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 Poly(2-oxazoline)s as Polymer Therapeutics  

  Robert   Luxenhofer  ,   *      Yingchao   Han  ,     Anita   Schulz  ,     Jing   Tong  , 
    Zhijian   He  ,     Alexander V.   Kabanov  ,       Rainer   Jordan   *   
 Poly(2-oxazoline)s (POx) are currently discussed as an upcoming polymer platform for bio-
materials design and especially for polymer therapeutics. POx meet specifi c requirements 
needed for the development of next-generation polymer therapeutics such as biocompatibility, 
high modulation of solubility, variation of size, architecture 
as well as chemical functionality. Although in the early 1990s 
fi rst and promising POx-based systems were presented, the 
fi eld lay dormant for almost two decades. Only very recently, 
POx-based polymer therapeutics came back into the focus of 
very intensive research. In this review, we give an overview 
on the chemistry and physicochemical properties of POx and 
summarize the research of POx–protein conjugates, POx–
drug conjugates, POx-based polyplexes and POx micelles for 
drug delivery.   
  1. Introduction 

 Poly(2-oxazoline) (POx) is a prominent member of pseudo-
polypeptides. They are accessible via living cationic ring-
opening polymerization (LCROP) of 2-oxazolines (Figure  1 ). 
The fi ve-membered heterocyclic monomers are either com-
mercially available [2-methyl-2-oxazoline (MeOx), 2-ethyl-
2-oxazoline (EtOx), 2-isopropenyl-2-oxazoline (iPrOx) 
2-phenyl-2-oxazoline (PheOx)] or accessible via – typically 
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facile – few step syntheses from nitriles, [  1  ]  carboxylic 
acids, [  2  ]  aldehydes, [  3  ]  or from MeOx. [  4  ,  5  ]   

 Thus, a large variety of monomers and polymers 
have been realized giving access to a broad range of 
physical and chemical properties. It should be noted 
that many functional groups are likely to interfere with 
the LCROP and, therefore, need to be protected during 
polymerization. 

 Although POx have been known to have signifi cant 
potential as biomaterials for decades, [  6–9  ]  so far, no real 
breakthrough has been achieved in this respect. When 
POx was fi rst discussed for the use as biomaterials, poly-
ethylene glycol (PEG) became highly recognized as the 
poly mer of choice as a hydrophilic part of biomaterials 
and was already commercially available in suffi cient 
quality. In contrast, to date, no POx-based polymers 
are commercially available in high quality (dispersity 
  M   w /  M   n   =  Ð  ≤  1.2). 

 In this review, we try to motivate why in particular POx 
is an interesting platform for biomaterials development 
and for polymer therapeutics in particular, and summa-
rize what has been realized (preclinically) to date. For 
this, we classify polymer therapeutics into polymer pro-
tein conjugates, polyplexes, polymer–drug conjugates and 
poly meric micelles, aggregates and polymer nanoparti-
cles (Figure  2 ). [  10  ,  11  ]     
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 2. Background 

 Biomaterials for drug delivery applications need to cope 
with a variety of complex problems, depending – simply 
speaking – on the route of administration, the drug that 
needs to be delivered, the location of the target site of 
the drug and potentially the need for a specifi c release of 
the payload. To address these issues, biomaterials tend to 
become increasingly complex, whereas from a pharmaceu-
tical and regulatory point of view, the polymer therapeu-
tics should be as simple as possible. 

 In this respect, POx is interesting as it represents a 
versatile synthetic polymer platform. Thus, even com-
plex structures are accessible using straightforward 
approaches, however, if necessary, combination with 
other polymers such as polyesters, polypeptides, and poly-
ether can easily be realized. 

 A particularly important aspect of biomaterials is their 
interaction with biological systems. Typically, the consti-
tuting biomaterial of drug delivery systems is expected to 
be well tolerated (i.e., to be biocompatible) with low tox-
icity, little protein interaction, minimal unspecifi c organ 
accumulation, and low to none immunogenicity. The syn-
thetic and structural versatility will be discussed in the 
following chapters. Thereafter, available data regarding 
biocompatibility of POx will be summarized. 

  2.1. Synthetic Versatility of POx 

  2.1.1. Initiators 

 To ensure a high degree of functionality and well-defi ned 
products, the initiation reaction should be both quantita-
tive and fast. Both criteria are fulfi lled, that is, trifl ate-based 
initiators as the initiation reaction is fast with respect to 
the propagation ( k  I   �   k  P ) and typically quantitative even 
below room temperature. [  12  ]  It should be noted, however, 
that many reports can be found in the literature, in which 
other classes of initiators, such as tosylates, alkylhalides, 
and nosylates, have been successfully used to obtained 
well-defi ned POx. In the case of alkylhalides, iodine is 
typically preferred and often obtained in situ by halogen 
exchange. [  13  ]  

 Functional initiators have been used to realize, among 
others, alkyne, [  14  ]  amine, [  15  ]  hydroxyl, [  16  ]  or carboxylic 
acid [  17  ]  bearing POx (with protection groups where 
needed) to allow further functionalization (Figure  3 a). In 
a number of other accounts, functionality by structure 
was also introduced via the initiators such as lipids, [  18  ,  19  ]  
porphyrins, [  20  ]  or saccharides. [  21  ]   

 For trifl ate and possibly tosylate initiators, the initia-
tion step is virtually quantitative at or below room tem-
perature, whereas propagation only takes place above 
 ≈ 40  ° C. [  12  ,  13  ,  22  ]  Thus, the so-called initiator salt can be 
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isolated and a polymer terminus bearing two function-
alities (from trifl ate and from monomer) can be realized 
(Figure  3 b).  

  2.1.2. Terminating Agents 

 The LCROP is of highly living nature and can be specifi cally 
terminated to introduce additional functionalities.  α , ω -
Homo- and heterofunctional telechelics can be obtained 
by combining the initiator [  23  ]  and termination [  24  ]  method. 
The majority of researchers typically terminate using 
water or OH  −  , which leaves a –OH terminus. However, 
for many modifi cations a terminus which can be readily 
modifi ed, may be desirable. With this respect, azide, [  25  ]  
thiol, [  26  ]  or amines [  22  ,  27  ,  28  ]  provide for interesting alterna-
tives (Figure  3 c). However, it should be kept in mind that 
two different possibilities have been described at times for 
the termination reaction to occur – through 2- or 5-position 
of the ring, of which typically the 5-position product is 
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     Figure  1 .     Schematic representation of the initiation, propagation, and termination of the 
living cationic ring-opening polymerization of 2-oxazolines.  
desired. [  29  ]  This potentially gives alternative termini and 
subquantitative functionalization.  

  2.1.3. Non-Reactive Monomers 

 A wide range of aliphatic or aromatic 2-oxazoline mono-
mers are available for LCROP. These give the possibility 
to tailor the solution and aggregation properties of POx. 
For example, such with short aliphatic side chains (C2–
C4) exhibit lower critical solution temperature (LCST) in 
aqueous solutions (Figure  3 d), whereas longer non-polar 
     Figure  2 .     Polymer therapeutics based on poly(2-oxazoline)s.  
side chains give essentially 
water-insoluble polymers. It 
should be noted that in POx 
the amide group links the 
pendant moiety to the main 
chain and thus, increasingly 
non-polar substituents result 
into an amphiphilic motive 
for each monomer unit. Con-
sequently, a “hydrophobic” 
POx is actually a non-ionic 
polysoap with a polymer-
ized polar head group and 
hydrophobic tails. PMeOx 
and PEtOx as the most 
hydrophilic polymers are 
miscible with water at all 
ratios. Both polymers show a 
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similar water solubility as PEG; however, 
although PMeOX is purely hydrophilic, 
PEtOx displays a slight amphiphilic 
character similar to PEG [  30  ]  and displays 
a lower critical solution temperature. 
As the hydrophobic nature of the 2-
substitution increases, the LCST decreases 
until water insolubility. The series of 
water solubility from PMeOx to the fi rst 
water insoluble PBuOx can be given as: 
PMeOx > PEtOx ≈ PEG > PiPrOx > poly(2-cyclo-
propyl-2-oxazoline (PcPrOx) > PnPrOx > PBuOx 
(see Figure  3 d). Recently, Viegas et al. [  31  ]  
essentially confi rmed this order for 
PMeOx, PEtOx, and PEG for low molar 
mass polymers by RP-HPLC (see 
Figure  4 a). Most interestingly, they 
also found that for increasing molar 
masses, PEG and PMeOx become more 
hydrophilic whereas PEtOx gets more 
hydrophobic. Rehfeldt et al. [  32  ]  measured 
the hydration in static and dynamic 
swelling experiments of low molar mass 
PMeOx and PEtOx brushes. For both, 
PMeOx and PEtOx, very similar dis-
joining pressures were found, while again, the polymer 
chain length had a stronger effect upon the polymer 
hydration (Figure  4 b,c).  

