo release [ 1, 2 ]. 

In addition to therapeutic delivery, cationic polymers exhibit
strong antimicrobial properties, which are particularly useful in
medical device coatings, wound dressings, and hospital surfaces
[ 17 ]. Their mechanism of action typically involves electrostatic
attraction to negatively charged bacterial membranes, leading
to membrane disruption and bacterial cell death. Quaternary
ammonium-based polymers have been extensively studied for
their potent antimicrobial efficacy, making them ideal for
infection-resistant biomedical materials. 

Cationic polymers also play a pivotal role in tissue engineer-
ing and regenerative medicine [ 5, 18 ]. Their ability to support
cell adhesion, proliferation, and differentiation has made them
promising candidates for scaffold materials in wound healing,
nerve regeneration, and three-dimensional tissue engineering
constructs. The incorporation of cationic hydrogels in regener-
ative therapies further enhances tissue repair by providing a
bioactive microenvironment conducive to cell growth and matrix
deposition. 

Despite their immense potential, many cationic polymers face
challenges related to biocompatibility and cytotoxicity, particu-
larly at high charge densities [ 14 ]. The development of novel
cationic polymers with reduced cytotoxicity remains a key
research focus. 

Poly(2-oxazoline)s (POx) represent a versatile class of bioma-
terials that have garnered significant interest in biomedical
applications due to their biocompatibility, tunable physicochem-
ical properties (e.g., tailored hydrophilicity and temperature
response in solution), and functionality [ 19, 20 ]. POx are widely
regarded for their excellent biocompatibility, as they exhibit
low immunogenicity and enhanced hemocompatibility, making
them suitable for a wide range of biomedical applications [ 19–
21 ]. The stealth-like properties of hydrophilic POx, similar to
poly(ethylene glycol) (PEG), enable prolonged circulation times
in drug delivery systems while reducing nonspecific protein
adsorption [ 21–24 ]. Additionally, POx are chemically highly
versatile and can be functionalized with bioactive groups [ 25–
27 ], such as targeting ligands, to enhance cellular uptake and
therapeutic efficacy. Their straightforward functionalization fur-
ther renders them suitable for modifications of, e.g., nanopar-
ticles or proteins via POxylation as compared to PEGylation
[ 28 ]. 
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Their synthesis via the living cationic ring-opening polymeriza- 
tion (CROP) of 2-oxazoline monomers enables precise control 
over molar mass, architecture, and composition [ 27 ]. Their
amphiphilic nature, low cytotoxicity, and ability to form nanos-
tructures make them attractive candidates for drug delivery, gene
therapy, and tissue engineering. 

POx is characterised by a poly(ethyleneimine) backbone 
with pendant side chains that determine their hydrophilic, 
hydrophobic, or amphiphilic properties. The polymerization 
of 2-oxazolines proceeds via a cationic mechanism initiated 
by electrophilic species such as alkyl tosylates or triflates,
leading to a well-controlled molar mass distribution [ 29 ]. By
varying their monomer composition, POx can be tailored to
exhibit properties ranging from water solubility to thermo-
responsiveness or even superhydrophobicity, allowing for the 
design of stimuli-responsive biomaterials [ 30 ]. 

Particularly, the synthesis of cationic POx presents unique chal-
lenges primarily due to the difficulty in introducing cationic
functional groups without compromising polymerizability of the 
functional monomers, necessitating the use of protecting groups
[ 31, 32 ]. In addition, post-polymerization modification (PPM) has
come to the forefront as a useful tool to incorporate cationic
moieties under mild conditions [ 33, 34 ]. 

In the following paragraph, an overview of the synthetic strategies
yielding cationic POx will be provided before transitioning toward 
the applications of such polymers in the life science area. 

2 Synthesis of Poly(2-oxazoline)s 

2.1 Synthesis of 2-oxazoline Monomers 

As the application of POx is emerging, the most widely used 2-
substituted-2- oxazolines, such as 2-methyl-2-oxazoline (MeOx), 
2-ethyl-2-oxazoline (EtOx), 2-isopropyl-2-oxazoline (iPrOx), and 
2-phenyl-2-oxazoline (PhOx), are commercially available. In 
addition, the growing interest in POx has led to the synthesis
of a broad variety of different monomers and polymers thereof
[ 25, 26 ]. Various synthetic strategies have been developed for
preparing differently substituted 2-oxazolines. The most common 
methods in recent studies are outlined in Scheme 1 . 

One of the simplest and most direct approaches was introduced
by Witte and Seeliger, involving the reaction of a substituted
nitrile with a slight excess of 2-aminoethanol under Lewis acid
catalysis (typically using zinc or cadmium acetate) [ 35, 36 ]. This
strategy has become a preferred method due to its straightforward
application for synthesizing a broad range of 2-substituted 2-
oxazolines [ 37 ] and 2-oxazines [ 38, 39 ] using different amino
alcohols. In general, this method is also compatible with the use of
carboxylic acids instead of nitriles as starting materials, however,
less explored. Introducing substituents at the 4- or 5-position of
2-oxazolines results in chiral systems [ 37, 40–42 ]. However, due
to interference with the functional group, this approach is not
suitable for the preparation of (protected) 2-amino-2-oxazolines. 

