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Synthetic methods in polymer chemistry have evolved tremendously during the last decade. Nowadays

more and more attention is devoted to the application of those tools in the development of the next

generation of nanomedicines. Nevertheless, poly(ethylene glycol) (PEG) remains the most frequently

used polymer for biomedical applications. In this review, we try to summarize recent efforts and

developments in controlled polymerisation techniques that may allow alternatives to PEG based

systems and can be used to improve the properties of future polymer therapeutics.
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1. Introduction

Modern life as we know it would be simply impossible without

polymers. Natural and synthetic polymers are essential not only

in our day-to-day life but have also become increasingly impor-

tant in biomedical applications. To our knowledge the first

polymer–drug conjugate dates back already more than half

a century1 and an early rationale for polymer conjugates for

therapeutic applications was published several decades ago in

a visionary work of H. Ringsdorf,2 while the terms polymer
Robert Luxenhofer

Dr Robert Luxenhofer is

a research fellow of the King

Abdullah University of Science

and Technology (KAUST) at

the Technische Universit€at

Dresden. In 2007 he completed

his PhD at the Technische Uni-

versit€at M€unchen in the field of

polymer chemistry under the

supervision of Rainer Jordan.

After postdoctoral work on drug

delivery and endocytosis of

polymers with Alexander

Kabanov at the University of

Nebraska Medical Center

(Omaha, USA), he moved to

Technische Universit€at Dresden in 2009. His research interests

include synthesis of tailored polymers for biomedical applications

and interaction between polymers and mammalian cells.

This journal is ª The Royal Society of Chemistry 2011

https://doi.org/10.1039/c0py00406e
https://pubs.rsc.org/en/journals/journal/PY
https://pubs.rsc.org/en/journals/journal/PY?issueid=PY002009


Pu
bl

is
he

d 
on

 2
8 

 2
01

1.
 D

ow
nl

oa
de

d 
on

 1
1/

5/
20

25
 3

:3
7:

56
 P

M
. 

View Article Online
therapeutics3 and nanomedicine4 have come into use only

recently.

While nature is preparing and using defined multifunctional

polymers, i.e. polypeptides, -saccharides and -nucleotides since

the dawn of biotic times, humans have been consciously

preparing polymers only for about a century and well defined

polymers are still playing a minor role outside research labora-

tories. With the prominent exception of poly(ethylene glycol)

(PEG) practically no defined polymer platform is used in

biomedical applications. This fact has had probably two main

reasons. First, the difficulty to prepare defined polymers and

polymeric systems, in particular in large scale, and, secondly and

somehow as a consequence from the first reason, the lack of

knowledge of the effects of polymer architecture, size, charge or

charge distribution etc. in vitro and in vivo, factors that can only

be assessed when defined polymers are used. However, in certain

applications defined polymers are indispensable. Whenever

polymers, especially non-degradable ones, are used for in vivo

application as polymer–drug conjugates,5 micelles,6,7 polymer-

somes,8,9 nanoparticles10–12 or protein–polymer conjugates13–16

we need to be aware of their in vivo fate. Are they cleared from

the organism or do they (or more likely a certain fraction)

accumulate, perhaps in a specific organ? This knowledge is of

major importance in order to avoid side effects and long term

toxicity in future nanopharmaceuticals. For example, the renal

exclusion limit as an example depends, among other factors, on

the size of polymers in solution. In this respect, macromolecules

having comparable sizes are mandatory to fine-tune the

properties of the whole population.

Up to date, the most commonly used well-defined polymer in

biomedical applications is PEG in various architectures, especially
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after Webster et al. claimed the safety of PEG for medical applica-

tion.17 More recently however, several linear reports show that under

certain conditions PEG and PEG-containing polymers can elicit

significant complement activation,18,19 and rapid clearance can occur

after repeated injections of PEGylated liposomes.20 Moreover, as

a polyether, PEG is prone to undergo peroxidation which may affect

bioactives, cells and tissues in various ways.21–23 Not only for these

reasons alternatives to PEG in biomedical applications are investi-

gated. A huge number of reviews on PEG and its use are available.24,25

PEGylated proteins are already in the market and PEG based

micelles in the advanced clinical phases. From the point of view of

a polymer chemist especially the PEG based block copolymer

micelles first described by H€orpel et al. in 1985 have opened the field

for micellar drug delivery systems.26 This research area was later on

shaped by the outstanding work of the groups of Kataoka and

Kabanov.7,27,28 The rise of PEG to the ‘gold standard’ of water-

soluble biomaterial may have had several reasons. One major, if not

the most important reason, was its commercial availability in suffi-

cient quality and in a wide range of molar masses. The majority of

labs investigating polymers for biomedical applications simply lacked

the capacity to prepare defined polymers, let alone PEG, where safe

handling of the monomer is not trivial. However, PEG is not without

alternatives. In this review we attempt to give an overview on what we

believe to be some of the most interesting substitutes.

In the last two decades, a multitude of new methods for the

controlled polymerisation techniques has been established.

Especially the controlled radical polymerisation methods atom

transfer radical polymerisation (ATRP),29 reversible addition

fragmentation chain transfer (RAFT) polymerisation30 and

nitroxide mediated polymerisation (NMP)31 have pushed this

field enormously, giving access to defined polyacrylates and
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polyacrylamides. In addition, the preparation of defined,

synthetic polypeptides has made huge progress since the first

reports by Deming and coworkers.32 Poly(2-oxazoline)s (POx)

are another type of polymers that can be synthesised in a defined

manner since the 1950’s, and have shown some promise for

biomedical applications in the 1990’s,33 but are still far from

being investigated to their full potential.

In this review, we will try to concentrate on these three families

of well-defined polymers and highlight their potential applica-

tions in the biomedical field. Fig. 1 gives a general overview of the

polymers and structures that we have considered for this review.

Additionally we also aim to review the data and information

that have been obtained in recent years about structure–property

relationships of biomedical relevant polymers and their behavi-

our in in vitro as well as in vivo models. Due to the tremendous

advances of synthetic possibilities, a great number of defined

polymer architectures are accessible. Although polymer chemists

have now various tools to synthesise defined polymers, it remains

to be fully elucidated what is the influence of polymeric design on

their interaction with biological entities, both on the cellular and

on the whole organism level and how we could take profit of this

behaviour in selected medical applications.
2. Defined polymeric structures for biomedical
application

2.1 Defining definition

The authors of this review and many other researchers are

emphasizing more and more the importance of well-defined

systems. Characterisation of polymers and their aggregates is
Fig. 1 Well-defined polymer architectures accessible from non-PEG polymer

polymers and resulting structures discussed in this review.

1902 | Polym. Chem., 2011, 2, 1900–1918
a fundamental issue and there are many excellent reviews and

books point out problems and potential pitfalls.34–38 Particular

care has to be taken when employing commercial analytical

systems are commercially available, in which a computer

program tries to ‘‘guess’’ the appropriate parameters for a proper

‘‘quantitative’’ evaluation and supplies ‘‘values’’. It requires

a skilled operator to verify that the assumptions applied are

indeed reasonable as a computer program typically lacks this

ability. For polymers, it appears that there is a broad consensus

that the dispersity (�, formerly also polydispersity (index)

PD(I)), defined as the ratio of weight average molar mass (Mw)

and the number average molar mass (Mn) should be below 1.2

and as close to 1.0 as possible. We would like to shortly

demonstrate the influence of the dispersity on the effective

distributions of polymers in the size. Small (#5–10 kg mol�1) and

water soluble polymers such as PEG, poly(2-methyl-2-oxazoline)

(MeOx) or poly(2-hydroxypropylacrylamide) (PHMPA) are

cleared rapidly via the kidneys, because the hydrodynamic radius

or diameter is below the renal filtration threshold

(approx. 3.8 nm). However, as the hydrodynamic volume

increases, the polymers will be retained more and more in

circulation until eventually the polymers are not filtered anymore

in the glomeruli (pore size approx. 7 nm). Typically serum

albumin (M ¼ 66 kg mol�1) is used to define the upper limit for

renal filtration but it is important to keep in mind that human

albumin is a rather compact, negatively charged, globular

protein. We are well aware that particle characteristics, such as

size, surface charge, surface polarity and mechanical properties

influence their in vitro and in vivo fate.39,40 In addition, the

secondary or tertiary structure of proteins reduces the structural

freedom dramatically, which is not the case for a random coil
s for therapeutic applications: a brief overview about structural variety of