 Amphiphilic POx can be readily obtained by the 
sequential block copolymerization of MeOx or EtOx with 
2-oxazolines having non-polar 2-substituents such as 
longer 2- n -alkyl- or 2-phenyl groups, yielding defi ned 
block copolymers of low dispersity. Since the fi rst work 
by Kobayashi et al., [  33  ]  the various combinations and self-
assembly have been described in several reviews. [  8  ,  13  ,  34  ]  
The temperature-dependent solubility of POx can be 
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     Figure  3 .     Overview on the chemical versatility available by poly(2-oxazoline)s. 
(a) Selection of initiators that allow introduction of functional  α -termini of POx. 
(b) The initiator salt method available for the synthesis of POx offers the unique 
opportunity to incorporate two functionalities at their  α -terminus. (c) A great variety 
of nucleophiles can be utilized to terminate the living cationic ring-opening poly-
merization of POx to obtain  ω -functionalized POx. A selection of common O-, N-, and 
S-nucleophiles are presented. (d) Changes in the side chain structure allows for the 
synthesis of polymers with a wide range of thermal responsiveness of their aqueous 
polymer solutions. Further fine-tuning can be obtained by copolymerization of dif-
ferent 2-oxazoline monomers. (e) Selection of reported POx structures that allow 
post-polymerization modification through the polymer side chains before and after 
deprotection.  
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modulated over a wide range by copoly-
meriation using EtOx, iPrOx, and nPrOx 
with either hydrophilic or hydrophobic 
2-oxazoline comonomers. [  35–48  ]  The 
thermosensitive solubility behavior of 
POx- and PEG-based materials were 
recently summarized and compared. [  49  ]  
Because of the specifi c chemical struc-
ture of POx, i.e. bearing only hydrogen-
bonding acceptors, the cloud points of 
thermosensitive POx are well-defi ned, 
and the soluble–insoluble transition 
typically occurs within  < 1 K with a min-
imal hysteresis. Thus, for “smart” POx 
systems that take advantage of the tem-
perature sensitivity, specifi cally tailored 
POx material can be realized. Impor-
tantly, amphiphilic POx of suffi cient 
amphiphilic contrast self-assemble 
into defi ned and small, usually spher-
ical micellar aggregates as analyzed 
by dynamic light scattering (DLS), 
fl uorescence correlation spectroscopy 
(FCS), and small-angle neutron scat-
tering for PNOx–PMeOx, PNOx–PEtOx, 
and PNOx–iPrOx as well as PNOx–
nPrOx block copolymers, [  27  ,  35  ,  50–52  ]  or 
by AFM on surface deposited micelles 
for PMeOx/PEtOx with soy-based 2-
oxazolines (SoyOx), PhOx, and NOx. [  53–58  ]  
The living ring-opening copolymeriza-
tion of 2-oxazolines even allows for the 
synthesis of defi ned tetrablock POx. [  54  ]  
For the design of micelles for drug 
delivery, amphiphilic gradient copoly-
mers provide an interesting alterna-
tive, as the solubility of gradient and 
block copolymers differ substantially, [  59  ]  
the resulting aggregate structures are 
signifi cantly different, [  51  ]  the surface 
activity of gradient copolymers is much 
higher [  60  ]  which considerably modulate 
the drug encapsulation effi ciency, [  61  ]  the 
cell uptake, [  62  ]  and possibly traffi cking 
of drug loaded micelles. 

 Alternatively, hydrophilic POx can be 
combined with hydrophobic moieties 
such as long alkyl chains or lipids by the 
initiation [  23  ]  or termination [  24  ]  method 
to yield defi ned non-ionic surfactants. 
This has been used frequently for the 
design of lipopolymers of defi ned 
hydrophilic–lipophilic balance for 
model membrane constructs. [  18  ,  19  ,  63–77  ]  
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     Figure  4 .     (a) Relative hydrophilicity of PEG, PMeOx (PMOZ), PEtOx 
(PEOZ), and PnPrOx (PPOZ) as studied by reversed-phase high-
performance liquid chromatography. (Reprinted with permis-
sion from ref. [  31  ]  Copyright 2012 American Chemical Society.) The 
higher the elution time, the lower the hydrophilic character of the 
polymer. (b) POx amphiphilic copolymers and lipopolymers along 
with (c) PEG-lipopolymers at the air–water interphase showing 
the reversible adsorption of PEtOx and PEG at the interface. 
(Reprinted after modifi cation with permission from ref. [  30  ]  Copy-
right 2003, American Chemical Society.)  
In a systematic study Volet et al. [  78  ]  investigated the 
micelle formation, critical micelle concentration (CMC), 
viscosity, and so on of PMeOx-monoalkyl amphiphiles. 
Interestingly, the micelles readily disintegrate upon addi-
tion of  β -cyclodextrin.  
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  2.1.4. Reactive Monomers 

 The relatively simple monomer synthesis via a variety of 
routes has facilitated the preparation of a large variety 
of monomers that can be utilized for subsequent modifi -
cations, typically with moieties which are incompatible 
with LCROP (Figure  3 e). For chemoselective and/or highly 
effi cient modifi cation, monomers bearing alkyne, [  12  ]  
alkene, [  79  ]  thiols, [  80  ,  81  ]  or aldehyde [  5  ]  moieties may be par-
ticularly noteworthy. Also reactive but rather interesting 
for their properties to introduce pending charges along the 
backbone are monomers with protected amines [  82  ]  or car-
boxylic acids. [  2  ]    

  2.2. Structural Versatility of POx 

 One important aspect of a polymer system used in thera-
peutics is the possibility to specifi cally tailor the polymer 
architecture. In particular, numerous studies with other 
polymers have shown, the polymer architecture critically 
infl uences the pharmacokinetics of a polymer and thus, 
potentially, the performance of a polymer-based drug 
delivery system. [  83–86  ]  Here, the living polymerization of 
2-oxazolines offers a powerful and yet easy method to vary 
the resulting polymer architecture by various methods. A 
direct approach is to use initiator multiplicity to control 
the polymer architecture which also allows to add terminal 
functionalities, such as attachment of drug-targeting moi-
eties at the chain ends by the termination method. [  24  ,  87  ]  
Mono- and difunctional initiators yield linear symmetric 
or asymmetric telechelic polymers, [  16  ,  88  ]  whereas higher 
plurifunctional initiators give tri- and tetra- arm star poly-
mers, [  89  ]  bow-tie multiarm stars, [  36  ]  and, ultimately, macro-
initiators result in comb copolymers or at high grafting 
densities in molecular brushes (Figure  5 ). [  90  ,  91  ]   

 In all cases, high initiator effi ciency and rapid initiation 
versus propagation is crucial to obtain defi ned structures. 
This can be realized by (pluri)trifl ates, [  89  ]  nosylates, [  36  ]  or 
oxazolinium macroinitiator salts. [  90  ,  91  ]  For example, oligo-
halides have been used for the preparation of star-like poly-
mers, but as initiation is slow compared to propagation it 
has to be expected that different arms of a star poly mer 
differ signifi cantly in their length. [  93–95  ]  Alternatively to 
the  grafting from  approach, star, dendritic, or comb poly-
mers can be synthesized by  grafting through  [  96–99  ]  and 
 grafting onto  [  14  ,  100–103  ]  approach. Although these methods 
involve additional preparative steps, they allow a direct 
combination of POx with other polymers including addi-
tional functions by main chain copolymerization or conju-
gation. As complex polymer architectures are notoriously 
diffi cult to characterize, the latter two methods enable 
a better analysis of the side-chain length, composition, 
functionality, and distribution  prior  grafting. Moreover, 
defi ned and thoroughly characterized batches of POx and 
5
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     Figure  5 .     A straightforward possibility to vary the architecture of 
POx. (a) Mono- and difunctional initiators yield linear homo- or 
block copolymers and optionally homo as well as heterofunc-
tional telechelics. (b) Tri-,tetra-, and plurifunctional initiators give 
rise to stars [  89  ]  and (c) “bow-tie” polymers. [  36  ]  (d) Macroinitiators 
yield molecular brushes. [  90  ,  91  ]  (e) Initiator functionalized nanopar-
ticles give polymer brush-coated nanocomposites. [  92  ]   
other polymers of different length and functions may 
be combined into a fi nal structure to yield complex, yet 
defi ned polymer constructs. This may be of advantage in 
the approval and fi nal application in different therapeutic 
situations. However, the limiting factor is the defi nition 
of the last synthetic step. Here, the recent developments 
in click chemistry might be an answer to this problem 
and various groups have recently demonstrated the versa-
tility of combining POx chemistry with various click reac-
tions for functionalization as well as assembly of complex 
polymer constructs. [  8  ,  12  ,  14  ,  25  ,  28  ,  34  ,  38  ,  79  ,  101  ,  104–108  ]  In this con-
text, the POx system shows potential for polymer thera-
peutics development; however, only fi rst steps have been 
made to utilize this modular toolbox. Moreover, a mod-
ular approach may be one possibility to overcome one of 
the most signifi cant limitations of this polymer, namely, 
Early View Publication; these are NOT the final 
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the limited molar mass of POx realizable by direct LCROP. 
Although the LCROP is of highly living nature, the cationic 
propagating species show typical side reactions such as 
chain transfer which becomes more prominent at high 
degrees of polymerization. [  109  ]   

  2.3. Biocompatibility of POx 

 The biocompatibility of a particular material is highly com-
plex and correlates with the interaction of the material 
with a variety of biological entities such as proteins and 
barrier membranes. Such interactions can be hydrophobic, 
electrostatic, or hydrogen bonding or any combination 
thereof. Accordingly, the ability to tailor the physicochem-
ical characteristics of a biomaterial is highly desirable. As 
discussed above, POx appears to be an ideal candidate in 
this respect. 