Another widely utilized approach for synthesizing 2-substituted 
systems, particularly those containing functional groups incom- 
Macromolecular Chemistry and Physics, 2026

C
om

m
ons L

icense



SCHEME 1 Strategies for the synthesis of 2-substituted-2-oxa- 
zolines. 
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patible with the nitrile-based method, starts from carboxylic
acids and their activated derivatives, such as carboxylic halides
and esters. In this two-step process, activated acids react with
halogenethylene amine hydrochloride (e.g., a chloride) to yield
the corresponding 2-halogenethylamide, which subsequently
undergoes cyclisation in the presence of a base [ 32, 43, 44 ].
This method has enabled the synthesis of various 2-substituted-
2-oxazolines and was previously reported for the preparation of
amino-derived monomers [ 32, 45 ]. 

Additionally, modifying the 2-methyl group of commercially
available MeOx via nucleophilic substitution has emerged as a
popular strategy. In this method, the CH3 group of MeOx is depro-
tonated using a strong base, such as n-butyllithium ( n -BuLi),
generating a nucleophilic intermediate that subsequently reacts
with a substituted alkyl halide via nucleophilic substitution. This
approach is particularly useful when the corresponding nitrile
is unavailable, but the desired functional groups are compatible
with strong bases (e.g., tertiary amines). By employing these
three synthetic routes, numerous functional 2-oxazolines were
successfully synthesized in the past [ 25, 26 ]. 

In summary, various techniques for the synthesis of 2-oxazolines
were previously established. In particular, their demanding
chemical properties (i.e., nucleophilicity of the amine) necessitate
the use of protected precursors, which were shown to be most
suitable with the synthesis of monomers via activated carboxylic
acids. 

2.2 Polymerization of 2-oxazolines via Cationic 
Ring-opening Polymerization (CROP) 

The polymerization of 2-oxazolines occurs through a living CROP
mechanism, which allows for precise control over the propaga-
tion and the resulting polymer molar mass. The process consists
of three main steps: initiation, propagation, and termination
(Scheme 2 ) [ 29 ]. Polymerization begins with the activation of the
Macromolecular Chemistry and Physics, 2026
2-oxazoline monomer by an electrophilic initiator, typically alkyl 
tosylates, triflates, or other strong electrophiles. The nucleophilic 
attack by the 2-oxazoline nitrogen on the initiator leads to the
formation of an oxazolinium ion, which serves as the active poly-
merization site. During propagation, the activated oxazolinium 

ion undergoes nucleophilic attack by additional monomer units,
resulting in the sequential opening of 2-oxazoline rings and the
formation of a growing polymer chain. This step continues in
a controlled manner due to the living nature of polymerization,
which ensures well-defined polymers featuring low dispersity. 
Controlled termination can be achieved by adding nucleophilic 
agents such as water, amines, or alcohols. 

While CROP is generally well-controlled, certain side reactions 
can occur, impacting polymer quality and yield. A detailed
overview on the polymerization mechanism, including side 
reaction was provided by Hoogenboom and coworkers [ 29 ].
Unintended nucleophilic species present in the reaction medium 

can terminate polymer chains prematurely (i.e., chain transfer),
leading to broader molar mass distributions. This drawback is
particularly challenging when it comes to the design of cationic
POx as they often feature amines, which need to be protected to
avoid unwanted termination or side reactions [ 31, 32, 45 ]. 

3 Cationic poly(2-oxazolines) 

3.1 Cationic End-groups 

3.1.1 Functional Initiators 

Initiation of CROP using amine-functional initiators is rare due
to interference with the propagation mechanism; however, such 
initiators can be used when appropriately protected. Kempe 
and coworkers investigated different initiators containing tert - 
butyloxycarbonyl (Boc) or phthalimide-protected amines and 
tosylate or bromide counterions for the polymerization of 2-
ethyl-2- oxazolinen (Figure 1 ) [ 46 ]. Among these, the phthalimide-
protected bromide initiator yielded well-defined PEtOx with 
superior polymerization efficiency despite a lower initiator 
efficiency compared to their Boc-protected pendants. 

3.1.2 Functional Termination Agents 

A more intensely investigated method involves terminating the 
living polymer chains with primary, secondary, or tertiary amines
(Scheme 3 ) [ 47 ]. Primary amines such as n -propylamine [ 48 ],
nonylamine [ 49 ], and aniline [ 50 ], as well as various function-
alized analogues, are commonly used to afford secondary amine
termini. Secondary cyclic amines, such as piperidine [ 51–53 ] and
piperazine derivatives [ 54 ], yield tertiary amine end groups. In
contrast, sterically hindered tertiary amines like pyridine [ 55 ]
and pyrrole [ 56 ] display lower reactivity, typically producing
quaternary ammonium end groups [ 57 ]. Tiller and coworkers
utilised N , N -dimethylalkylamines (C4 -C16 ) to terminate poly(2-
methyl-2-oxazoline) (PMeOx) and PEtOx, yielding quaternary 
ammonium-functionalized polymers [ 57 ]. To achieve a primary
amine end group, ethylenediamine can be used; however, an
excess is necessary to suppress chain coupling [ 58 ]. While this
method yields POx with both primary and secondary amines at
3 of 16
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SCHEME 2 The cationic ring-opening polymerization of 2-oxazolines showing the (i) initiation, (ii) propagation, and (iii) termination steps. 