This journal is ª The Royal Society of Chemistry 2011
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Table 1 Relative molar and weight content in different molar mass
fractions of a polymer (Mn ¼ 40 kg mol�1) in dependence of the polymer
dispersity

Dispersity Interval i
P

(ni)/
P

(n)
P

(niMi)/
P

(nM)

� ¼ 1.04 35–45 kg mol�1 47 47
20–60 kg mol�1 99 99
>60 kg mol�1 1 1

� ¼ 1.2 35–45 kg mol�1 22 22
20–60 kg mol�1 72 74
>60 kg mol�1 14 24

� ¼ 1.5 35–45 kg mol�1 12 12
20–60 kg mol�1 46 49
>60 kg mol�1 25 49
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polymer or a non-crosslinked polymer aggregate. Especially

random polymer coils have the chance to undergo some kind of

reptation and can be cleared from the organism even though the

hydrodynamic radius is larger than the glomeruli pore size. In

respect to this, we would like to point out that neither the

molecular weight nor the hydrodynamic radius are ideal

measures. Furthermore, it should be noted that reducing the

renal excretion to a mere size effect is an oversimplification and

other excretion pathways have to be regarded. However, we

believe it is worthwhile to have a look on the effects of the

unavoidable molar mass distribution of materials when using

a traditional polymerisation approach, although it creates

a simplified image of reality. Material obtained via a so-called

living polymerisation should yield a Poisson-type distribution.

At sufficiently high degrees of polymerisation (approx. 30) this

can also be described by a Gaussian normal distribution, of

which the variance and thus, the resulting dispersity can be

conveniently adjusted.41 The normal distributions that corre-

spond to polymers with number average molar mass of

40 kg mol�1 and dispersities of 2, 1.5, 1.2 1.1, 1.04 and 1.01 are

displayed in Fig. 2. It is obvious from this representation that

distributions with � > 1.1 do have significant contributions of

masses above 60 kg mol�1. As a polymer chemist one is typically

content to achieve dispersities around 1.2. Judging from the

expected distribution in such a case, the serum half-life and tissue

distribution must be expected to be far from homogenous. The

calculated relative molar fractions as well as mass fractions of

polymers with Mn ¼ 40 kg mol�1 and � (1.5, 1.2 and 1.04) are

listed in Table 1. It appears that while for very narrow distri-

butions (1.04) the amount of polymer above the renal excretion

limits remains very low (approx. 1%) already a narrow � of 1.1

yields 10 wt% of polymer above 60 kg mol�1. At ‘‘extreme’’ values

of � ¼ 1.5 already half (49%) of the mass of the administered

polymer would be above the excretion limit. On the contrary,

when a Mn of 25 kg mol�1 is assumed, dispersities of up to 1.2

result in less than 1% of non-excretable material and even at � ¼
1.5 only 2 wt% of the polymer are above 60 kg mol�1. We would

like to emphasize that these values relate to model calculations

with perfectly symmetrical Gaussian normal distributions and
Fig. 2 Representation of theoretical Gaussian distributions of PHPMA

with a degree of polymerisation of 300 (Mn ¼ 40 kg mol�1) with a vari-

ation in the dispersity from 1.01, 1.04, 1.1, 1.2, 1.5 to 2.

This journal is ª The Royal Society of Chemistry 2011
a hypothetical excretion limit of 60 kg mol�1. Moreover, a few

polymers which are discussed as biomaterials have biodegradable

backbones (e.g. polypeptides, polyesters) and into non-degrad-

able polymers biodegradable segments can be introduced.42,43,44

Therefore, ultimately, such materials are degraded into excret-

able fragments. However, on the timeframe of pharmacokinetics,

we think that such considerations are helpful for the design of

appropriate macromolecular carriers for parenteral applications

as well as for the understanding in vitro and in vivo experiments.

2.2 Defined polypeptides and polypeptide hybrids

2.2.1. Synthetic aspects of polypeptides. Polypeptides are

comprised of amino acids, natural building blocks that are

readily available and non-toxic in doses of interest. Apart from

proteins, i.e. exactly defined polypeptides with accurate structure

control, a very limited number of natural polypeptides that

resemble less defined classic synthetic polymers are known.

At the moment, one of the most widely used polypeptide is

poly(g-glutamic acid),45,46 which is produced from bacteria and

cnidaria.47 It is already approved by the FDA for cosmetic

applications and is a major constituent of natt�o (Japanese food

from fermented soy beans).

On the other hand, synthetic polypeptides were already

described by Leuchs in 1906 although their polymeric nature was

not acknowledged at that time.48 Many researchers have devoted

their research to synthetic polypeptides, in particular since the

1950’s, but poor results have been achieved regarding polymer-

isation kinetics, end-group analysis or molar mass in particular

with more complex systems, such as, block copolypeptides,

star-like polypeptides or bottle-brush polymers. This has several

reasons. First, it is relatively difficult to obtain the monomers,

amino acid N-carboxyanhydrides (NCA), in sufficiently high

purity. Second, the monomers are highly reactive and in some

cases cannot be stored over prolonged periods of time and their

decomposition products themselves can initiate the NCA poly-

merisation. Third, the classical polymerisation does not neces-

sarily follow a single mechanism. Instead, a multitude of

interchangeable pathways exist which, in addition to physico-

chemical factors give rise to broad, sometimes multimodal

molecular weight distribution and in particular poor control over

chain termini and length (Fig. 3). Without going into too much

detail (which can be found in excellent books and reviews49,50),

several aspects are notable. First, using primary amines for

initiation of NCA polymerisation is the method of choice as they
Polym. Chem., 2011, 2, 1900–1918 | 1903
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Fig. 3 A simplified selection of possible polymerisation approaches and side reactions during polypeptide synthesis from amino acid N-carboxy-

anhydrides (NCAs).
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typically give a rapid initiation as compared to propagation, an

important prerequisite for defined polymers. Secondary or

tertiary amines, alcoholates or most other nucleophiles will either

give slow initiation with respect to propagation or initiation via

the activated monomer mechanism (AMM) as opposed to the

normal amine mechanism (NAM) expected for initiation by

a nucleophile. Unfortunately, the growing NAM initiated poly-

peptide chain does not necessarily stick to this mechanism but

may initiate AMM at any point during polymerisation while any

AMM initiated polymer chain can simultaneously propagate via

the NAM mechanism. In addition, NCA anions are well known

to be able to rearrange into a-isocyanatocarboxylates. To make

the situation worse, intermediate carbamates can also lead to

a nucleophilic attack to NCAs. On top of all this, most oligo-

peptides tend to form secondary structures even at very low

degrees of polymerisation, most notably a-helices and b-sheets.

Both forms differ strongly in solubility and reactivity towards

further polymerisation. To conclude, classic NCA polymerisa-

tion tends to be very problematic, even when initiated by primary

amines.

In the late 1990’s, Deming was the first to describe the

synthesis of defined polypeptides in a well-controlled manner

using transition metal catalysts.32 This approach has been very

successful for the preparation of highly defined and complex

polypeptide architectures but has two potential shortcomings.