 In vitro cytotoxicity has been studied for a wide range 
of POx-based polymers and, generally, was found to be 
rather low in a range of cell lines such as human neural 
progenitor cells, Madin–Darby canine kidney cells, MCF7, 
HEP G2, and CATH.a. Linear, hydrophilic, amphiphilic, 
star-like POx, [  110–112  ]  and POx-based particles [  107  ]  have 
been studied. 

 Also hybrid systems, such as poly( L -lactide)- b -PEtOx-
 b -poly( L -lactide) (PLA–PEtOx–PLA) were found non-cyto-
toxic at 50 g L  − 1  and exhibit even at 15%wt only moderate 
reduction in cell viability (human skin fi broblast). [  113  ]  
In contrast, others found marked cytotoxicity at rather 
low concentrations of below 1 g L  − 1  of a PEtOx-poly( ε -
caprolactone) (PEtOx–PCL) block copolymer in KB cells [  114  ]  
or PEtOx- b -poly( L -lactide) in human fi broblasts (HFW) or 
non-small-cell lung carcinoma (CL3). [  115  ]  Similar triblock 
copolymers (PEtOx- b -PCL- b -PEtOx) were also found to be 
non-cytotoxic at up to 10 g L  − 1 . [  116  ]  Moreover, macrophages 
were not infl uenced in their metabolic and phagocytic 
activity after incubation with PEtOx-based polymers. [  117  ]  

 Not surprisingly, POx was found to be cytotoxic when 
cationic charges are incorporated, either along the back-
bone or the polymer termini. [  110  ,  118–120  ]  This was used for 
the development of antimicrobial POx. [  118  ,  119  ,  121  ]  Hemo-
compatibility studies showed no hemolytic effects for 
pure PEtOx at 20 g L  − 1 , [  31  ]  similarly PEtOx- b -PCl block 
copolymers were non-hemolytic at 10 g L  − 1 . [  114  ]  

 With respect to in vivo toxicity, PEtOx has been studied 
most thoroughly to date, followed by PMeOx. Tomalia and 
Killat [  122  ]  described in an early encyclopedia entry that 
PEtOx is very well tolerated per oral (rats) and dermal 
(rabbits) administration with LD 50  values exceeding 
4 g kg  − 1 . It was also described that PEtOx is non-irritating 
to eye (rabbits) and skin (guinea pigs). Unfortunately, 
no primary report could be found for these claims. 
More recently, Viegas et al. [  31  ]  reported that repeated 
intravenous injections (rats) of doses as high as 2 g kg  − 1  
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     Figure  6 .     Biodistribution of PMeOx and PEtOx. (a) Single photon emission computed 
tomography (SPECT) images of mice injected with  111 In-labeled PMeOx (5 kg mol  − 1 ) at dif-
ferent time points after injection. Comparison of biodistribution data of poly(2-hydroxy-
propyl methacrylamide) (PHPMA) (from ref. [  131  ] ) shows that POx give much lower uptake 
in the organs of the reticuloendotheliary system (liver, spleen). [  132  ]  Although introduction 
of negative charges to the HPMA can decrease RES uptake to some extent, extremely 
high kidney uptake may limit feasibility of this approach. (c) Structures of the radiola-
beled POx used in the biodistribution study.  
(  M   n   =  10 kg mol  − 1 ) had no adverse 
effects on the animals and that histo-
logical examinations of kidney, liver, 
and spleen did not produce any differ-
ence as compared to control animals. 
For 20 kg mol  − 1  PEtOx, apparently only 
lower concentrations of 50 mg kg  − 1  were 
studied and found to give no adverse 
effects. However, only lower doses were 
studied. Although, to the best of our 
knowledge, no comparable study has 
been performed with PMeOx, it may be 
assumed that similar low toxicity may 
be observed, as judged from cytotox-
icity [  110  ]  and biodistribution [  123  ]  studies. 
More recently, a POx-based hydrogel 
was investigated in rabbit for intravit-
real antibody delivery. Histology after 
2 months found no changes in mor-
phology of the retina. Moreover, elec-
troretinography demonstrated that 
retinal function was normal after gel 
injection. [  116  ]  

 Interaction of POx with proteins 
has been studied also by a number of 
researchers. In an early report, Naka 
et al. [  124  ]  investigated the interac-
tion between human serum albumin 

(HSA) with amphiphilic POx block copolymers. It 
was found that polymers with 2-butyl-2-oxazoline 
(BuOx) as the hydrophobic constituent adsorbed less 
albumin compared to polymers with 2-nonyl (NOx) or 
2-phenyl-2-oxazoline (PhOx) as the hydrophobic mon-
omer units. 

 Other groups studied protein interaction with surface 
grafted POx [PMeOx, PEtOx, and Poly(2- n -propyl-2-oxazoline) 
(PnPrOx)] in a variety of setups. Generally, the tendency 
for protein adsorption, cell or bacterial adhesion was 
found to be low for hydrophilic POx. [  100  ,  121  ,  125–127  ]  While 
the most hydrophilic POx such as PMeOx and PEtOx 
effectively prevent protein adsorption, the more hydro-
phobic POx (PnPrOx) promotes protein adsorption and 
subsequent cell adhesion. Additional, an infl uence of the 
polymer architecture and presence of hydrogen-bonding 
donors was found. [  126  ]  A direct comparison with analog 
PEG-based systems was recently carried out by Textor and 
co-workers. [  128  ]  Their main fi nding is that, under physi-
ological conditions, PMeOx-based coatings were signifi -
cantly more stable than PEG coatings and kept their non-
fouling properties while PEG suffered form substantial 
degradation over time. As PEG degradation results in reac-
tive species (radicals, peroxides, superoxides), the more 
stable POx seems to be a better, but not yet established 
alternative for the coatings of implants. 
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 Low unspecifi c protein adsorption is important in the 
context of blood circulation and polymer biodistribution. 
Indeed, liposomes containing POx lipopolymers exhibited 
prolonged blood circulation, very similar to PEG-coated 
liposomes. It should be noted that PMeOx-liposomes 
exhibited higher blood levels and lower liver accumula-
tion 24 h after administration. [  17  ,  129  ]  

 Hydrophilic POx alone show, depending on the molar 
mass, a biodistribution profi le that is consistent with the 
so-called stealth behavior. PMeOx and PEtOx of 5 kg mol  − 1  
and low dispersity (Ð  <  1.2) where excreted very rapidly 
(essentially at fi rst renal passage) and uptake in organs 
of the reticuloendothelial system was very low (PMeOx: 
Liver and Spleen  ≈ 0.1% ID/g 0.5–24 h p.i.; PEtOx: Liver 
and Spleen  ≈ 0.2%–0.3% ID/g 0.5–24 h p.i.) (Figure  6 ). [  123  ]  
In contrast, PMeOx of 15 and 30 kg mol  − 1  circulated much 
longer [blood levels 48 h p.i.: 4% ID (15 kg mol  − 1 ), 15% ID 
(30 kg mol  − 1 )]. In the same study, very low liver and spleen 
uptake was observed but uptake in skin was found to be 
signifi cant. [  130  ]   

 Formation of antibodies and complement activation 
are major concerns regarding polymer therapeutics. To 
the best of our knowledge, antibodies against POx are cur-
rently unknown, but ELISA has shown some complement 
activation. The levels of C3a-desArg fragments of the com-
plement cascade were studied after serum incubation 
7
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with a series of PMeOx, PEtOx, and PBuOx block copoly-
mers. [  133  ]  The levels were moderate but signifi cantly above 
negative control. Similarly, amphiphilic block copolymers 
of EtOx and 2-phenyl-2-oxazoline (PheOx) were shown to 
induce relatively high levels of SC5b-9 in a concentration 
and structure-dependent manner. [  111  ]  

 In summary, although much more needs to be done to 
verify the safety of POx for clinical use, in particular, with 
respect to polymer genomics and immunogenicity, the 
available data look very promising that POx may eventu-
ally be recognized as a safe material in general (GRAS). 

 In the context of POx for the use as polymer therapeu-
tics, the equally low protein interaction compared to PEG 
along with a signifi cantly better chemical stability of POx 
in conjuction with low unspecifi c organ deposition [  123  ]  are 
good arguments to look into the substitution of PEG with 
hydrophilic POx, for example, currently used PEGylated 
drugs that are constantly administered over long time or 
are to remain in the body.   

  3. Polymer–Protein Conjugates 

 It is widely recognized that many issues need to be 
addressed for effi cient therapeutic protein delivery. They 
include but are not limited to poor physicochemical sta-
bilities, problematic pharmacokinetics, immunogenicity, 
and inability to cross biological barriers such as the blood 
brain barrier and cellular membranes. [  134  ]  PEGylation with 
   Table  1.     Overview of POxylated proteins. 