FIGURE 1 Kinetics of EtOx polymerization initiated by protected amine initiators. (a) Kinetic plots determined by 1 H NMR spectroscopy 
(400 MHz, CDCl3 ). The dotted lines are added for guidance only and do not represent actual data points. (b and c) Mn and dispersity ( Đ) values as 
obtained from SEC measurements in DMAc (PS-cal.) against monomer conversion. CROP conditions: EtOx in MeCN using different amino initiators 
at [M]0 /[I]0 ratio of 15 ( T = 80◦C, [M] = 2 m ). (d) Evolution of the initiator consumption against time of the kinetic study. Reproduced from reference 
[ 46 ] with permission from the Royal Society of Chemistry. 
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the chain-end, termination with sodium azide and subsequent
conversion to primary amines yields exclusively the latter. Osada
and Kataoka terminated PEtOx with sodium azide, followed by
Staudinger reduction with triphenylphosphine to yield amino-
functional PEtOx [ 59 ]. This method as emerged as a widely
applied technique to yield ω-end group amine functional POx as
it can also be orthogonally applied to the reported α-end group
functions mentioned above [ 60 ]. 
4 of 16
Schlaad et al. terminated the polymerization of 2-isopropyl-2-
oxazoline (PiPrOx) with 4-( N -Boc-amino)-piperidine, leading 
to macromolecules with a single or, upon Boc deprotection,
dual ammonium end groups [ 61 ]. Aguiar-Ricardo et al.
reported a series of POx oligomers end-functionalized with 
various amines, including N , N -dimethyldodecylamine, 
N -methylcyclohexylamine, N -methyldioctylamine, and 
1,4-diazabicyclo[2.2.2]octane [ 62 ]. 
Macromolecular Chemistry and Physics, 2026
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SCHEME 3 Overview of termination strategies yielding amine ω- 
end groups. 
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In summary, amine-mediated termination of POx during the
CROP process represents a versatile and straightforward route
to amino-end-functionalized polymers. A broad variety of amino
compounds can be employed, allowing for tailored macromolec-
ular structures and functionalities. Importantly, end-group selec-
tion allows modulation of polymer properties such as thermal
responsiveness, while maintaining low overall amine content. 

3.2 Cationic Side Chains 

The synthesis of side chain amino-functionalized POx can be
broadly categorized into two principal strategies: (i) the direct
approach, wherein amino functionalities are incorporated during
the polymerization process, and (ii) the PPM approach, which
entails chemical modification of pre-formed POx – either at the
side chains or terminal groups – to introduce amino groups. An
overview of different 2-amino-2-oxazoline-derived structures can
be found in Table 1 . 

3.2.1 Functional Monomers 

Introducing functional groups into POx during polymer synthesis
involves the CROP of 2-oxazoline monomers bearing amino
functionalities. However, the direct polymerization of monomers
with free amino groups has long been considered unsuitable due
to the high likelihood of side and transfer reactions occurring
during the propagation step [ 73–77 ]. 

To circumvent these issues, it is preferable to temporarily
protect amino groups during polymerization and subsequently
remove the protecting groups post-synthesis. One efficient
route to protected 2-oxazoline monomers involves coupling
N-protected α-amino acids with amino alcohols. Various pro-
tecting groups can be employed, including benzyl carba-
mate (Cbz), trifluoroacetamide, Boc, allyl carbamate (Alloc),
and 9-fluorenylmethyloxycarbonyl (Fmoc). Among these, Boc-
protected monomers are the most commonly used due to
Macromolecular Chemistry and Physics, 2026
their stability under monomer synthesis and polymerization 
conditions and ease of removal under mild acidic treatment [ 78 ]. 

Boc-protected 2-oxazoline monomers have been polymerized 
using macroinitiators such as salts of N -methyl-2-methyl-2- 
oxazolinium triflate, N -methyl-2-ethyl-2-oxazolinium tosylate, 
or N -propargyl-2-methyl-2-oxazolinium tosylate. These systems 
afford (co)polymers bearing pendant primary (H2 NR) [ 31, 32 ]
or secondary (HNR2 ) [ 79 ] amines following deprotection. In
contrast, polymerizations initiated by methyl triflate typically 
yielded undefined, low-molar-mass products [ 31 ]. 

Jordan and coworkers reported the homopolymerization of the 
Boc-protected monomer 2-[ N -Boc-5-aminopentyl]-2-oxazoline 
(Boc-C5AmOx) as well as random copolymerization with EtOx 
via conventional heating [ 31 ]. Here, piperidine was used as the
termination, introducing an additional secondary amine as the 
ω-end group. 

Microwave-assisted CROP has also been applied to Boc-protected 
monomers. Schubert et al. synthesized homopolymers of 2-[ N -
Boc-4-aminobutyl]-2-oxazoline (Boc-C4AmOx) and its statistical 
copolymers with EtOx [ 32 ] as well as gradient copolymers with
MeOx [ 80 ]. The polymerization showed hallmark character-
istics of a living system: a constant concentration of propa-
gating species, a linear relationship between molar mass and
monomer conversion, narrow dispersity, and monomodal SEC 

profiles. 

Further, block copolymers with low dispersity and resulting
cross-linked structures were synthesized using these monomers 
[ 81, 82 ]. Copolymerization of Boc-C4AmOx with 2-nonyl-2-
oxazoline via microwave-assisted CROP yielded amphiphilic 
block copolymers with narrow dispersity [ 83 ]. 