First, no specific initiator function can be introduced into the

polymer and second, the need for a metal catalyst. Therefore, the

run for defined polypeptides is still ongoing and a large number
1904 | Polym. Chem., 2011, 2, 1900–1918
of researchers dedicated their efforts to find alternative ways

towards well-defined polypeptidic systems. Hadjichristidis and

co-workers reported on the use of highly purified monomers,

solvents and reagents and high vacuum techniques.50 While this

approach allows the preparation of very large polypeptides with

good definition, it remains to be seen whether it will become

a common approach, as it is very challenging from the techno-

logical standpoint. Interestingly, these results suggest that all the

above-mentioned potential side reactions are impurity related. In

contrast, Dimitrov and Schlaad introduced a very facile and

diametrically opposed method.51 It is proposed that by the use of

protonated amine initiators (i.e. addition of stoichiometric

amounts of HCl), side reactions and alternative polymerisation

routes are strongly reduced. Similar to controlled radical poly-

merisation techniques, the nucleophilic amine terminus is

transferred into a dormant (i.e. protonated) state. Thus, block

copolymers and synthetic peptide hybrids are available using

a relatively easy method. What is in particular interesting about

this method is that researchers were emphasizing for decades that

removal of HCl, the most common impurity from Fuchs–

Farthing NCA synthesis, is crucial for successful NCA poly-

merisation, also because chloride has been described as an

initiator of NCA polymerisation.49 More recently, Chen and

co-workers have reported on the use of silylated amine initiators,

which allow the preparation of defined polypeptides.52 Since the

trimethylsilyl residue is present at the polymer terminus, control

over the polymerisation is retained. Importantly, in this

approach the polymerisation is not slowed down as the authors
This journal is ª The Royal Society of Chemistry 2011
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describe quantitative polymerisation yields (degree of polymeri-

sation # 300) at room temperature within 24 h or less under

atmospheric pressure.53 In contrast, the protonated amines in

Schlaad’s approach lead to a much slower propagation. Here

elevated temperatures (40–80 �C) were applied and the poly-

merisation proceeded for several days.51,54 In contrast to all these

approaches, Scholz and Vayaboury are interfering with the

aforementioned formation of secondary structures and obtain

well-defined polypeptides. It was found that the definition of the

polypeptides increased markedly no matter whether macro-

initiators (PEG-NH2) or low molar mass initiators (hexylamine)

are used.55 Vayaboury et al. also reported that by reducing the

polymerisation temperature from ambient temperature to 0 �C,

a dramatic increase of amine terminated polymer chains could be

obtained as was shown by non-aqueous capillary electrophoresis.

Unfortunately no values for the dispersity of the materials

obtained by this method have been reported.56 Also, reaction

times of a week may not be acceptable for common applications.

2.2.2 Structural variability of polypeptides. Using these

methods of controlled polypeptide synthesis (multi) block

copolypeptides,57 block and graft copolymers with other poly-

mers such as, among others, polyisobutylene,58 poly(2-oxazo-

lines)54 or chitosan59 and other interesting structures such as star

as well as brush-like polypeptides have been prepared.60–62 In

several cases, these polymer architectures lead to further

assembly of a higher hierarchy, such as polymer micelles,51

polymer vesicles (polymersome/peptosome)63,64 or even peptide

based nanofibres and nanotubes.65 All these structures may be of

great interest for drug delivery or diagnostic applications, either

after covalent attachment or physical entrapment of bioactive

compounds. For such applications, the discovery that some

polypeptides have revealed stealth properties, i.e. their ability to

evade the reticuloendothelial system (RES) was of importance.

In this respect, the N-substituted polypeptide (i.e. polypeptoid)

poly(sarcosine) (PSar) (i.e. poly(N-methylglycine)) is discussed as

an interesting, potentially (bio)degradable alternative to PEG

which has been investigated intensively by Kimura and

co-workers.63–67 Also, complex architectures have been realised

with PSar.68 It should be noted, however, that the biodegrad-

ability of PSar has not been demonstrated up to date while it

indubitably is a main chain hydrolysable polymer. Similarly, side

chain modified polypeptides such as poly(hydroxyethyl-L-gluta-

mate) (PHEG) and poly(hydroxyethyl-L-aspartate) (PHEA)

have also been shown to allow the preparation of long circulating

yet biodegradable liposomes. However, definition of these

systems is not fully satisfactory up to date.65,69

Tansey and coworkers reported the synthesis of a branched

polyglutamic acid based on a poly(ethylene imine) (PEI) core,

modified the polypeptide end groups with a targeting ligand

(folate) and evaluated the cellular uptake of those systems.70 One

issue of the use of PEI as an initiator is the combination of

primary, secondary and tertiary amines. While the primary

amines are known to initiate the NAM, tertiary ones enable the

AMM mechanism. Furthermore the initiation rates of primary,

secondary and tertiary amines are different. These facts lead to

a reduced control over the polymerisation yielding less defined

systems (branched as well as linear polypeptides) as well as

a diminished molecular weight control.49
This journal is ª The Royal Society of Chemistry 2011
Lu et al. reported recently on an interesting approach to obtain

well-defined polypeptide brushes via combination of two

controllable polymerisation mechanisms, the ring-opening

metathesis polymerisation (ROMP) of norbornene derivatives

(backbone) and the TMS initiated NCA polymerisation of

L -glutamic acid, L-lysine and L-leucine (side chains).61 In

a one-pot synthesis, they were able to obtain very well-defined

polypeptide brushes differing in chain length and side chain

structure. It was shown that both polymerisations were very well

controlled and the final products had dispersities well below

1.2 and polymers with molar masses as high as 500 kg mol�1

could be achieved. Kinetic investigations showed that side chain

NCA polymerisation was efficient, at least when only approx.

every fourth monomer along the backbone served as an initiator.

Whether this is enough to obtain rod-like molecular brushes

remains to be elucidated. Although a norbornene backbone

would be a problematic choice for any biological application this

proof of principle is very important.61 Nevertheless, such excel-

lent control over the backbone and side chain lengths allows the

preparation of a great variety of polymer structures from the

same monomers. The large pool of natural and non-natural

amino acids offers a multitude of possibilities to tune polymer

structure and properties. Thus, synthetic polypeptides remain

a very promising field of research leading to the investigation of

detailed structure–property relationships and development of

peptide based polymer therapeutics. Not only the synthesis, but

also the characterisation of complex systems remains chal-

lenging. Beside end group analysis, determination of branching

parameters is required. One possibility is the incorporation of

a cleavable position within the initiating site. This approach

allows the controlled decomposition of the complex architectures

and enables the characterisation of the linear polymer. Since

polypeptides are backbone-degradable, too, this cleavage must

ensure that the polymer itself remains unchanged.

Cyclic polymers are interesting alternatives to linear ones,

albeit more in an academic point of view for the moment.71

Cyclic polypeptides have been described as a side product from

base initiated or thermal polymerisation of NCA monomers.72

More recently, however, a new synthetic approach with cyclic

polypeptoids as main product has been reported. When using

N-heterocyclic carbenes (NHC) as initiators, Guo and Zhang

found that cyclic (block) copolypeptoids were the predominant

product.73 While this synthetic approach will be limited to

N-substituted NCAs, cyclic polymer are certainly intriguing

materials to study structure–property relationships in compar-

ison to their linear analogues.

It is well known that the size and steric demand of (polymer)

amphiphiles have a significant effect on the nature of aggregates

formed in aqueous solution. Simple spherical micelles, poly-

mersomes but also nanorods and nanotubes can be formed. For

example, Kimura and co-workers observed that the morphology

of the molecular assemblies was tunable by suitable molecular

design of the hydrophobic block, selection of the chain length of

the hydrophilic block and processing.65

One, potentially significant problem of polypeptides should

always be kept in mind. Peptide fragments are a fundamental

basis of immune response. Especially when different amino acids

are incorporated into a polypeptide, immunogenicity must be

anticipated. This significantly limits the molecular tool kit given
Polym. Chem., 2011, 2, 1900–1918 | 1905
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by the amino acids as many if not most possible combination

would lead to immunotoxicity. This problem may also occur

when non-immunogenic polypeptides such as PLGA are

combined with drugs or other synthetic polymers such as PEG.

Such issues should be addressed when designing and developing

polypeptide based materials. On the other hand specific modu-

lation and interference with the immune system by designed and

defined polypeptides give the chance to develop new polypeptide

based drugs and adjuvants.74

For a much more detailed overview on the chemistry and

application of polypeptides from NCA polymerisation, the

reader is referred to excellent reviews by Kricheldorf,72 Deming74

and Hadjichristidis and colleagues.75
2.3. Poly(2-oxazoline)s, the flexible pseudo-peptides

Previously, poly(2-oxazoline)s (POx) or poly(N-acetylethyleni-

mine) were mainly of interest for researchers in the drug delivery

field as a convenient source for linear poly(ethylene imine) used

in gene delivery (non-viral transfection vector). However, more

recently, several research groups divert considerable efforts

towards the use of POx as a versatile building block for drug

delivery systems. POx can be regarded as pseudo-polypeptides as

each repeating unit contains a peptide bond, albeit in the side

chain instead of within the main chain. They are prepared by

living cationic ring opening polymerisation (LCROP) from

2-oxazolines and are available with a large array of reactive/

functional (protected) and non-reactive side chains (Fig. 1, 4).