Polymer Pr

PMeOx (1–10 kDa), PEtOx (3.5–6.5 kDa) Ca

PEtOx (5 kDa) Tr

PMeOx (6 kDa), P(MeOx- b -BuOx) (12 kDa), P(EtOx- b -
BuOx) (12 kDa), P(EtOx- co -BuOx) (9 kDa)

PEtOx (5 kDa and 10 kDa)

PEtOx (5 kDa) Ribo

PEtOx (5 kDa) U

PEtOx (5 kDa) In

P(IPOx- g -PEtOx) (surface bound protein density 
gradients)

PMeOx (5.8, 6.4 kDa) PEtOx (4.8, 9.3 kDa) Q β  v
pr

PEtOx (5, 10, 20 kDa) G
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linear or branched PEG successfully enhanced in vivo sta-
bility and circulation time and reduced immunogenicity 
of many protein therapeutics, and is now widely used in 
pharmaceutical and biotechnology industry with several 
very successful products in the market. [  10  ,  135  ,  136  ]  However, 
it is also evident that PEGylation does not help too much to 
enhance the delivery of proteins across cellular membranes 
and biological barriers to reach their target sites. Therefore, 
alternative polymer modifi cation strategies to enhance the 
transport and intracellular delivery of proteins are neces-
sary. At the same time, it would be desirable to retain the 
advantages of PEG and utilize the experience with PEGyla-
tion in protein pharmacokinetics. 

 POx has been studied for protein modifi cation (POxyla-
tion) and delivery for some time. In analogy to the PEGyla-
tion, most of these studies used the hydrophilic PEtOx and 
PMeOx homopolymers. 

 Various proteins such as trypsin, catalase, RNase, 
insulin, serum albumin, and few others have been conju-
gated to PMeOx or PEtOx (Table  1 ), and these protein–POx 
conjugates generally performed similarly to PEGylated 
proteins both in vitro and in vivo. Early work was per-
formed in the 1990s, but research later ceased for almost 
two decades.  

 In a two-step synthesis Farkas et al. [  137  ]  prepared POx–
bovine serum albumin (BSA) conjugates and successively 
POx–BSA–antigen conjugates for vaccination against  vibrio 
cholerae . For this, a non-protected aniline-functionalized 
2-oxazoline was used for the copolymerization with 
 

www.MaterialsViews.com

otein Linking chemistry Reference

talase P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  31  ,  138  ] 

ypsin P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  139  ] 

HRP P–NH 2   +  diNHS  +  Protein–NH 2  [  146  ] 

BSA P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  31  ] 

nuclease P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  31  ] 

ricase P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  31  ] 

sulin P–COOH/DCC/NHS  +  
Protein–NH 2 

 [  31  ] 

GFP P–COOH/EDC/NHS  +  
Protein–NH 2 

 [  141  ] 

irus coat 
otein

P–alkyne (CuAAc)  +  Protein–N 3  [  106  ] 

-CSF P–COH  +  Protein–NH 2  and 
P–NH 2   +  TGase  +  Protein–CONH 2 

 [  140  ] 
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MeOx and later polymer analog coupling. Although it was 
shown that both, BSA and the antigen was coupled, the 
free amino group interfered strongly with the LCROP and 
rather undefi ned polymers were obtained. 

 Saegusa and co-workers [  138  ]  studied POxylated catalase 
in vitro and compared the enzymatic activity in depend-
ence of the nature and molar mass of the attached poly mer 
(PMeOx and PEtOx; 1–10 kg mol  − 1 ). It was found that 
while the molar mass and extend of modifi cation had a 
major effect on the enzymatic activity of PMeOx-modifi ed 
catalase such infl uence was not observed for PEtOx. [  138  ]  
The results were recently confi rmed by others. [  31  ]  Both 
groups realized conjugation by NHS activated, carboxylate 
terminated POx. Using the same chemistry, PEtOx (5 and 
10 kg mol  − 1 ) was also conjugated to ribonuclease (RNase), 
insulin, BSA, and uricase. Depending on the extent of 
modifi cation and the enzyme, low (RNase), moderate (uri-
case) to high (catalase) residual enzymatic activities were 
observed. In, PEtOx-insulinvivo, PEtOx–insulin conjugate 
lowered blood glucose level for 8 h compared to 2 h for 
insulin alone in rats and PEtOx–BSA conjugate exhibited 
signifi cantly attenuated immunogenic properties com-
pared to BSA alone or PEG–BSA conjugates in rabbits. [  31  ]  

 Veronese and co-workers [  139  ]  have used similar chem-
istry to conjugate trypsin to PEtOx (5 kg mol  − 1 ). Again, it 
was found that enzymatic activity depended on the extent 
of the conjugation and was similar to PEGylated trypsin. 

 Using a different chemistry, Mero et al. [  140  ]  prepared 
PEtOx conjugates with granulocyte colony growth stimu-
lating factor (G-CSF). No signifi cant loss of protein func-
tion was observed in whilevitro, whereas in vivo a pro-
nounced increase in the pharmacodynamic area under 
the curve was found for neutrophil and white blood cell 
counts.  1   Interestingly, not only the POx molar mass but 
also the attachment site appeared to have an effect on the 
pharmacokinetic and–dynamic response. These results 
highlight the potential of POx as ideal alternatives to PEG 
for protein conjugation to modulate the delivery, protein 
activity and stability. Hutter et al. [  141  ]  prepared patterned 
bottle-brush brushes (BBBs) of poly(2-isopropenyl-2-ox-
azoline- g -PEtOx) on diamond by carbon templating [  142  ]  
and coupled green fl uorescence protein (GFP) onto the 
pendant PEtOx chain ends. Besides the surprisingly high 
conjugation effi ciency onto the BBBs, it was found that for 
polymer–brush–GFP conjugate the protein keeps its native 
state and the protein stability signifi cantly improves as 
compared to the free GFP. 

   1 Pharmacodynamics may be simplifi ed as what the drug does to the 
organism, as opposed to pharmacokinetics which may be defi ned as 
what the organism does to the drug (e.g., metabolism). Please see: 
L. Z. Benet, Pharmacokinetics: basic principles and its use as a tool in 
drug metabolism, page 199 in: Drug Metabolism and Drug Toxicity 
(Eds: J. R. Mitchell and M. G. Horning), Raven Press, New York 1984.  
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 However, as mentioned above, PEGylation is not nec-
essarily helpful to carry therapeutic proteins across bio-
logical barriers. Similarly, hydrophilic POx are expected to 
convey the same problems. Some of us have reported that 
modifi cation with amphiphilic block copolymers such as 
Pluronics can effi ciently enhance the cellular delivery and 
transport across the blood brain barrier of various proteins 
and increase their in vivo circulation time at the same 
time. [  143–145  ]  This strategy can also be successfully applied 
using amphiphilic block copolymers based on POx. Espe-
cially, variation in side chain length and architecture of 
POx provides a powerful tool to modulate the polymer 
hydrophilic/hydrophobic balance, which may be critical 
for enhancing protein delivery, for example, to the brain. 

 We prepared conjugates of horseradish peroxidase (HRP) 
with two block copolymers P(MeOx- b -BuOx) and P(EtOx-
 b -BuOx), one random copolymer P(EtOx- co -BuOx) and a 
PMeOx homopolymer using biodegradable or non-bio-
degradable linkers and a NHS-based synthetic strategy. [  146  ]  
These conjugates contained on average one to two polymer 
chains per protein molecule and retained 70% to 90% of 
enzymatic activities. Signifi cantly enhanced cellular uptake 
in both MDCK cells and Caco-2 cells was found in the con-
jugates of P(MeOx- b -BuOx) and P(EtOx- b -BuOx), but not in 
the conjugates of P(EtOx- co -BuOx) and PMeOx. 

 Recently, Finn et al. [  106  ]  used the highly effi cient copper-
catalyzed azide-alkyne cycloaddition (CuAAc) to combine 
functionalized POx (PMeOx, PEtOx) with virus-like particles 
(VLPs). The alkyne-function on the POx, placed either as a 
pendant or as an end function, was reacted with the VLPs 
(Q β ) bearing azide groups. The CuAAc click reaction gave 
defi ned core-shell nanocomposites with the hydrophilic 
POx forming the shell. The combination of VLPs with 
POx bearing pendant alkyne groups per chain resulted 
in near to quantitative click reaction because of the coop-
erative binding effect. Most interestingly, the tempera-
ture stability of the POx–VLP conjugate was signifi cantly 
enhanced if the capsid subunits were interconnected via 
the side chain functionalized POx. This strategy of a protein 
complex in a polymer net should also work for other func-
tional protein complexes such as enzymes, to enhance or 
modulate their stability and function and may open new 
modes for their use. The potential use of POx-virus biohy-
brids spans from the modulation of the immunosystem to 
drug delivery, taken advantage of the virus inner volume 
and the chemistry of the POx shell to stealth the virus and 
to attach specifi c binding motifs for targeting.  