A combined synthetic strategy involving both microwave irra-
diation and conventional heating was employed by Luxenhofer 
and Kabanov to prepare block copolymers of 2-[ N -methyl, N -Boc-
aminomethyl]-2-oxazoline (Boc-MAMeOx) with MeOx [ 79 ]. The 
first block was synthesized in a microwave reactor using propar-
gyl tosylate as the initiator, followed by conventional heating
for the second, amino-functional block. Here, the lower reaction
temperature was applied to suppress side-reactions and thermal 
deprotection during the polymerization of Boc-MAMeOx. The 
resulting polymers displayed narrow dispersity. Deprotection was 
attempted using a mixture of TFA, water, and triisobutylsilane
(TIBS), but was not entirely successful. 

In a related study, Becer, Perrier, and coworkers employed
the same monomer to synthesize homopolymers and random 

copolymers with EtOx or 2- n -propyl-2-oxazoline (nPrOx) via
microwave-assisted CROP [ 65 ]. The resulting polymers exhibited
symmetric, monomodal SEC profiles and dispersities between 
1.25 and 1.40. Deprotection with TFA/DCM at elevated temper-
atures was performed, although desalting was not carried out,
thereby limiting post-deprotection characterization. 

Liu et al. also synthesized homopolymers from the same
monomer [ 66 ]. However, SEC traces for Xn = 40 revealed tailing,
suggestive of chain-transfer side reactions, consistent with earlier 
findings [ 31, 84 ]. 
5 of 16
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TABLE 1 Overview of various poly(2-amino-2-oxazoline)s. a Polymerization of functional monomer has not been reported to date. 

Nature of cation Structure Synthetic approach Reference(s) 

Guanidine PPM [ 63 ] 

Amidoxime PPM [ 64 ] 

Primary amine Functional monomer m = 1 [ 45, 65–67 ] 
m = 3 [ 67, 68 ] 
m = 4 [ 32 ] 
m = 5 [ 31 ] 

Functional 
monomera 

[ 69 ] 

PPM m = 1, o = 1; 
m = 7, o = 1; 

m = 1, o = 5 [ 34 ] 

PPM [ 70 ] 

PPM [ 71 ] 

PPM [ 72 ] 

PPM [ 72 ] 

PPM [ 72 ] 

Secondary amine PPM [ 72 ] 

Tertiary amine PPM [ 33 ] 

PPM [ 33 ] 

PPM [ 33 ] 

(Continues) 
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TABLE 1 (Continued) 

Nature of cation Structure Synthetic approach Reference(s) 

PPM m = 1 [ 35 ] 
m = 7 [ 35 ] 

Functional monomer [ 73 ] 

Functional monomer [ 74 ] 

PPM [ 70 ] 

PPM [ 72 ] 

Pyridine PPM [ 72 ] 

Functional 
monomera 

[ 69 ] 
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In summary, the use of Boc-protected 2-oxazoline monomers
presents a reliable strategy for preparing amino-functionalized
POx. Monomer synthesis is straightforward, and polymerizations
proceed with good, however not excellent, control, typically
producing molar masses consistent with theoretical expectations
and narrow dispersity. The synthesis of cationic POx further
allows for the introduction of quantitative α- or ω-end groups via
functional initiators or termination agents, respectively. Impor-
tantly, reported examples generally exhibited comparably low
Xn , likely due to steric hindrance from the Boc-groups and loss
of control during the polymerization to yield longer polymers.
Efficient deprotection is crucial and generally performed under
acidic conditions, particularly using TFA. Lack of subsequent
desalting hampers accurate molar mass determination and down-
stream application. Despite these limitations, many aspects of
these polymers – including their solution behavior and physical
properties – remain underexplored, highlighting opportunities
for future investigation. 

3.2.2 Post-polymerization Modification (PPM) 

A viable alternative to introducing amino groups into POx
involves the PPM of side chains or chain termini. This method
includes the functionalization of pendant groups [ 85 ] or terminal
Macromolecular Chemistry and Physics, 2026
groups in pre-formed homo- or copolymers of 2-oxazolines [ 86 ].
Strategies such as ester-to-amide transformation [ 87 ] and thiol-
ene “click” chemistry [ 88 ] have proven effective in this context,
enabling the incorporation of NH2 , NHR2 , or NR3 functionalities.
Another route involves partial hydrolysis of the amide linkages
in POx, which connect the substituents to the polymer back-
bone, leading to the formation of ethyleneimine units bearing
secondary amines. [ 89 ] polyethylene imines were thoroughly
reviewed in the past [ 9, 90 ] and will therefore not be discussed
in detail here. 

3.2.2.1 Thiol-ene “Click” Functionalization. Among the 
available techniques for POx side chain modification, the radical-
mediated thiol-ene addition of aminothiols to vinyl side chains
– commonly known as the “thio-click” reaction – is widely 
employed. This reaction requires the introduction of alkene 
groups into the side chains, typically achieved using monomers
like 2-(3-butenyl)-2-oxazoline (ButEnOx) [ 34, 85, 91, 92 ] or 2-
(9-decenyl)-2-oxazoline (DecEnOx) [ 34, 85 ]. The thiol-ene reac-
tion proceeds with high regioselectivity and efficiency under 
mild, room-temperature conditions, often yielding functionalized 
products in quantitative amounts. Using this technique, POx 
containing primary [ 85 ]. secondary [ 92 ], or tertiary [ 34 ] amine
side chains were successfully synthesized (Figure 2 ). 
7 of 16
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FIGURE 2 Schematic representation of the synthesis of cationic 
poly(2-oxazoline)s. Reaction conditions: (a) 140 ◦C, microwave reac- 
tor, acetonitrile, (b) room temperature, overnight, methanol, catalyst: 
0.1 mol% 2,2-dimethoxy-2-phenylacetophenone with respect to contained 
double bonds, (c) room temperature, overnight, DCM/TFA. Product 
terms: s = short butyl side chain, l = long decenyl side chain, 
N = amine content in mol%, h = hexamethylene spacer, p = primary 
amine, t = tertiary amine. Reproduced from reference [ 34 ] with 
permission. Copyright Wiley 2015. 
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Deng and Song utilized amphiphilic block copolymers of
MeOx, BuOx, and ButEnOx for thiol-ene reactions with
cysteamine to introduce primary amine groups [ 85 ]. The
reaction was conducted in dry DMF at room temperature
for 60 min, initiated with 2-hydroxy-4 ′ -(2-hydroxyethoxy)-2-
methylpropiophenone under UV irradiation ( λ = 365 nm),
leading to near-quantitative substitution of the vinyl groups.
Similar modifications using ButEnOx-containing copolymers
in tetrahydrofuran (THF):methanol mixtures were previously
reported [ 88, 91 ]. 