Several monomers are commercially available (e.g. 2-methyl-,

2-ethyl- and 2-phenyl-2-oxazoline), but the majority has to be

synthesised. In most cases, this is possible by straightforward

procedures from readily available commercial sources, typically

nitriles or carboxylic acids.76 The polymerisation can be initiated

by, among others,76 alkylhalogens, -tosylates or -triflates and is

surprisingly robust as compared to other living polymerisa-

tions.77 Again, fast initiation in comparison to propagation is

important. In this respect, triflates (and to a lesser extend tosy-

lates) are the preferred initiators.76 The polymerisation is regar-

ded as a living one, although side reactions cannot categorically

be ruled out.78 Termination can occur by nucleophilic impurities

or be achieved by addition of N- (e.g. piperazine derivatives79,80),

O- (water/carboxylates81) or S-nucleophiles (thiols/thio-

acetate82,83). Considering that tosylates and triflates are readily

prepared from alcohols, both termini of POx are easily func-

tionalised with a large variety of functional or reactive moieties.

In addition, most monomers can be quantitatively converted into

the so-called initiator salt by reaction with stoichiometric

amounts of triflate/tosylate. These can be isolated and used for

initiation at a later time.80

Depending on the nature of the pending side chains, these

polymers are hydrophilic (e.g. methyl (MeOx)), show amphi-

philicity84 and thermoresponsiveness (e.g. ethyl (EtOx), n- and

iso-propyl) or are hydrophobic (e.g. butyl, nonyl, phenyl)/fluo-

rophilic (e.g. fluorinated phenyl76,85). For reactive side chains,

aldehyde,86 alkyne,80,87 carboxyl,88 thiol,89 amine,90,91 hydroxyl,88

azide87 and others have been described and used for polymer

analog modifications. This variety is important as it offers the

great potential for the preparation of multi- and polyvalent

polymer conjugates for therapeutic applications.
1906 | Polym. Chem., 2011, 2, 1900–1918
The polymer microstructure is of importance as it will strongly

influence aggregation behavior and aggregate stability which in

turn will affect the interactions of aggregates with amphiphilic

compounds in the blood stream (proteins e.g., serum albumin) or

biological barriers (cell membranes).92

Also the polymer architecture is an important parameter for

the pharmacokinetic behavior in vivo. Jordan and co-workers

recently introduced defined star-like POx as well as molecular

brushes by the use of pluri- and polytriflate initiators.93–95 In

contrast to halogen-based multi-initiators,96 these give a much

faster (and quantitative) initiation rate in comparison to the

relatively slow polymerisation. Unfortunately, no pharmocoki-

netic data are available on these polymers up to date.

In addition, POx have been combined with a great variety of

other polymers with potential for biocompatible materials for

therapeutic applications, including polyesters97 and poly-

peptides.98–101

The formation of flexible secondary structures by chiral POx

has been recently reported by Hoogenboom and Schubert,

represents a promising tool for the extension of the modular kit;

the POx system represents and opens the door to new, potentially

biocompatible materials with interesting properties. However,

the investigated chiral POx are insoluble in most solvents,

resembling the behavior of a-helical oligo- and polypeptides

which might actually limit their applicability.102–104 At this point,

these structures seem to be rather transient with a low persistence

length, but the proof of principle is likely to trigger more detailed

investigations.

Lipopolymers of POx are easily accessible using lipid initia-

tors. Zalipsky and co-workers used POx-based lipopolymers for

the preparation of liposomes and showed that hydrophilic POx

can prolong the circulation of coated liposomes similar to

PEG.105 In contrast, low molar mass hydrophilic POx are

readily excreted via the kidneys and show no unspecific accu-

mulation in any organ.106 Jordan and co-workers used such

lipopolymers for the preparation of polymer supported artifi-

cial membranes.107,108 It was shown that large transmembrane

receptors such as integrins can be integrated and studied in

such systems.108 Surprisingly, despite the very promising data

elucidating the stealth effect of hydrophilic POx,105 no studies

on micelles/aggregates/liposomes comprising POx based lip-

opolymers for drug delivery have been published up to date.

However, as of now, a lack of detailed biological evaluations of

POx based systems is apparent, although it has been reported

that POx show no adverse effects in rodents after injection of

up to 2 g kg�1.109

POx–enzyme conjugates have been known for decades as

alternatives for PEG-conjugates and it is known that POx

conjugation (sometimes termed POxylation, POXAylation or

POzylation) can solubilize enzymes in organic media and helps to

retain enzyme activity therein. In an early work, the presence of

water along the POx backbone was suggested to cause the

enhanced enzymatic activity in benzene as compared to PEG.110

The living cationic termini of POx have also been used to directly

attach a bioactive peptide.111

A POx based copolymer system has also been discussed for the

preparation of vaccines. However, the authors chose a synthetic

route which leads to extremely undefined polymers, therefore

these carriers will not be discussed in more detail.91,112
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 Overview of the chemistry of the polymerisation of 2-oxazolines including monomer synthesis, initiation, propagation and termination reaction.

A selection of possible side reactions is outlined.
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Despite the rich side chain chemistry that would allow for the

attachment of bioactive compounds, very few reports can be

found in the literature using this potential strategic advantage of

POx over PEG. Luxenhofer et al. used POx with pending alkyne

moieties for the attachment of RGD peptides along the back-

bone while an amine terminus was used for the attachment of

a radionuclide chelator.113 Similarly, the reaction between

pending aldehydes and amino-oxy bearing peptides was used for

the preparation of polymer–peptide conjugates.114 More

recently, Schlaad and co-workers used the reaction between

unsaturated POx side chains and thiols for the attachment of

sugars which could be also used as targeting moieties in the

future.115 Manzenrieder et al. recently described the decoration

of a viral coat protein with PMeOx and PEtOx chains via click

chemistry. Such, well-defined and very stable protein nano-

containers may serve as interesting drug delivery vehicles in the

future.116

Besides these covalent approaches, several non-covalent

formulations have been reported. In a series of papers spanning

the 1990s, Maeda and co-workers investigated the formation of

nanoparticles with enzymes such as horseradish peroxidase,

catalase and lipases in the presence of amphiphilic block copol-

ymers of POx, typically comprising 2-butyl-2-oxazoline in the

hydrophobic domain.117–121 Enzyme activity was not diminished,

on the contrary, lipase activities were even enhanced in aqueous
This journal is ª The Royal Society of Chemistry 2011
environment, presumably by increasing the local concentration

of lipase substrates.118,120 Similarly, enzymatic activity of the

enzyme–POx particles was increased in organic solvents. These

systems were applied for the preparation of a biosensor.121 In the

same manner, the interaction of such POx amphiphilic block

copolymers with human serum albumin (HSA) was studied.122

Surprisingly, the studied amphiphilic block copolymers did not

interact with HSA through the hydrophobic moieties but rather

with the hydrophilic corona, in this study PMeOx. Although the

amount of HSA interacting with the POx micelles was found to

be rather low, this is particularly interesting since a more recent

study suggests that PMeOx exhibits very little interaction with

other proteins.123

The groups of Meier and Montemagno have been working

over the last decade with copolymers of MeOx or EtOx and

poly(dimethylsiloxane).124–130 Although using the route applied

by both groups defined polymers are not necessarily obtained, it

was shown that bioactive functionalities can be incorporated into

the polymersomes formed by such block copolymers. However,

whether such polymers can in fact be useful in a biological setting

remains to be elucidated.