  4. Polyplexes 

 In the context of gene delivery, POx have long been of great 
interest, albeit as a very convenient source of defi ned and 
linear poly(ethylene imine) (PEI), which can be obtained 
9
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by hydrolysis of POx. Apart from PEI, also platforms com-
prising POx have been investigated for gene delivery. Park 
and co-workers [  120  ]  used the well controllable hydrolysis 
of PEtOx to investigate the effect of partial hydrolysis. It 
should be noted that rather poorly defi ned, commercially 
available POx (Ð  =  3–4) was utilized in this study. Degrees 
of hydrolysis were about 50% to 90%. Clearly, cytotoxicity 
of the polymers was strongly dependent on the degree of 
hydrolysis with PEtOx- co -PEI (8/92 mol/mol) being as toxic 
as branched PEI. In general, polycations are toxic because 
of their strong interaction potential with cell membranes 
(negatively charged phospholipids) and proteins. Hence, 
in gene delivery, toxicity has to be balanced with trans-
fection effi ciency. In this fi eld, many questions remain, 
but for POx–PEI copolymers it could be demonstrated that 
the same transfection effi ciency could be obtained while 
lowering the cytotoxicty. [  120  ]  Klibanov et al. [  147  ]  showed 
that full deacylation of POx dramatically boosts the gene 
delivery effi ciency and specifi city. 

 Hsiue and co-workers used an extension of this 
approach to obtain block copolymers of POx and PEI. 
Analog to Park’s work, starting from a linear PEtOx, the 
side chains were partially saponifi ed. Subsequently these 
copolymers were coupled to another PEtOx via a disulfi de 
linkage. Interestingly, although much higher ratios of 
polymer/DNA were necessary to effi ciently condense 
DNA compared to branched PEI, HeLa cells could be very 
well transfected with luciferase encoding plasmid DNA. 
As the toxicity of the non-ionic/cationic copolymers was 
strongly attenuated as compared to branched or linear 
PEI, the strategy of lowering the charge density in non-
viral vectors appears promising. However, to date no fur-
ther development on this platform has been reported. [  26  ]  

 Finally, Lühmann and co-workers [  148  ]  studied brushes 
comprising a poly( L -lysine) (PLL) backbone with PMeOx 
grafted onto the side chains (PLL- g -PMeOx). These 
   Table  2.     POxylated targeting or therapeutic small molecules. 

Polymer Peptide/drug

PMeOx PEtOx 
(1–10 kDa)

HCPC

PMeOx, PEtOx RGD PO

PEtOx CREKA

PMeOx MTII

PEtOx Ara-C

Unknown, 
presumably PEtOx

Irinotecan/folate (SER203)

Unknown, 
presumably PEtOx

Irinotecan (SER201)

Unknown, 
presumably PEtOx

Unknown/folate (SER207)
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materials were previously discussed in the context of 
non-fouling surfaces. [  100  ,  121  ,  128  ]  Here, only graft copoly-
mers with comparably short PMeOx (4 kg/mol) and rather 
low grafting densities of  ≈ 10% could effectively transfect 
cells (COS-7). In part, this was attributed to the fact that 
more densely grafted brushes could not condense DNA as 
well (steric hindrance). In addition, when larger PMeOx 
(8 kg mol  − 1 ) was grafted onto PLL, the resulting DNA con-
densates were larger and found be less effectively taken 
up into cells, which would also prevent transfection. Also, 
and similar to analogous PLL- g -PEG brushes, DNA was 
protected from degradation by serum proteins. 

 In summary, only few groups have utilized POx-based 
platforms for gene delivery purposes to date. However, 
considering the promising fi rst results and the versatility 
of POx chemistry and the possibility of structural varia-
tions, more systems can be expected in the near future.  

  5. Polymer–Drug and Polymer–Peptide 
Conjugates 

 Only very few examples can be found for this category 
which are summarized in Table  2 . In fact, only two peer-
reviewed papers have been published, the other exam-
ples were presented at conferences or published online 
otherwise.  

 One of the earliest papers of POx in a biomedical cate-
gory falls in this context. In a pioneering study, Riffl e and 
co-workers [  87  ]  used living POx chains to directly attach 
the polymer to a short dodecapeptide (EDQVDPRLIDGK). 
The recovered yields were rather low. Sub sequently, the 
avidity of the peptide to a specifi c antibody was tested. 
It was reported that PMeOx and PEtOx in the range of 
1–10 kDa did diminish the binding to the antibody to 
some extend. The increase in half-maximal inhibitory 
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Linking chemistry Reference

Direct termination with protein–NH 2  [  87  ] 

x-alkyne  +  Peptide–azide, POx–aldehyde  +  
Peptide–aminooxy

 [  28  ,  132  ] 

Native ligation  [  132  ] 

POx-aldehyde  +  Peptide–aminooxy  [  132  ] 

P-COOH/DCC/NHS  +  Protein–NH 2  [  139  ] 

Presumably POx–alkyne  +  drug azide  [  149  ] 

Presumably POx–alkyne  +  drug azide  [  149  ] 

Presumably POx–alkyne  +  drug azide  [  149  ] 
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concentrations (IC 50 ) were increased by a factor of 25 
at maximum. [  87  ]  After this work, a large gap of about 
15 years occurred before attachment of small peptides to 
POx was investigated again. 

 Luxenhofer et al. [  28  ,  132  ]  prepared conjugates of various 
POx with a variety of small peptides, namely, cyclic RGD 
binding integrin  α  v  β  3 , the phage-display identifi ed CREKA 
sequence and MTII, known to bind melanocortin receptor. 
All conjugations were performed using chemoselective 
reactions using POx with appropriate side chains. CREKA, 
bearing an N-terminal cysteine was an ideal candidate for 
native ligations, while the other peptides were attached 
using aminooxy-aldehyde ligation or click chemistry (Cu-
catalyzed 1,3 dipolar cycloaddition of azides and alkynes). 
Most conjugates contained also radionuclide chelators 
and were designed for radionuclide therapy or diagnosis. 
This work presented a proof-of-principle with respect to 
the preparation of such conjugates but unfortunately not 
comprehensive biological evaluation was performed. Pre-
liminary work using the RGD and MTII conjugates showed 
that the peptides led to some specifi c binding and in vitro 
as well as in vivo .  

 Similarly preliminary, POx conjugates to cytosine ara-
binose (Ara-C) exhibited a biological effect, albeit some-
what attenuated as compared to a corresponding PEG 
conjugate. [  139  ]  

 Finally, Harris and coworkers presented data on POx 
conjugates to irinotecan (with and without folate tar-
geting), a potent drug plagued by severe side effects (most 
importantly diarrhea and immunosuppression). Although 
no details are available for this commercially developed 
platform (Serina Therapeutics Inc.), it was suggested that 
the conjugation chemistry utilized is similar or equal to 
the strategy employed by Luxenhofer et al. before. [  149  ,  150  ]  
The fi rst results are promising and the company plans to 
move forward into clinical trials in 2013. [  149  ]   

  6. Polymeric Micelles, Aggregates, 
and Nanoparticles 

 A common problem for the application of many potent 
drugs and drug candidates especially in cancer therapy is 
the often very limited water solubility of these molecules 
and hence, their poor bioavailability. One possibility is to 
link the drug to a hydrophilic polymer (see Section 5), which 
however, results in the formation of a “new chemical 
entity” which complicates regulatory approval. Another 
possibility that does not involve chemical modifi cation of 
the drug, is to solubilize the drugs in polymeric micelles. 
Here, formulations with polymer amphiphiles are most 
suitable, as polymeric micelles are of higher thermody-
namic stability as compared to micelles from low molar 
mass amphiphiles, no ionic motives are needed to realize 
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a strong amphiphilic contrast, their critical micelle concen-
tration is very low (10  − 8 –10  − 2  mol L  − 1 ) and thus polymeric 
micelles are less likely to disassemble upon dilution, that 
is, when administered intravenously. [  151  ,  152  ]  Moreover, the 
hydrophilic polymer shell of the micelles can automatically 
provide the stealth effect known from naturally occurring 
transport systems and liposomal formulations to prolong 
the blood circulation time. At the same time it offers the 
possibility to attach specifi c binding sites for targeted drug 
delivery. [  153  ]  Especially for anti-cancer agents, polymeric 
micelles are suitable for selective delivery through a pas-
sive targeting mechanism, [  154  ]  and formulations using 
Pluronics (PEG- b -PPG- b -PEG) have been studied to a great 
extend as drug delivery systems. [  155–157  ]  

 For micellar drug delivery, POx is ideally suited. Analog 
to the polyethers, POx is synthesized by living polymeriza-
tion, allowing for high structural and compositional defi -
nition and quantitative endgroup functionalization. How-
ever, in contrast to polyethers, the water solubility of POx 
can be specifi cally fi ne-tuned and also spans a broader 
range as discussed above. 