Secondary amines were introduced into gradient copolymers
based on iPrOx, MeOx, and ButEnOx via reaction with 2-
(butylamino)ethanethiol [ 92 ]. This reaction, performed overnight
in a 1:1 mixture of dry THF and methanol at room temperature,
employed a tenfold molar excess of the aminothiol. Photosensi-
tizers such as 2,2-dimethoxy-2-phenylacetophenone (DMPA) and
benzophenone were used, with UV irradiation at λ = 254 nm.
The maximum substitution yield for this reaction was reported
at around 80%. Tertiary amino groups were incorporated into
gradient copolymers of MeOx with ButEnOx or DecEnOx using
similar thiol-ene protocols with DMPA and UV exposure at
λ = 365 nm, resulting in full conversion of alkene functionalities
[ 34 ]. 

3.2.2.2 Ester-Amide Exchange Functionalization.
Another prominent strategy for installing amino functionalities
onto POx is the ester-to-amide exchange reaction [ 70 ]. It
requires the presence of methyl ester groups in the polymer
side chains, typically introduced through copolymerization
with 2-methoxycarbonylethyl-2-oxazoline (MestOx) [ 87, 93–95 ].
Functionalization was achieved by reacting the ester-containing
polymers with primary amines [ 94 ]. This method is particularly
effective with small, liquid amines that readily dissolve the
8 of 16
polymer and, thus, can be applied in access. The use of diamines
yields polymers with cationic, amine-derived side-chains 
(Figure 3 ) [ 33 ]. Van Guyse et al. further showed the synthesis of
guanidine-functionalized POx via this method [ 63 ]. 

Common diamines include ethylenediamine [ 87 ], diethylen- 
etriamine (DET), and tris(2-aminoethyl)amine (TREN) [ 96 ]. 
When the polymer concentration is high and a large excess of
diamine is employed, the reaction proceeds quantitatively at 
room temperature [ 93 ]. However, due to the risk of intermolecular
crosslinking during the amidation process, mono-Boc-protected 
ethylenediamine has also been used as a safer alternative [ 93 ].
For instance, Van Hest and coworkers modified nPrOx/MestOx
copolymers using a tenfold excess of ethylenediamine [ 87 ].
Highly functionalized polymers ( > 20% modification) exhibited 
crosslinking, resulting in insoluble materials. To mitigate this,
mono-Boc-protected ethylenediamine was later employed [ 93 ]. 

In another study, DET and TREN were grafted onto MeOx or
EtOx-based block copolymers containing MestOx [ 95 ]. The ester-
amide exchange reaction was carried out at 40 ◦C over three days,
enabling the efficient incorporation of multifunctional amine 
moieties. 

In summary, PPM has emerged as a promising strategy for the
design of side chain cationic POx circumventing the difficulties
that functional monomers may bring. In particular, this approach
allows for the introduction of tertiary or quaternary amines.
A potential drawback of either strategy, thiol-ene click reac-
tions or transamidations, may be the introduction of additional
functional groups (i.e., a thioether or an amide bond) which
significantly influence the properties of the resulting polymers. 
For this reason, PPM should be viewed as a complementary
technique for the design of cationic POx while the synthesis
via functional monomers should remain the main strategy to be
further optimized in the future. 