Another point of interest in water-soluble polymers is the

phenomenon of a change in water solubility in dependence of

temperature. The lower critical solution temperature (LCST) can

be observed for the majority of water-soluble polymers. Above
Polym. Chem., 2011, 2, 1900–1918 | 1907
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a certain temperature, the polymers become insoluble and

precipitate. When used in networks such as hydrogels, the

hydrogels collapse. Two points are especially of importance for

applications of this phenomenon, (i) being able to tune the

temperature of the phase transition and (ii) obtaining materials

with rapid and sharp transition when the respective temperature

is reached. For specific applications, reversibility and lack of

a hysteresis are also of importance. As mentioned before, the side

chain of POx strongly influences their properties, also their water

solubility. With methyl substituents, no LCST is observed and

the polymer is highly water soluble, in fact hygroscopic. Also

PEtOx are very soluble in water, however, this polymer already

shows a LCST of 60–70 �C, depending on the polymer archi-

tecture and degree of polymerisation. POx with isopropyl and

n-propyl side chains show LCSTs of �40 �C and 25 �C, respec-

tively, while poly(2-butyl-2-oxazoline) (PBuOx) is not anymore

water soluble. Further tuning of the LCST can be achieved by

two means, copolymerisation of different monomers and modi-

fication of polymer termini.131–133 Thus, LCST values covering

almost the entire range of liquid water have been achieved. The

low dispersity of the polymers is of great importance also in this

context. Since the LCST of polymers can depend, among other

factors, on the molar mass, samples with a higher dispersity will

naturally contain species with differing thermal behavior, thus

broadening the transition. In order to achieve a rapid and

complete phase transition in a narrow temperature interval, high

polymer definition (i.e. low dispersity) is favorable.

Additionally, polymer analog modification of unsaturated side

chains with hydrophilic and hydrophobic moieties also allowed

LCST modification over a wide range.134 Especially the latter

method is interesting in the context of polymer conjugates for

therapeutic applications. Bioactives that are covalently attached

to water soluble polymers are in the vast majority of cases

hydrophobic. Therefore, the physicochemical properties of such

conjugates need to be studied at physiological conditions.

For a more detailed and very recent overview on the potentials

of POx for other applications, the interested reader is referred to

a recent review by Hoogenboom.33
2.4 Defined polymers obtained by controlled radical

polymerisation techniques

The development of controlled radical polymerisation (CRP)

techniques, sometimes also termed living radical polymerisation

(LRP) techniques, had a tremendous impact on synthetic poly-

mer chemistry. The CRP techniques were developed to reduce

termination as well as uncontrolled transfer of radicals, and are

divided into three subgroups, which are stable free radical

polymerisation (e.g. NMP31), degenerative transfer polymerisa-

tion (e.g. RAFT, MADIX) and transition metal-mediated

controlled radical polymerisation (e.g. ATRP). Among these,

ATRP and RAFT are arguably the most commonly used and

most versatile processes. There have been various reviews

describing mechanism as well as recent developments of either

RAFT30,135 or ATRP.29,136,137 The CRP techniques can be used in

the synthesis of complex polymer architectures e.g., (multi) block

copolymer, branched polymers or hybrid systems.138–141 During

the last few years, some reviews have already focused on the

recent advances towards biological application of both
1908 | Polym. Chem., 2011, 2, 1900–1918
techniques.142–145 These detailed and interesting reviews have

focused more on the synthesis of new polymers and polymer

architectures, but less on biological or medical application of

defined systems. In this respect, we would like to point out

materials, which can be expected to enrich the pool of building

blocks for polymers in biomedical applications.

Briefly, ATRP is a means of forming carbon–carbon bond

through transition metal catalyst. As the name implies, the atom

transfer step is the key step in the reaction and therefore it is

responsible for uniform polymer chain growth. The uniform

polymer chain growth leading to polymers with rather low

dispersities is mainly related to the transition metal based cata-

lyst. This catalyst provides an equilibrium between active poly-

mer propagating the polymerisation and its inactive form, which

is commonly described as the dormant species. Since the dormant

state of the polymer is under appropriate conditions greatly

preferred in this equilibrium, the concentration of propagating

radicals is constantly low. Thus, side reactions, e.g. termination

and recombination, are effectively suppressed and control over

molecular weights can be achieved.

The ATRP allows the polymerisation of many functional

groups including allyl, amino, epoxy and hydroxy groups present

in either the monomer or the initiator. ATRP methods are also

advantageous due to an easy preparation, commercially avail-

able and inexpensive catalysts (copper complexes), pyridine

based ligands and initiators (alkyl halides). Only the copper

content may influence biological systems even though it is usually

kept below the upper limit of copper approved for medical

application.

In contrast to ATRP, the RAFT polymerisation technique

does not require any metal catalyst. Instead, thiocarbonylthio

compounds, such as dithioesters, dithiocarbamates, trithiocar-

bonates, and xanthates (MADIX) are employed in order to

mediate the polymerisation via a reversible chain-transfer

process. These reagents are called chain transfer agents (CTA).

The mechanism itself is complex. It is based on two chain-

transfer and two chain-propagation equilibria establish control

over the radical polymerisation. In this process, a growing

polymer chain reacts with the CTA yielding an intermediate

radical. Due to the chemical structure of the CTA it can fragment

in two ways. This leads to a new chain transfer agent and a free

radical, which can propagate the polymerisation. Thus, the

propagation probability is equally distributed over all polymer

chains, which is the reason for narrowly distributed polymers.

Furthermore, the ongoing transfer of radicals between growing

and thiocarbonyl thio terminated chain enables a polymerisation

with reduced concentration of radicals. In respect to this, side

reactions are effectively reduced. In addition, it is important to

point out that the average chain length is proportional to the

concentration of the CTA as well as to the monomer conversion.

Some disadvantages of the RAFT polymerisation have to be

kept in mind. First careful choice of chain transfer agent, reac-

tion conditions and monomer is required to achieve control over

the polymerisation. Second, the (macro) thiocarbonyl thio group

of the (macro) CTA can undergo various side reactions, which

may create the issue of end group attributed in vitro toxicity.146,147

On the other hand, the reactivity of the thiocarbonyl thio group

can be used to modify the end groups of the synthesised polymer

afterwards.148 For example the CTA can be oxidised or
This journal is ª The Royal Society of Chemistry 2011
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reduced149 as well as decomposed thermally,150 by an excess of

radicals151 or by nucleophiles152 e.g., amines153 or hydroxide

ions.154 Those reactions can be used to attach bioactive

agents.155,156 Regarding those end groups it is important to keep

in mind that every CRP method has still characteristics of

a radical polymerisation. Thus, the end group integrity cannot be

complete. Side reactions can be reduced to a certain extent, but

never fully eliminated. A brief discussion of possible side reac-

tions can be found in the early review of Moad et al.135 This fact

implements that every modification of end groups or grafting

from approaches need careful purification to eliminate

by-products. Especially in the field of protein modification the

separation of covalently bound and weakly adsorbed polymer

has to be ensured. In addition free thiol units within a protein

may interfere with the CRP and act as a chain transfer agent

leading to less defined conjugates.

During the last few years not only polymerisation methods

have improved tremendously. In addition, a variety of novel

monomers yielding biocompatible polymers were investigated.

The number of these systems is rather high and a detailed

description of developments is beyond the scope of this review.