 Combination of hydrophilic POx with (biocompat-
ible) hydrophobic polymers yields polymer amphiphiles 
suitable for drug delivery by compartmentation into 
polymersomes as nanocarrier systems for drug and gene 
delivery. [  158  ]  A prominent example is the work by Meier 
using (giant) polymersomes assembled from PEG–PDMS–
PMeOx [  159  ,  160  ]  or PMeOx–PDMS–PMeOx [  158  ,  161–164  ]  for 
encapsulations of trypsin, [  165  ]  pravastin, [  166  ]  and  trypano-
soma vivax  nucleoside hydrolase (TvNH) combined with 
the bacterial outer membrane protein OmpF (a porine) for 
transmembrane transport of prodrugs and drugs. [  167  ]  The 
biomimetic nature of the polymersome makes a cell spe-
cifi c integration and traffi cking of such constructs as arti-
fi cial organelles possible and they could even be used for 
a virus-assisted loading with DNA. [  168  ]  As outlined above, 
the outer POx layer can be used for specifi c attachment of 
cell targeting moieties while keeping the stealth effect of 
the hydrophilic POx shell of the assembly. Meier et al. [  169  ]  
used the biotin-streptavidin system to conjugate ligands 
that target scavenger receptor A1 from macro phages. In 
human and transgenic cell lines, receptor-specifi c binding 
was followed by vesicular uptake while otherwise non-
specifi c binding and cytotoxicity was not observed. 
Recently, the same group attached antibodies onto the 
amine or hydroxyl-terminated PMeOx shell for specifi c 
targeting of SKBR3 breast cancer cells. [  170  ]  Montemagno 
and co-workers [  171  ]  used the second alternative, PEtOx-
PDMS-PEtOx, for the self-assembly of polymersomes to 
realize the biosynthesis of ATP. [  172  ,  173  ]  Very recently, Tiller 
and co-workers [  174  ]  reported on PMeOx–PPhOx–PMeOx 
ABA block copolymers that self-assemble in aqueous solu-
tions into unimolecular micelles, micellar aggregates and, 
analog to the POx–PDMS–POx system, into form-stable 
11
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polymersomes. Although no drug loading of the polymer-
somes were shown yet, it can be expected that fi rst drug-
delivery systems will be realized soon. 

 Combination of POx with other hydrophobic polymers 
result in polymer amphiphiles that can combine advanta-
geous properties of POx in terms of the stealth effect with 
already established polymer systems. Obeid and Scholz [  15  ]  
used  α , ω -amino,hydroxyl-PMeOx as macroinitiators for 
the ROP of  N -carboxyanhydrides (NCAs) to yield defi ned 
POx-poly(amino acid)s (PAA) copolymers. [  175  ]  In water, the 
amphiphilic POx-PAA block copolymers assembled into 
particles with a diameter around 70–130 nm depending on 
the block sizes and ratio, a suitable size range to use such 
particles as polymer therapeutics. Hsiue et al. [  176  ]  prepared 
polyion complex micelles (PIC) from PEtOx-poly(aspatic 
acid) (PAsp) from amino-terminated PEtOx by the same 
route. Under neutral or alkaline conditions both polymers 
are hydrophilic, only under acidic conditions (pH  <  5.2) core-
shell micelles with a PEtOx shell are formed. Via the PAsp 
segment, an antifungal drug, amphotericin B (AmB), was 
associated into PICs in high contents (up to 47 wt%). The 
formulation of AmB into micelles signifi cantly increased 
the solubility of the drug as well as its effi cacy (against 
fungal cells). This was attributed to a release of AmB in its 
monomeric form. In vitro the cytotoxicity with respect to 
human fi broblasts HT-1080 of loaded PIC was found to be 
less than a comparable commercial formulation (Fungi-
zone) used in clinics. Chang et al. [  177  ]  prepared amphiphilic 
comb copolymers with a polyphosphazene backbone and 
PMeOx side chains by the  grafting from  method using 
benzylbromide initiators along the main chain. The fi nal 
amphiphilic poly(4-methylphenoxyphosphazene)- g -
PMeOx formed defi ned micelles that solubilized pyrene 
effi ciently. Despite its structure, polyphosphazene is a 
highly biocompatible and non-toxic polymer and thus 
its combination with POx into amphiphiles has some 
potential. Recently, Guillerm et al. [  101  ]  combined  α -alkyne-
PMeOx with poly( ε -caprolactone) (PCL) bearing azide 
pendant functions to form comb copolymers via  grafting 
onto  using Cu-catalyzed click chemistry. In water, the PCL-
 g -PMeOx copolymers assembled into defi ned spherical 
nanoparticles of 40 nm ( R  h ). Jeong and co-workers [  178  ]  
used hydroxyl-end-functionalized PEtOx to prepare linear 
block copolymers with poly( L -lactide) (PLA) and PCL. 
PEtOx-PCL polymeric micelles were used to solubilize 
paclitaxel (PTX) by the dialysis method. [  114  ]  PTX is one 
of the most potent anti-cancer drugs known for various 
cancers including ovarian, breast, and lung cancer but is 
unfortunately almost insoluble (1 μ g mL  − 1 ). The loading 
content was in the range of 0.5–7.6 wt% depending on 
the copolymer composition and preparation conditions 
with a decreasing loading effi ciency for increasing PTX 
feed ratio. The PTX-loaded micelles with a hydrodynamic 
diameter around 20 nm showed no signifi cant hemolysis 
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and a membrane toxicity comparable to Cremophor EL. 
In vitro studies revealed that the inhibition of KB human 
epidermoid carcinoma cells was similar to commercial 
PTX formulations based on Cremophor EL. Following the 
same synthetic route, PEtOx- b -PLA diblock [  115  ,  179  ]  as well 
as triblock [  180  ,  181  ]  copolymers were synthesized by Hsiue et 
al. and their pH- and temperature responsiveness investi-
gated. The PEtOx- b -PLA micelles were used for the solubi-
lization of doxorubicin (DOX) in neutral pH, DOX release 
could be triggered by acidic conditions. The system is 
proposed as an intracellular drug carrier releasing the 
payload in acidic cellular organelles by means of micelle 
disintegration. Later on, the PEtOx- b -PLA copolymer was 
used in combination with poly( N -isopropyl acrylamide-
 co -methacrylic acid)- g -PLA graft copolymer and PEG-
 b -PLA [  179  ]  to form mixed micelles for DOX transport with 
optimized properties in terms of higher drug effi ciency 
and lower material cytotoxicity (in vitro studies with HeLa 
cells) as compared to one component micelles. PEtOx-PLA-
based micelles can also be used for a different therapeutic 
approach, namely for photodynamic therapy (PDT). In 
PDT, light-induced chemical reactions are used to cause 
localized tissue damage for the treatment of cancerous or 
other non-malignant conditions with the help of photo-
sensitizers and specifi c irradiation. One problem of PDT is 
that patients have to stay basically in the dark during the 
therapy to avoid skin phototoxicity. Lai and co-workers [  182  ]  
incorporated meta-tetra(hydroxyphenyl)chlorin (mTHPC), 
into pH-sensitive PEtOx- b -PLA micelles and investigated 
the cytotoxicity and antitumor effect in vitro and in vivo. It 
was found that formulated mTHPC was as effective as free 
mTHPC, however, the photosensitivity of the skin (mice) 
could be signifi cantly reduced which indicates a possible 
improvement of PDT by the use of POx-based micelles as 
the photosensitizer carrier system. 