3.3 Applications 

3.3.1 Drug Delivery 

Cationic POx have recently attracted significant interest as 
biocompatible and stealthy carriers for drug and nucleic acid
delivery. Their amphiphilic architecture leverages electrostatic, 
hydrophobic, and steric interactions to facilitate loading, sta- 
bilization, targeted delivery, and controlled release. POx, par- 
ticularly the hydrophilic PMeOx and PEtOx, function as PEG
alternatives [ 21–23, 28 ]. In lipid nanoparticle formulations for
mRNA vaccines, POx-lipid conjugates exhibited comparable or 
superior delivery efficacy with reduced immunogenicity and 
diminished liver uptake relative to PEG systems [ 96 ]. Core
cross-linked star POx synthesized via an “arm-first” CROP 
encapsulated doxorubicin in their hydrophobic cores. These 
materials demonstrated pH-responsive release – accelerating at 
pH 5.2 compared to 7.1 – and selective cytotoxicity in HeLa
cells only upon drug loading, while remaining non-toxic when
unloaded [ 97 ]. pH-responsive POx nanogels chemically loaded
with doxorubicin via imine linkages released the drug selectively
under acidic conditions, suppressing tumour growth in vivo 
with low off-target toxicity [ 98 ]. Triblock POx micelles achieved
Macromolecular Chemistry and Physics, 2026
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FIGURE 3 Preparation of polymers used in this study. (A) Synthesis of PMeOxn - b -PC3MestOxm via cationic ring-opening polymerization of MeOx 
(first block) and sequential addition of C3MestOx (second block), followed by termination with sodium azide. (B) Post-polymerization modification of 
PMeOxn - b -PC3MestOxm , yielding different tertiary-amine-modified polymers. Reproduced from reference [ 33 ] with permission from the Royal Society 
of Chemistry. 
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remarkably high ( ≤ 50 wt%) encapsulation of paclitaxel, demon-
strating excellent stability ( < 100 nm) and enhanced efficacy in
multidrug-resistant cancer models – outperforming conventional
formulations [ 99 ]. POx-based systems exhibit multifunctionality:
folate-targeted PEtOx–PLA micelles co-delivering doxorubicin
and tocopheryl PEG-succinate reversed multidrug resistance
via pH-triggered behavior [ 96 ]. Hoogenboom and coworkers
prepared cationic block copolymers with pH-dependent lower-
critical solution temperature (LCST). These polymers formed
micelles upon temperature change and encapsulated paclitaxel.
Application of the derived nanostructures showed increased cyto-
toxicity toward MDA-MB-231 breast cancer cells [ 33 ]. Schubert
and Meinel and coworkers further demonstrated the application
of cationic copolymers for the POxylation of IL-4 and subsequent
delivery to monocytes in vitro (Figure 4 ) [ 28 ]. 

3.3.2 Gene Delivery 

Amino-functionalization is essential for polymer-based vectors
used in gene delivery, enabling electrostatic interactions between
the polymer and nucleic acid backbones to form nanosized
polyelectrolyte complexes (polyplexes). Given the excellent bio-
compatibility of POx, their amino-functionalized derivatives have
shown great promise as gene delivery agents. 

The most commonly used method for introducing amino func-
tionalities into POx is partial hydrolysis, which yields linear
polyethylene imine – considered the “gold standard” for gene
delivery, which was comprehensively reviewed in the past [ 9, 90 ].

Polymers with amino groups in the side chains have also
shown promise in gene delivery, allowing for the introduction of
primary, secondary, and tertiary amines. For instance, cationic
P(EtOx- b -AmOx) block copolymers containing 10–33% primary
amines were tested for DNA complexation via ethidium bromide
displacement [ 32 ]. While 10% amine content was insufficient,
increasing to 15% reduced fluorescence by 10%, with further
decreases at higher amine levels. In contrast, nanogels formed
from these same copolymers quenched fluorescence regardless
of amine content, indicating effective DNA binding. Moreover,
Macromolecular Chemistry and Physics, 2026
nanogels allowed for DNA release, albeit incompletely ( ∼ 60%
fluorescence recovery), and their crosslinking density influenced 
cellular uptake without affecting biocompatibility [ 81 ]. 

Schubert and coworkers synthesized well-defined P(MeOx- co - 
ButEnOx) and P(MeOx- co -DecEnOx) copolymers and modified 
them with primary and tertiary amines (10–40 mol%) to assess
the influence of amine type, content, and hydrophobicity on gene
delivery [ 34 ]. Copolymers with 10 mol% amines failed to form
polyplexes. Primary amines bound DNA more effectively than 
tertiary ones, and increased side chain hydrophobicity enhanced 
condensation but also led to greater cytotoxicity and haemolysis.
Oleszko–Torbus and Kowalczuk et al. examined iPrOx copoly- 
mers with MeOx and ButEnOx functionalized with primary or
secondary amines ( ≤ 20 mol%) located either on substituents
or within the backbone [ 92 ]. Copolymers with pendant primary
amines showed weaker DNA binding due to hydrogen bonding,
while those with secondary amines—regardless of location—
demonstrated stronger complexation and good transfection. The 
secondary amine-containing substituent copolymers also showed 
excellent biocompatibility in human fibrosarcoma cell lines. In 
contrast, copolymers of MeOx or EtOx and C4AmOx, synthesized
via the functional monomer approach, did not transfect cells in
vitro successfully [ 80 ]. It can be assumed that hydrophobicity, as
well as the thioether, plays a role in the success of the transfection
vector. The role of hydrophobicity was further confirmed by
the application of block copolymers of 2-nonyl-2-oxazoline and 
C4AmOx (PNonOx- b -C4AmOx), which revealed increased trans-
fection ability compared to the purely hydrophilic POx [ 83 ]. Becer
and coworkers showed the successful gene complexation and 
transfection with glycine-derived cationic POx (Figure 5 ) [ 45 ],
demonstrating the move toward biologically derived structures. 
Glutathione-Functionalization of cationic POx further showed 
promising results in crossing the blood-brain-barrier in vitro [ 71 ].