Here, we would like to focus on some examples of polymeric

materials, which already have been applied to biological inves-

tigations. Additionally, we would like to summarize useful

synthetic approaches, which allow highly functional and

biocompatible polymeric structures, e.g. the post-polymerisation

modification of reactive polymer precursors.157–159

Many new polymers belong to the group of poly-

(meth)acrylates or poly(meth)acrylamides. Among these mono-

mers the group of (meth)acrylates bearing oligoethylene glycol

side chains (OEGMA), e.g. diethylene glycol methacrylate

(DEGMA) or polyethylene glycol methacrylate (PEGMA) have

seen an increasing interest. These systems have rather interesting

properties, such as a high solubility in water, a non-immunogenic

and non-toxic character, a lower critical solution temperature

(LCST) and enhanced blood circulation times.160–164 The LCST

can be nicely tuned by copolymerisation of both monomers. It

was reported by Lutz and Hoth that the LCST can be adjusted

from 26 �C to 90 �C by changing the ratio of OEGMA to

DEGMA units in the copolymer.165

These oligoethylene glycol based monomers have been applied

to ATRP as well as RAFT polymerisation leading to well defined

homo, random, block or star (co)polymers.161 Additionally,

block copolymers prepared from these monomers have shown

interesting superstructure formation in solution. The biomedical

application of micelles166,167 and polymersomes168 has been

reported during the last few years. Ethylene oxide based systems

appear to offer various advantages, as PEG has already achieved

clinical approval and entered the market24 and their safety is

easily postulated writing proposals and manuscripts. But it has to

be kept in mind even though the material might appear compa-

rable, the physicochemical and biological properties of these

(meth)acrylates are different. The PEG side chains are usually

rather short (2–9 units) in order to achieve material suitable for

biomedical applications. Ryan et al. reported that linear PEG

grafted onto salmon calcitonin enhances the serum half-life,

while comb-shaped PEG displayed increasing resistance of the

protein against intestinal enzymes, liver homogenate and

serum.170 Additionally Gao et al. reported also improved
This journal is ª The Royal Society of Chemistry 2011
pharmacokinetics by N-terminal conjugation of POEGMA to

myoglobin.171 Cytotoxicity was investigated in various cell lines,

e.g. Caco-2, HT29-MTX-E12 or HepG2, ensuring nontoxic

behaviour up to 5 mg mL�1.170,172

As a main advantage of these polymers over PEG the possi-

bility of copolymerisation with other reactive monomers should

be mentioned. Thus, multifunctional systems can be synthesised

overcoming the problem of the a,u functionality of PEG. On the

other hand, monomers with a relatively large molar mass inevi-

tably give rise to broader distributions (if Poisson distribution

applies), in particular at low degrees of polymerisation (<20). As

for any new materials, these systems have to be investigated in

detail, before they can be considered as a substitute for PEG.

Many other interesting polymer systems are based on

poly(2-(meth)acryloyloxyethyl phosphorylcholine)s (PMPC)s.

The monomer structure is highly bio-inspired, because the side

chain contains the head group of the natural phospholipid

phosphatidylethanolamine ensuring high biocompatibility. It

was polymerised by ATRP173–175 as well as RAFT176–179 yielding

various well defined polymer architectures, micelles174,180 and

polymersomes.181–183 Polymersomes have been applied to study

diffusion across oral epithelium and were used as transfection

agents by Battaglia et al.183 with pronounced cellular uptake as

well as non-toxic behaviour. In addition, PMPC was used for

protein conjugation by Lewis and coworkers.184 A reduced tissue

migration compared to PEG–protein conjugates of the same

hydrodynamic volume was observed. Thus, an improved depot

effect in the tissue as well as subsequent longer elimination half-

life may lead to improved pharmacokinetics. These findings

underline the potential of PMPC based polymeric systems for

further medical application.

Another group of polymers having a potential for medical

application are glycopolymers, which have been investigated by

various groups regarding synthesis, physicochemical properties

as well as first biological evaluations.185–189 In nature glycosides

or glycopeptides are the key to various processes in cell–cell

interactions. The glycocalyx, the outer, highly glycosylated,

cellular envelope, is involved among others, in inflammations,

viral infections, fertilisation and signal transmission. In this

respect, glycopolymers can be expected to provide interesting

properties for medical applications,190 e.g. immunotherapy of

cancer or treatment of auto-inflammatory diseases.191 This

natural glyco-code is highly complex and therefore structures

mimicking or interactions with it are highly complex. For

example the total synthesis of siaLex includes at least 26 steps192

yielding a pure P-selectin glycoprotein ligand 1 (PSGL-1), which

plays a major role in the inflammatory cascade193 and may be

a useful tool in diagnostics and treatment of autoinflammatory

diseases. For such highly complex structures, mimicking agents

are desirable. In this respect, well-defined glycopolymers or

glycoside functionalised polymers would be beneficial.

Deng et al. reported a non-toxic behaviour up to 5 mg mL�1 of

a gluconolactone derivate bearing block copolymers in HeLa

cells.194 In addition lectin binding experiments were carried out

by Granville et al. leading to the interesting result that the

protein–carbohydrate binding is completely disrupted when the

6-carbon position is modified.195

Ayres et al. prepared polymer brushes containing sulfonated

sugar monomers by ATRP. They compared these systems with
Polym. Chem., 2011, 2, 1900–1918 | 1909
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unsulfonated analogues in vitro. The sulfonated brushes showed

improved blood compatibility in terms of plasma recalcification,

clotting times and complement activation.196

Nevertheless immunogenic properties have to be carefully

investigated whenever an in vivo application is desired.

Glycopolymers may bind to their targets, but the polymer has to

provide specificity in vivo when more than one interaction side is

available. Why would nature use an exceedingly complex struc-

ture, when a simple undefined motive would do the same job?

Beside the above mentioned systems well-established polymers

for therapeutical application have been prepared using the new

synthetic methods of CRP. During the last few years several

groups have applied RAFT or ATRP to the synthesis of func-

tional 2-(hydroxypropyl) methacrylamide (HPMA) based poly-

mers.197–201 Some of these systems will be discussed in detail in the

last chapter of this review. In addition the authors would like to

refer to recent reviews on HPMA based polymer therapeutics

providing a much more detailed description of biomedical

applications as well as its future prospective.202–209 These articles

point out the advantages as well as disadvantages of HPMA as

a monomer in biological or medical application. Furthermore

the special issue provides interesting insights into research

carried out during the last 30–40 years.

Additionally, we would like to mention post-polymerisation

modification methods,157–159 which can be considered as an old

but still promising approach to highly functional and complex

structures based on well-established polymers. In this approach

the final structure is not polymerised directly. Instead a reactive

precursor polymer is synthesised, which can be precisely char-

acterised and afterwards easily transferred into a final multi-

functional system. Currently the most prominent example of the

post-polymerisation modification is the Huisgen [2 + 3] cyclo-

addition, in which an azide reacts with an alkyne, typically under

Cu(I) catalysis, forming a triazole derivative.159 During the last

few years the number of publications has enormously grown and

detailed description is beyond the scope of this review. As an

example, Geng et al. have applied this method to the synthesis of

glycopolymers.210,211 These glycopolymers were conjugated to

BSA yielding artificial glycopeptides. Thus, the normally inert

BSA showed the expected stimulation of the immune system.211

Among reactive polymers for polymer analogue modifications,

activated esters offer some advantages. First of all, most of them

have proven their potential in synthetic peptide chemistry.

Second, they have been already applied to the synthesis of the

first polymer–drug conjugates entering clinical trails (PK1 and

PK2).212,213 Additionally, various activated esters are known in

the literature offering tuneable reactivities.158 Another very

intriguing advantage is the possibility to synthesize various

acrylate or acrylamide based architectures from one polymer

precursor. Thus, copolymerisation parameters can be dis-

regarded and amphiphilic block copolymers can be prepared

from well-characterised non-amphiphilic copolymers.

Taking advantage of the activated ester approach, the

synthesis of a variety of HPMA based polymers as well as

glycopolymers was reported.205–208,214 Additionally, in vitro as

well as in vivo studies were carried out.92,215–218 Gibson et al. could

demonstrate that HPMA based homopolymers derived from

poly(pentafluorophenyl methacrylate) (PPFMA) show compa-

rable cytotoxicity as compared to regularly polymerised
1910 | Polym. Chem., 2011, 2, 1900–1918
HPMA.216 Barz et al. reported on poly(HPMA)-block-poly-

(lauryl methacrylate) block copolymers with no cytotoxicity at

concentration up to 3 mg mL�1.215 Moreover, Herth et al. used

similar polymers in preliminary in vivo experiments.217 In this

work a new radioactive labeling chemistry for positron emission

tomography was introduced, monitoring non-invasively the

body distribution of various polymeric architectures. However,

most importantly, the reactive precursor strategy offers the

chance to synthesize functional systems from one precursor

polymer as demonstrated by Barz et al.92 and Brocchini and

coworkers.218 An important feature of this approach is that even

though the degree of functionalisation changes, the degree of

polymerisation remains the same.92 This makes the comparison

of polymers with different degrees of functionalisation much

more meaningful. These structure–property relationships are

essential for a more sophisticated design of polymer therapeutics

and are therefore discussed in more detail in the next paragraph.