 As outlined above, different amphiphilic POx have 
been investigated with respect to their self-assembly 
behavior into defi ned micelles or nanoparticles and their 
inter action with proteins and cells. Naka et al. [  124  ]  studied 
various amphiphilic POx with PMeOx as the hydrophilic 
and PBuOx, (poly(2- n -octyl-2-oxazoline) POcOx and PPhOx 
as the hydrophobic block in the range of   M   n   =  4.7–7.1 kDa. 
Depending on the block copolymer nature and compo-
sition, the formation of spherical as well as cylindrical 
micelles were found by DLS and TEM. A detailed study 
of their interaction with HSA revealed that adsorption of 
HSA mainly occurs at the surface or via the hydrophilic 
shell of POx micelles and not at the hydrophobic core. 
Donev et al. [  111  ]  studied the complement activation, neu-
rotoxicity and neurodevelopmental gene expression of 
P(EtOx- co -PhOx) (mass range: 6.5–12.5 kDa,  R  H : 110–
150 nm) using human neural progenitor cells (ReNcell 
VM expanded and differentiated in presence of POx). For 
high micellar concentrations, a signifi cant complement 
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activation was found for P(EtOx- co -PhOx) particles of 
 R  H   =  122 nm based on the resulting C5b-9 concentration 
(a membrane attack complex responsible for cellular 
lysis.) However, at low concentrations and for slightly 
smaller or bigger micelles no signifi cant activation of the 
complement system was found. In cytotoxicity assays 
with human neurons no neurotoxic effect was observed 
for all P(EtOx- co -PhOx) micelles. Finally, the effect of the 
micelles upon gene expression during differentiation was 
studied. Using a panel of thirty relevant genes only the 
smallest P(EtOx- co -PhOx) micelles may cause some neu-
ropsychiatric disorder because of down-regulation of two 
genes during neurogenesis. For differentiated neurons, 
no adverse effects could be observed for all POx micelles. 
This fi rst study, however, allows no clear answer to a pos-
sible structure–property relationship with respect to the 
block copolymer, amphiphilic contrast as well as micellar 
structure. Luxenhofer et al. [  110  ]  synthesized a series of 
POx homopolymers (PMeOx, PEtOx;   M   n   =  6.4–6.7 kDa), 
amphiphilic diblock copolymers (PMeOx- PEtOx- with 
-PBuOx, -PiPrOx, -PnPOx;   M   n   =  10–13 kDa) as well as 14 
different ABA and ABC triblocks (  M   n   =  5.8–14.7 kDa) 
including a variation of endfunctions and introduction of 
an alkyne side functionality for polymer analogue click 
reactions. The cytotoxicity of all polymers was studied 
using various cancer or immortalized cell lines (human 
breast cancer: MCF7, MCF7-ADR, immortalized canine 
kidney cells: MDCK). For all hydrophilic homopolymers 
as well as all amphiphilic di- and triblock copolymers no 
cytotoxicity even at high concentrations could be found. 
The only exceptions were found for POx equipped with 
quaternized endgroups bearing a long  n -alkyl chain. Such 
compounds are known as antimicrobial polymers from 
the studies of Tiller and co-workers. [  118  ,  119  ,  183–185  ]  Further-
more, Luxenhofer studied the cellular uptake (endocy-
tosis) of the hydrophilic and amphiphilic di and triblock 
POx by fl ow cytometry and confocal fl uorescence micro-
scopy. A clear relationship between the amphiphilic struc-
ture and cell uptake was found. The more hydrophobic 
the copolymer structure is, the more readily it enters the 
cell. The cell uptake appears to be similar to pluronics 
or amphiphilic poly(2-hydroxypropylmethacrylamide) 
(PHPMA) copolymers, [  62  ]  however, endocytosis was found 
to be unusually rapid for several amphiphilic POx, for 
example, for PEtOx- b -PBuOx block copolymers with 100% 
gated cells within only 10 min. After internalization of 
the POx micelles by the cells, the polymer was found to 
be distributed throughout the entire cell with increasing 
concentration in the perinuclear region and possibly 
enriched in vesicular compartments. No remaining POx 
was found in the cell membranes. The effi ciency and 
speed of cell gating is a very promising indicator that 
POx micelles as a drug-delivery vehicle for conjugated 
or incorporated drugs. Along this line, Schubert and co-
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workers [  107  ]  presented a fi rst study of the cellular uptake 
of random P(EtOx- co -(2-decenyl-2-oxazoline)) (P(EtOx- co -
DecOx)) into mouse fi broblasts. The pendant double-bond 
allows for later polymer analog functionalization by, for 
example, thio-click reactions. The water-insoluble PEtOx-
PDecOx copolymer (  M   n   =  5.2 kDa) gave particles of 0.25 
and 0.66  μ m diameter by a nano-precipitation method. 
Cell uptake was observed by confocal microscopy. The last 
section of this paper will present work on micellar drug-
delivery systems using amphiphilic POx which started to 
appear only since 2010. 

 In 2010, Hruby et al. [  186  ]  reported on PMeOx–P(iPrOx-
 co -BuOx)–PMeOx triblock copolymers (  M   n   =  4.7 kDa) as a 
radionuclide delivery system. They used the temperature 
dependent solubility of the intermediate block to induce 
the formation of micelles ( d   =  200 nm) under physiolog-
ical conditions. For radiolabeling, some of the BuOx was 
replaced by 2-butenyl-2-oxazoline (EnOx) and modifi ed 
by thio-click with sulfanylethyl-2-(4-hydroxyphenyl)
acetamide which could be used for the introduction of 
 125 I as the radionuclide in good yields and suffi cient in 
vitro stability. The haemolytic activity of all polymers as 
tested using full blood was found to be very low even at 
high concentrations which would correspond to a (hypo-
thetical) total dose of 5 g per human. Various iodine radio-
isotopes are suitable for both, diagnosis as well as radio-
nuclide therapy of solid tumors. 

 Milonaki et al. [  61  ]  used amphiphilic gradient PMeOx- co -
PhOx copolymers for the encapsulation of the hydrophobic 
drug indomethacin (IND), a nonsteriodal anti-infl amma-
tory drug [nonselective inhibitor of cyclooxygenase (COX) 
1 and 2] for the treatment of rheumatoid and osteoarthritis 
but also present in prescription medication to reduce fever, 
pain, stiffness, and swelling. Based on DLS and AFM char-
acterization, the PMeOx- co -PhOx copolymers assemble 
into a mixture of spherical micelles, vesicles, and larger 
aggregates of different sizes and ratios depending on the 
copolymer composition and aqueous media used. The IND 
could be loaded into the copolymer assemblies at very 
high drug–polymer ratio (0.25:1–0.75:1 w:w), which was 
attributed to the hydrophobic nature of the drug along 
with other favorable drug–polymer interactions. 

 Amphiphilic P(EtOx- co -BuOx) as well as a simple 
hydrophilic PEtOx homopolymer (  M   n   =  8 kDa and 5 kDa) 
was used by Kabanov et al. [  112  ]  to formulate hydrophobic 
fullerene (C 60 ). Fullerene is referred to as a “radical 
sponge” due to its powerful radical scavenging potential. 
However, the water insolubility along with its toxicity 
limits its use as a therapeutic antioxidant. The formula-
tion of fullerene with PEtOx, PEtOx–PBuOx [as well as 
with poly( N -vinylpyrrolidone), PVP for comparison] from 
a toluene/chloroform solution yields nanoformulations 
with a fullerene content of up to 1 wt% and defi ned sizes 
with a C 60  enriched inner core and a outer shell formed by 
13
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the hydrophilic POx. The cytotoxicity of the POx-C 60  nano-
formulation using three different cell lines [MDCK, Hep 
G2, and catecholaminergic (CATH.a) neuronal cells] was 
evaluated and no cytotoxicity was found at concentra-
tions up to 50  μ M. Only at high concentrations of 100  μ  M , 
POx-C 60  caused minor inhibition of cell growth (MDCK) 
and reduced cell viability (HEP G2 and CATH.a neurons). 
The cellular uptake into CATH.a neurons of, for example, 
PEtOx-C 60  was found to be considerably greater compared 
to PVP-C 60  and no accumulation into mitochondria was 
found, instead the C 60  was mainly in the cytoplasm. Effi -
cient scavenging of intracellular superoxide induced by 
Ang II stimulation indicates the therapeutic potential of 
the POx-C 60  nanoformulation in Ang II-related cardiovas-
cular diseases such as hypertension and heart failure. 

 Luxenhofer et al. [  133  ]  used amphiphilic PEtOx- b -PBuOx 
diblock (  M   n   =  11.5 kDa) and a series of PMeOx–PBuOx–
PMeOx triblock copolymers (  M   n   =  8.5–10.4 kDa) for the 
solubilization of the anti-cancer drug paclitaxel (PTX). The 
POx–PTX formulation was prepared by a simple, yet highly 
reproducible and effective thin fi lm method that yielded 
small and defi ned PTX-loaded POx-micelles in the range 
of 20–30 nm. An extraordinary high drug-loading capacity 
of up to 45% was found (a nearly 1:1 drug:polymer ratio) 
and the micellar solution remained clear and stable under 
ambient conditions for weeks. Along with the fact that 
only POx needs to be used as the formulation excipient, 
makes this formulation highly competitive to PTX formula-
tions currently used in cancer chemotherapy (see Table  3 ). 
The cytotoxicity of the unloaded POx amphiphiles using 
human breast carcinoma cells (MCF7/ADR) was found to 
be low and immunogenicity as determined by the acti-
vation of the C3a complement fraction was signifi cantly 
lower compared to Cremophor EL. Even PTX-loaded POx 
micelles were determined less immunogenic then Cremo-
phor EL or Taxol (commercial formulation of PTX with Cre-
mophor EL). In the in vivo test using tumor-bearing mice, 
the POx-PTX formulation showed superior growth inhibi-
tion than Taxol. Interestingly, probing the polar microen-
vironment of the micelles of POx amphiphiles by pyrene, 
   Table  3.     Comparison of micelles from PMeOx–PBuOx–PMeOx (POxso