Furthermore, cationic POx derivatives bearing pendant sec- 
ondary amines (e.g., PEtOx- b -MAMeOx) condensed plasmid 
DNA into < 100 nm polyplexes exhibiting low protein adsorption
and minimal cytotoxicity, comparable to PEG–PLL systems. 
These were effective in transfecting macrophages and certain 
cancer cells [ 96 ]. 
9 of 16
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FIGURE 4 (a) TF-1 proliferation assay of wt-IL-4, Plk-IL- 
4, and polymer conjugated IL-4 derivatives (mean ± standard 
deviation, n = 3). R2 values of the nonlinear fitting, as well as the 
95% confidence intervals of the estimated EC50 values, are given. (b) 
eYFP reporter gene assay of HEK 293 T cells transfected with pSTAT6–
eYFP and pSTAT6 after stimulation with 1.3 n m wt-IL-4, Plk-IL-4, and 
polymer-conjugated IL-4 species. The control shows transfected but 
unstimulated cells. (b) SEAP reporter gene assay of HEK293 T cells 
transfected with pSTAT6-SEAP and pSTAT6 after stimulation with 1.3 n m 

wt-IL-4, Plk-IL-4 and polymer conjugated IL-4 species. Asterisks indicate 
statistically significant differences among groups ( p ≤ 0.05 (*), n = 5). 
Reproduced with permission from reference [ 28 ]. Copyright American 
Chemical Society 2017. 
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Recent developments include PEtOx–lipid conjugates for mRNA 

delivery, forming lipid nanoparticles that match PEG-based 
vaccines in hepatic transfection and overall immunogenic perfor-
mance [ 97 ]. 

The past studies showed that side chain functionalization pro-
vides a promising alternative route to the (partial) hydrolysis
of POx to polyethylene imine and enables the corporation
of primary, secondary, or tertiary amines—enabling improved 
DNA interaction without the disadvantageous toxicity known for 
polyethylene imine. The nature and location of amines, as well as
hydrophobicity, significantly impact nucleic acid binding, release, 
and biological performance, underscoring the importance of 
fine-tuning structure–property relationships for optimal gene 
delivery. 

3.3.3 Surface Coatings / Anti Fouling / Antimicrobials 

Recent research has demonstrated that polymers bearing pos- 
itively charged functionalities, such as amino or quaternary 
ammonium groups, can exhibit intrinsic antibacterial activ- 
ity themselves [ 100, 101 ]. Amine end-functionalized POx were
applied as surface coatings [ 102 ] or in solution. In this regard,
Waschinski and Tiller investigated the antimicrobial properties of 
telechelic homopolymers of MeOx and EtOx, end-functionalized 
with quaternary alkylamines, against the Gram-positive bac- 
terium Staphylococcus aureus [ 57 ]. These polymers varied in
end-group composition – hydrogen, methyl, Boc-protected aro- 
matic amines, and free aromatic NH2 groups – and had an Xn 
ranging from 20 to 132. Their study revealed that a minimum
of 12 carbon atoms in the quaternary ammonium alkyl chain
was necessary to exhibit antibacterial activity. Furthermore, 
the nature of the terminal groups was shown to significantly
influence bioactivity. The polymer backbone also played a role,
with PEtOx-based materials displaying twice the antibacterial 
activity compared to analogous PMeOx derivatives. In subsequent
work, the same authors further explored how the structure of the
terminal, non-antimicrobial moiety – referred to as the “satellite 
group” – affects antibacterial efficacy [ 103 ]. They introduced a
quaternary N , N -dimethyldodecylammonium (DDA) group at one
chain end and various alkyl, aminoalkyl, or PPhOx groups at the
opposite end, yielding telechelic polymers. The resulting poly- 
mers were evaluated against both Gram-positive ( Staphylococcus 
aureus ) and Gram-negative ( Escherichia coli ) bacteria. Notable
differences in antibacterial activity were observed, depending 
on the structure of the satellite group. The authors proposed
that even non-bioactive terminal groups could synergistically 
enhance antibacterial function when positioned distal to the 
active DDA group. Additionally, certain POx derivatives bearing 
hydrophobic satellite groups were found to form unimolecular 
micelles, improving membrane penetration and contributing to 
antibacterial efficacy. 

The type and structure of POx functionalities appear to be
crucial in determining their antimicrobial properties. For exam- 
ple, oligo(MeOx) and oligo(2-bisoxazoline) terminated with 
N , N -dimethyldodecylamines showed rapid bactericidal activity 
against both Escherichia coli and Staphylococcus aureus [ 62 ]. In
contrast, oligomers terminated with cyclic or aromatic amines 
were less effective at integrating into bacterial membranes, 
Macromolecular Chemistry and Physics, 2026
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FIGURE 5 Schematic Illustration of the Synthesis of Glycosylated Cationic Poly(2-oxazoline)s in Different Structures and the Formed Polyplexes 
with saRNA for Transfection Experiments in Different Cell Lines by Luciferase Assay. Reproduced with permission from open access reference [ 45 ] 
under CC-BY 4.0 license. 
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yielding higher minimum inhibitory concentrations (MIC) and
diminished activity. Conversely, oligomers terminated with lin-
ear alkyl amines demonstrated enhanced antimicrobial effects,
emphasizing the importance of hydrophobic, flexible chains
in disrupting bacterial membranes through insertion or pore
formation. 