3. Structure–property relationship: influencing
cellular fate of polymer carriers and their cargo

In order to investigate structure–property relationships, the first

step is to be able to control the structure as exactly as possible. In

case of FRP this is typically not possible. If the copolymerisation

parameters are not matched, the composition of the copolymers

will change during the polymerisation. Accordingly, polymers

obtained by this method suffer in particular from three different

distributions: (1) degree of polymerisation distribution, (2)

quantitative comonomer distribution and (3) spatial comonomer

distribution. Subsequent fractionation is only able to narrow the

resulting hydrodynamic radius distribution (which appears to be

mainly the molar mass distribution) directly and may or may not

influence the other distributions. The latter two problems,

however, are very difficult to address by post-polymerisation

purification techniques. However, the microstructure, i.e. the

distribution of comonomers along the polymer chain has a major

influence on the endocytosis in mammalian cells as was recently

shown by Barz, Luxenhofer et al. (see Fig. 5).92

In contrast to the situation in FRP, polymers obtained

via controlled or living polymerisation techniques grow over the

whole course of the polymerisation. Thus, the relative como-

nomer content does differ relatively little in the final polymers

obtained by controlled polymerization methods (ideally

following a Poisson distribution). In this respect, the CRP are of

essential importance in the synthesis of defined polymers on

which structure–properties relationships can be discussed. As for

the spatial arrangement of the monomers within the resulting

polymer chains, differences between CRP and FRP also may not

be negligible and, again, may not be addressed by post-poly-

merisation fractionation. Reactivity differences in FRP (in most

cases) are expected to give random copolymers with changing

relative monomer content over the course of the polymerisation.

Thus, in extreme cases mixtures of different pseudo-homopoly-

mers are obtained. In contrast CRP techniques should yield

gradient copolymers in the case of different monomer reactivities

(see Fig. 6).

Additionally, it has to be mentioned that besides the micro-

structure other physical properties e.g. surface charge and charge

density may be interrelated and influence cellular uptake as well
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 Influence of polymer architecture on cellular uptake kinetics in MDF-7/ADR (human prostate cancer) cells.92
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as intracellular distribution. However, the influence of those

characteristics is more established, especially for engineered

nanoparticles. In these cases direct electrostatic interactions

appear to be a major determinant for cellular uptake and intra-

cellular distribution.219

However, the intracellular fate of any material taken up by

endocytosis will depend strongly on the mechanism of entry.220

However, we have to point out that research in the field of

membrane trafficking and intracellular translocation is

dynamic220–222 and more detailed knowledge may lead to

different interpretation of results. Thus, our picture of cellular

uptake of polymeric particles may evolve tremendously during

the next decades. Nevertheless, differences in polymer structure
Fig. 6 Illustration of the different polymer architectures obtained

during free radical polymerisation and controlled radical polymerisation

when monomers with different reactivities are used. While FRP will yield

pseudo-homopolymers of the more reactive monomer in early stages of

the polymerisation, pseudo-homopolymers of the monomer with less

reactivity will result at later stages. Thus, the final product will comprise

of the different pseudo-homopolymers and random copolymers. In

contrast, CRP methods should yield relatively uniformly gradient

copolymers.

This journal is ª The Royal Society of Chemistry 2011
will always influence the aggregation in solution and therefore

determine the interaction with biological matter.

Sahay et al. reported recently on differential uptake mecha-

nisms of polymer unimers and their micelles, respectively.223 In

this study, an amphiphilic triblock copolymer poly(propylene

glycol) (PPG) and PEG, Pluronic P85, was investigated. The

authors found that while the unimers entered the cells via cav-

eolae-mediated endocytosis, the polymer micelles were taken up

via a clathrin mediated route. At the same time, it was observed

that P85 was able to inhibit caveolae-mediated endocytosis. It

should be emphasised that no ligand for specific cellular uptake

was employed in this study. The authors hypothesize that the

specific interaction with caveolae may be due to perturbation of

these highly specialised structures by changing the membrane

microviscosity or membrane curvature. The same group recently

reported on the endocytosis of nanogels formed by PEG-poly-

(methacrylate) block copolymers.224 These crosslinked polymer

micelles also enter the cells via caveolae in a highly specific

manner and were then routed to lysosomes. Caveolae mediated

endocytosis is highly regulated in epithelial cells and is typically

strongly suppressed in cells forming tight junctions. Accordingly,

high uptake of drug-loaded nanogels was observed in cancer cells

(MCF7/ADR) and sub-confluent MDCK cells. In contrast,

when the MDCK cells became confluent and thus, form tight

junctions, uptake of the nanogels was practically abolished.

Interestingly, Pluronic P85 and the nanogels share a similar

PEG-based corona. A more detailed investigation of the cellular

uptake and subsequent subcellular distribution of Pluronic P85

in a variety of cells, including neurons and BBMEC were also

reported. Interestingly, in this study it was shown that the

polymers could bypass the endosome/lysosome pathway reach-

ing the endoplasmic reticulum and the mitochondria.225 This is of

significant importance for a number of reasons. First, bypassing

the late endosome/lysosome, may avoid or limit the degradation

of sensitive payload. Second, the endoplasmic reticulum and the
Polym. Chem., 2011, 2, 1900–1918 | 1911
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mitochondria are important organelles involved in a large

number of diseases. Therefore, direct delivery of drugs to these

organelles may be beneficial. Future studies using PEG and non-

PEG based materials will hopefully show whether such specific

cellular interactions of non-modified hydrophilic polymers are

a more general feature that could be used for the facile prepa-

ration of materials with specific biological interactions.

In general, it has to be emphasised that these findings clearly

point out the key role of aggregate properties, this knowledge is

essential for a more detailed understanding of the processes

taking place whenever polymeric carriers interact with biological

systems.

Kimura and co-workers used amphiphilic polypeptides and

polydepsipeptides to obtain self-assembled aggregates in the

form of polymer micelles and vesicles, named peptosomes and

lactosomes. In both cases PSar served as the hydrophilic poly-

mer. Long circulation times of 48 h and more were reported64 and

the RES was successfully avoided. Thus, it was possible to detect

tumours in the liver.63 Interestingly, a comparison of aggregates

comprising either polypeptide/polypeptoid block copolymer or

polypeptoid/poly(L-lactide) block copolymer revealed that the

former showed much lower tumour to liver ratios. Both aggre-

gates were of similar size (32 nm vs. 37 nm) but the PSar block

length differed somewhat (degree of polymerisation 60 vs. 90). It

remains uncertain whether the difference in the in vivo behaviour

could be attributed to the aggregate core material or to the minor

differences in the hydrophilic corona. Unfortunately no details

on the characterisation of the polymers were described so that

the influence in the definition of the polymers forming the

aggregates cannot be ruled out.

Nemoto et al. demonstrated recently the effect of the dispersity

of star-like poly(N,N-dimethylaminopropylacrylamide)

(PDMAPAAm) used as non-viral gene delivery systems on the

transfection efficiency.226 This work compares the crude polymer

with a slightly higher dispersity (� ¼ 1.4) and fractions thereof

with lower dispersities (� ¼ 1.1–1.2). The authors demonstrate

that not only the average molar mass, but also the dispersity does

have an influence on the transfection efficiency.

In addition, Callahan et al. have investigated the influence of

molecular weight and charge of HPMA-based copolymers on

their intracellular distribution after cytosolic microinjection.227

Obviously, cytosolic microinjection is not a valid tool to study

the subcellular localisation after endocytosis as in the majority of

cases materials will enter through some sort of compartmental-

ised structure. However, it is an interesting tool to study the fate

of materials if they enter the cytosol, often very difficult to ach-

ieve by itself. The copolymers were synthesised by FRP and

dispersities below 1.7 before and 1.2 after fractionation were

reported. However, as mentioned above, fractionation cannot

solve all dispersity related issues. Nevertheless, the findings are

interesting. All copolymers rapidly and evenly diffused

throughout the cytoplasmic compartment after microinjection.