Formulation Status Excipient PTX p
[w

Taxol Market Cremophor EL/EtOH

Abraxane Market HSA

Genexol Market PEGylated PLA

OPAXIO b) Phase III PLGA

NK 105 Phase II/III PEGylated synthetic 
peptide

POxsol Preclinical PMeOx-PBuOx-PMeOx

    a) Information given in package insert;      b) Formely known as XYOTAX.   
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the extremely high loading capacity coincides with a high 
I 1 /I 3  ratio from the pyrene fl uorescence spectra. Using the 
I 1 /I 3  ratio as a measure for the polarity of the micellar 
core, this would indicate that the solubilized pyrene expe-
riences a higher polar environment as, for example, in 
water or other polar organic solvents. The unusually high 
drug-loading is attributed to the PBuOx block forming the 
micellar core. Here, the pendant alkyl chains are just long 
enough to render the block hydrophobic but at the same 
time allow for effective polar interactions of incorporated 
molecules (pyrene or PTX) with the tertiary amide group 
of the polymer. In the series of 2-oxazoline monomer 
units this seems to be unique as analog experiments with 
pyrene solubilized in PNOx-PMeOx as well as Pluronic P85 
gave expectable I 1 /I 3  ratios (1.33 for PNOx–PMeOx, 1.49 
for Pluronic P85) in the pyrene spectrum. Accordingly, in 
PNOx–PMeOx, the PTX loading capacities were signifi -
cantly lower (7 wt%). In the same study, also solubiliza-
tion of AmB, cyclosporine A (CyA, an immunosuppressant 
drug used in organ transplantation), and etoposide (ETO, 
an anticancer agent that inhibits topoisomerase II) were 
studied. For ETO, no stable micellar solution could be 
obtained but AmB as well as CyA could be loaded into POx-
micelles at high drug contents (both 17 wt%). The unusu-
ally high drug-loading capacity of POx polymers were also 
observed by Milonaki et al. [  61  ]  for the solubilization of IND 
as described above using PhOx as the hydrophobic block. A 
correlation of the alkyl chain length of a micelle forming 
surfactant with the taxane loading was also found for 
small molecule excipients. [  187  ,  188  ]  Incorporation of drugs 
into POx micelles appears to be most effective for the 
incorporation of water-insoluble drugs featuring polar and 
aromatic groups that can interact with the polymeric car-
rier not only by hydrophobic but additional polar,  π  π -, and 
H-bonding interactions. Comparing the high drug-loading 
capacity of POx, for example, PTX with formulations used 
in current chemotherapy shows the signifi cant improve-
ment POx could provide to cancer and other chemothera-
pies. In terms of drug loading as well as the total amount 
of solubilized drug in a stable formulation, POx micelles 
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Reference
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10 1:10 5  a) 

17 1:5 6  [  189  ] 

26 1:4 9  [  190  ] 

30 1:3 3  [  191  ] 

45 1:1 40  [  192  ,  193  ] 
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   Table  4.     Drugs formulated in POx-based micelles or self-assembled aggregates. 

Polymer Payload  d  [nm] Reference

PMeOx–PDMS–PMeOx OmpF/TvNH 200  [  167  ] 

PMeOx–PDMS–PMeOx Trypsin  < 200  [  165  ] 

PMeOx–PDMS–PMeOx Pravastin 97  ±  10  [  166  ] 

PMeOx–PDMS–PMeOx DNA 250  [  168  ] 

PEtOx–PCL PTX 18.3-23.4  [  114  ] 

PLA–PEtOx–PLA DOX 150 (blank) 200 (pH-dependent)  [  180  ] 

Mixed: poly( N -isopropyl acrylamide- co -meth-
acrylic acid)- g -poly( D , L -lactide) (P(NIPAAm- co -
MAAc)- g -PLA); PEG–PLA; PEtOx–PLA

DOX 180-300 (blank) 165 (pH-dependent)  [  179  ] 

PEtOx–PLA DOX 121-164 (blank) 170-210  [  115  ] 

PEtOx–PAsp AmB 108  [  176  ] 

PEtOx–PLA mTHPC 77  [  182  ] 

PMeOx–PiPrOx-PMeOx  125 I  [  186  ] 

PMeOx–grad–PhOx IND Micelles, vesicles, and larger 
aggregates

 [  61  ] 

PEtOx–PEtOx–PBuOx Fullerene (C 60 ) 156 (formulation) 132 (formulation)  [  112  ] 

PEtOx–PBuOx PTX n.d.  [  133  ] 

PNOx–PMeOx PTX n.d.  [  133  ] 

PMeOx–PNOx–PMeOx PTX n.d.  [  193  ] 

PMeOx–PBuOx–PMeOx PTX 20–30, 36  [  133  ,  192  ] 

PMeOx–PBuOx–PMeOx AmB 145  [  133  ] 

PMeOx–PBuOx–PMeOx CyA n.d.  [  133  ] 

PMeOx–PBuOx–PMeOx DTX 18  [  192–194  ] 

PMeOx–PBuOx–PMeOx ETO not stable  [  192–194  ] 

PMeOx–PBuOx–PMeOx 17-AAG 33  [  192–194  ] 

PMeOx–PBuOx–PMeOx BTZ not stable  [  192–194  ] 

PMeOx–PBuOx–PMeOx PTX/17-AAG 43  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx PTX/ETO 42  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx PTX/BTZ 36  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx PTX/17-AAG/ETO 53  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx PTX/17-AAG/BTZ 99  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx DTX/17-AAG 56  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx BTZ/17-AAG 57  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx ETO/17-AAG 79  [  192  ,  194  ] 

PMeOx–PBuOx–PMeOx BXT not stable  [  193  ] 

   17-AAG: 17-allylamino-17-demethoxygeldanamycin; AmB: amphotericin B; BTZ: bortezomib; BXT: bexarotene; CyA: cyclosporine A; 
DOX: doxorubicin; DTX: docetaxel; ETO: etoposide; IND: indomethacin; mTHPC: meta-tetra(hydroxyphenyl)chlorin; PTX: paclitaxel; n.d.: 
not determined.   
outperform all formulations by orders of magnitude (see 
Table  3 ).  

 A major issue in cancer (chemo)therapy is the devel-
opment of drug resistance of tumors which limits the 
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success rate of single-drug chemotherapies. Moreover, 
most tumors are not comprised of a single but multiple 
heterogeneous cell populations including “tumor initi-
ating cells” (TICs) with stem cell characteristics, which 
15
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sustain constant tumor growth. Such TICs are notori-
ously resistant towards administered drugs and may 
cause tumor progression and recurrence of cancer even 
after initial successful treatment. Hence, different treat-
ment strategies are combined and/or multiple drugs are 
administered in cancer chemotherapy. Consequently, in 
a recent work by Han et al. [  192–194  ]  POx micelles (PMeOx–
PBuOx–PMeOx) were challenged to solubilize multiple 
anti-cancer drugs along with PTX, including docetacel 
(DTX), 17-allylamino-17-demethoxygeldanamycin (17-
AAG), etoposide (ETO), and bortezomib (BTZ). The loading 
capacities of drug combinations were found to be even 
higher with up to 50 wt% of drugs in the fi nal formula-
tion and multidrug loading further enhanced the stability 
of drug-incorporated micelles. Drug ratio dependent syn-
ergistic effects for the cytotoxicity was observed by in 
vitro studies for ETO/17-AAG in MCF-7 cancer cells and 
BTZ/17-AAG in MCF-7, PC3, MDA-MB231, and Hep G2 
cells. Finally, the cell uptake and drug release characteris-
tics were studied in detail. We summarized all drugs that 
have been formulated using POx-based polymers in Table 
 4  along with the respective polymer.   

  7. Other Drug Delivery Modalities 

 Hydrogels can serve as local drug delivery depots and hydro-
gels on POx basis have been studied intensively. POx-based 
hydrogels can be prepared by chemically reversible or per-
manent crosslinks and by physical crosslinking. [  132  ,  195–199  ]  

 For drug delivery purposes, only few examples can 
be found to date, but it can be expected that many more 
will follow soon. El-Hag Ali and AlArifi  prepared PEtOx-
poly(acrylic acid) hydrogels by irradiation induced poly-
merization and crosslinking. The authors use Ibuprofen as 
a model drug and give a proof on concept on the use of POx-
based hydrogels as controlled release modality for drug 
delivery to the gut. [  200  ]  Also Wiesbrock and co-workers [  201  ]  
reported on POx hydrogels with intended use stimuli-trig-
gered drug delivery. In this case, a model compound, eosin 
Y was released over time as the hydrogel decomposes. It 
should be noted, however, that in such case also the highly 
toxic PEI would be produced over time. This will need to 
be taken into account as the safety of such gel for such 
an application is assessed. [  201  ]  Hsiue and co-workers [  116  ]  
studied PEtOx-PCL-PEtOx triblock copolymers which show 
a sol–gel transition between room temperature (sol) and 
physiological temperature (gel). The gels were used to 
incorporate the therapeutic antibody Bevacizumab. In 
vitro drug release studies showed that the antibody was 
released in a delayed manner making these materials 
very promising for sustained drug release depots. [  116  ]  Very 
recently, Bender et al. [  202  ]  suggested to use plain PEtOx in 
solid dispersions for the formulation of drugs.  
Early View Publication; these are NOT the final

Macromol. Rapid Commun. 2012

© 2012  WILEY-VCH Verlag Gm
  8. Conclusion 

 It is apparent that poly(2-oxazoline) combines many cru-
cial aspects into one polymer class. On one hand, numerous 
studies indicate the good compatibility of the POx with 
biological systems from proteins to whole organisms. The 
current limiting factors are the lack of regulatory approval 
and the commercial availability of monomers and defi ned 
polymers. On the other hand, the variability in terms of 
the polymer structure and function is currently the driving 
force for research to develop polymer therapeutics based 
on POx and to challenge the established polymer systems. 

 Although much remains to be done to get a clearer and 
more detailed picture of the pharmacokinetics and phar-
macodynamics of POx-based materials, fi rst-in-human 
studies may commence as early as 2013.  
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