The role of hydrophobicity was further confirmed in a study
involving copolymers based on Boc-protected amino-2-oxazolines
with EtOx or nPrOx [ 65 ]. Homopolymers and random copoly-
mers, with cationic content ranging from 30% to 100% and
hydrophobic segments having an Xn between 6 and 14, were
synthesized. Their antimicrobial properties were evaluated both
in vitro against five Staphylococcus aureus strains and in vivo
using an insect model. A higher proportion of cationic units corre-
sponded to lower MIC values and improved antibacterial activity.
Importantly, the materials exhibited no cytotoxicity toward
human keratinocyte (HaCaT) and fibroblast (3T3) cell lines.
These findings support the potential of amino-functionalized
POx as effective, broad-spectrum antimicrobial agents with rapid
killing rates and low cytotoxicity. Zhou et al. applied glycine-
derived cationic POx for the treatment of methicillin-resistant
Staphylococcus aureus (MRSA, Figure 6 ) [ 66 ]. While the polymers
were antimicrobially active, the authors did not observe and
antimicrobial resistance. Dai et al. confirmed these results and
further investigated a C3AmOx derivative [ 67 ]. Both polymers
furthermore revealed excellent haemocompatibility. 

3.3.4 Hydrogels 

Cationic POx hydrogels, formed through gelation of amino-
functional or cross-linkable POx precursors (Figure 7 ), are
Macromolecular Chemistry and Physics, 2026
emerging as highly versatile platforms for controlled drug release,
gene complexation, tissue engineering, and stimuli-responsive 
biomaterials. 

Hartlieb et al. introduced hydrogels derived from Boc-protected 
amino-POx (Boc-C4AmOx) copolymerized with EtOx. Follow- 
ing deprotection and cross-linking with epichlorohydrin, these 
hydrogels demonstrated reversible DNA binding – with adsorp- 
tion capacity confirmed via ethidium bromide assays and con-
trolled heparin-triggered DNA release [ 32 ]. They were applied
in a polymerase chain-reaction lab-in-a-tube setup [ 104 ]. Their
swelling behavior and DNA capture furthermore suggest poten- 
tial utility in gene delivery or sensing applications. 

Blöhbaum et al. functionalized ButEnOx-containing POx copoly- 
mers in a PPM reaction with cysteine-derived thiols, enabling UV-
initiated thiol–ene cross-linking [ 105 ]. The resulting hydrogels
exhibited adjustable thermo-responsive behavior, swelling char- 
acteristics, mechanical strength, and positive charge density—
allowing tuneable interactions with charged molecules like 
methylene blue or fluorescein. Cytocompatibility was confirmed 
via cell culture assays. 

In a biohybrid system, POx was cross-linked with heparin to
create hydrogels with customizable stiffness and growth factor 
release profiles [ 106 ]. These hydrogels modulate growth factor
delivery and demonstrate favorable hemocompatibility when 
benchmarked against PEG-based materials. 

Magnetic POx hydrogels were further developed by entrapping 
carbonyl iron particles within a PEtOx matrix synthesized via
living CROP. These gels maintain excellent fibroblast biocom- 
patibility and exhibit magneto-mechanical responsiveness—a 
11 of 16
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FIGURE 6 (a) Structural design of peptides and peptide mimetics. (b) Synthesis of the HDP mimetics Gly-POXn . (c) SEC traces of representative N - 
Boc-protected Gly-POXn . (d) MIC values of Gly-POXn , with variable chain lengths, against Staphylococcus aureus using representative HDP magainin 
II as the control. (e) Cytotoxicity of Gly-POX20 and Gly-POX40 with 3T3 fibroblast cells. (f) Haemolysis of Gly-POX20 and Gly-POX40 for hRBCs. (g) 
Selectivity index calculated from IC50 /MIC. (h) Selectivity index calculated from HC50 /MIC. Reproduced with permission from reference [ 66 ]. Copyright 
Wiley VCH 2020. 
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promising feature for mechanobiology or targeted delivery sys-
tems enabled by external magnetic fields. Hoelzer and Leiske
et al. reported core-cross-linked POx nanogels with a cationic
C4AmOx core and PEtOx shell, cross-linked via glutaraldehyde
and loaded with doxorubicin through imine bonds [ 98 ]. These
nanogels enabled pH-sensitive doxorubicin release and exhibited
significant tumour growth inhibition in vivo, outperforming free
doxorubicin and enhancing animal survival – with minimal
systemic toxicity. 

4 Conclusions and Future Directions 

Over the last decades, cationic POx have emerged as promising
materials with versatile applications in the biomedical area.
Synthetic strategies include the preparation of chain-end or
side chain functional polymers, which can be prepared directly
12 of 16
during the polymerization process or via post-polymerization 
modifications. 

This combination of strategies facilitates the design of a broad
series of cationic POx bearing different amines (e.g., primary or
secondary). Copolymerization with non-ionic monomers enables 
a fine-tuning of the polymer properties, such as hydrophobicity
and charge density. Future design strategies may investigate 
the chemical versatility of cationic POx in more detail to yield
structures comparable to vinylic polymers such as Eudragits.
Applications of these polycations range from antimicrobials to 
drug and gene delivery vectors. While results in the drug and gene
delivery area to date are very preliminary, potentially owed to the
increased cytotoxicity of the yielded polymers, they have shown
great promise as antimicrobials in vitro and in vivo. Yet, applica-
tions that do not necessitate biocompatibility (e.g., antimicrobial 
coatings or cationic gels for DNA purification purposes) may have
Macromolecular Chemistry and Physics, 2026
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FIGURE 7 Schematic representation of the deposition of P(EtOx37 - stat -AmOx9 ) on substrates by layer-by-layer immobilization. Reproduced with 
permission from reference [ 104 ]. Copyright Wiley VCH 2015. 
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the greatest potential to find timely applications. The reported
studies paved the way for future investigations, which will likely
focus on the improved design of novel POx-derived polycations,
polymer nanostructures, and stimuli-responsive delivery systems
with improved biocompatibility. 
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