The smallest copolymer fractions (Mn¼ 11–15 kDa) also rapidly

diffused into the nucleus. The exception to passive intracellular

diffusion was the strongly cationic copolymer containing 20% of

a quaternary amine in the side chain. This copolymer was found

to localize specifically from the cytoplasm to the microtubules. It

was proposed that nuclear entry from the cytoplasm was dictated

by size-limited passive diffusion through the nuclear pore
1912 | Polym. Chem., 2011, 2, 1900–1918
complexes (NPC), however, small but significant differences in

rates of nuclear import were observed for polymers with sizes

near the molecular weight exclusion limit of the NPC as a func-

tion of the charge and hydrophobicity of the copolymers. Weak

bases were found to have the highest nuclear uptake. These

findings indicate a pronounced structure–property relationship,

but detailed investigations of the aggregates would be highly

interesting. Maybe the differences in aggregation would help to

gain a deeper insight.

Moreover, Richardson et al. found pronounced differences in

the intracellular distribution of dextrin, HPMA and PEG based

polymers228 underlining the tremendous influence of the polymer

nature on the cellular fate of the aggregate.

In conclusion, structure–property relationships are not only

interesting from the academic point of view but they are also of

great importance for the development of polymer therapeutics

with clinical applications. The rational design of release systems

is only possible, if the cellular fate of the carrier is known.
4. Defined polymers in therapy

Besides PEG only a small number of defined polymers have

entered clinical research. As discussed before, especially for

in vivo applications defined structures are desirable, because the

biological interactions will depend directly on the polymer

properties. In the following paragraphs we would like to point

out defined polymers for specific applications, most of which are

still in preclinical studies. Applications for defined polymers are

not only limited to oncology.229 The use of polymer therapeutics

is a promising approach to tackle various human diseases.230 In

respect to this, different approaches from encapsulation to

conjugation of drugs into polymer micelles, polymer–drug

conjugates or polymer–protein conjugates have been used in

therapy (see Fig. 7 and 8).

Up to now, polyglutamic acid (PGA) is probably the only

biodegradable and water-soluble polymer that can be synthesised

or purchased in a relatively well-defined manner (� around

1.2–1.4). Thus, it is not surprising that PGA based drug conjugates

reached clinical trials. Different classes of drugs have been attached

to well-defined PGAs, e.g. anthracyclines, antimetabolites,

DNA-binding drugs, paclitaxel or camptothecin.231,232 Among

these polymer–drug conjugates Opaxio� (formerly Xyotax, PPX,

CT-2103) has been in clinical phase 3 trials for the treatment of

non-small cell lung and ovarian carcinoma.233–236 Opaxio� is

a polymer–drug conjugate that links paclitaxel through an ester

bond to PGA. The release kinetics of the drug is directly related to

the degradation of the polymer itself, which is known to be

dependent on the enzyme cathepsin B. Therefore, it is important to

assess cathepsin B levels in patients. Such, Opaxio� is a represen-

tative of personalised medicine in which the patient’s particular

situation is included in the selection of treatment options.

Kimura and co-workers are using amphiphilic polypeptides

and polydepsipeptides (polypeptide-block-polyesters) to obtain

self-assembled aggregates in the form of polymer micelles and

vesicles, which they term peptosomes and lactosomes. In both

cases PSar serves as the hydrophilic polymer. Long circulation

times of 48 h and more were reported64 and the RES was

successfully avoided similar to PEGylated liposomes of Doxil�.

Moreover, labelled PEG could be incorporated into the aqueous
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 Illustration outlining different approaches of encapsulation and conjugation of drugs into polymer–micelles or polymer–drug conjugates,

respectively. Conjugation can be performed to yield structures resembling either random copolymers or block copolymers. In contrast, block copol-

ymers can be used to physically entrap hydrophobic drugs in the micellar core increasing drug solubility.
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core of the polymersomes and colocalised in vivo with the poly-

mersomes 2 days after i.v. injection. It should be noted that in

this study the hydrophobic dye was attached to the hydrophilic

part of the polymers, which might have an effect on the

biodistribution of the respectively decorated micelles and poly-

mersomes. In a similar work, the same group investigated the

biodistribution of assemblies of block copolymers of Sar as the

first block and L-lactic acid (PLLA) or leucine–aminoisobutyric

(Leu–Aib) acid oligomers as the second block. The assemblies

were labelled with near IR dyes and the biodistribution assessed

in tumour bearing mice. It was found that tumour to liver ratios

were considerably above unity peaking above 2. Thus, it was

possible to detect tumours in the liver.63 Therefore, all three

block copolymers are interesting candidates for further investi-

gations for the delivery of therapeutic molecules. Interestingly,

a comparison of aggregates comprising either polypeptide/poly-

peptoid block copolymer or polypeptoid/poly(L-lactide) block

copolymer revealed that the former showed much lower tumour

to liver ratios. Both aggregates were of similar size (32 nm vs.

37 nm) but the PSar block length differed somewhat (degree of

polymerisation 60 vs. 90). It remains uncertain whether the

difference in the in vivo behaviour could be attributed to the

aggregate core material or to the minor differences in
This journal is ª The Royal Society of Chemistry 2011
the hydrophilic corona. Unfortunately no details on the char-

acterisation of the polymers are described so that the influence in

the definition of polymers forming the aggregates cannot be ruled

out.

Most defined polymer candidates are still in preclinical studies,

however one of them, POx can be expected to proceed to clinical

studies in a near future.109 In the last decade, POx have seen

increasing attention for drug delivery or protein conjugation

during the last few years. Jeong and co-workers studied the

solubilisation of the highly water-insoluble paclitaxel using well

defined (� # 1.2) PEtOx-b-poly(3-caprolactone) block copoly-

mers. They could incorporate up to 7.6 wt% of paclitaxel. The

reported micelles only induced very limited hemolysis but some

cytotoxicity was observed even at relatively low polymer

concentrations (<1 mg mL�1).97

Similar block copolymers comprising PEtOx and poly(L-lac-

tide) were prepared by Hsiue and co-workers. In this account,

very low cytotoxicity of the carrier at 10 mg mL�1 was observed.

In this study, doxorubicin was used as a bioactive component

and 31 wt% of drug loading were reported and the drug was

released in a pH dependent manner.99

Hsiue et al. also used POx based polymers for gene delivery. In

this account, first pyridyl disulfide terminated PEtOx were
Polym. Chem., 2011, 2, 1900–1918 | 1913
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Fig. 8 Synthesis of polymer–protein conjugates via different routes. Proteins can be functionalised either with reactive groups that can serve as initiator

for e.g. ATRP.
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prepared. Subsequently, the POx was partially hydrolysed to give

a random copolymer of POx and poly(ethylene imine). These

cationic-hydrophilic copolymers were subsequently coupled to

PEtOx homopolymer to obtain cationic block copolymers

structures. Toxicity was relatively low while transfection was

similar as compared to linear and branched polyethylene imine.82

The same group recently used a PEtOx–poly(aspartic acid)

(PEtOx-b-PAsp) block copolymer for the formulation of

amphotericin B (AmB). The carriers showed no cytotoxicity at

concentrations of 1 mg mL�1. These polymers were able to

incorporate significant amounts of AmB. More importantly, the

incorporated AmB was less toxic to mammalian cells as

compared to AmB in Fungizone� while its toxicity against

Candida albicans was fully preserved. The authors speculated

that this might be due to a sustained release of AmB in its

monomeric form.101

Lai and co-workers reported on the use of PEtOx-b-poly(D,L-

lactide) block copolymers for the delivery of the photosensitizer

meta-tetra(hydroxyphenyl)chlorin in tumour bearing mice for

photodynamic therapy.237 The particles the authors obtained

were loaded with approx. 10% (w/w) of drug and were reported

to be 77 nm in size with a very large dispersity (� ¼ 0.28).

Unfortunately the authors did not mention if the large dispersity

is due to a multimodal size distribution or results from a broad

but monomodal distribution. The authors showed that while the

tumour growth inhibition (HT-29 xenograft) was unaffected by

incorporation into micelles, the skin photosensitisation, a major

limiting factor of photodynamic therapy, was greatly reduced, in

particular when the mice were irradiated only 48 h

postinjection.237
1914 | Polym. Chem., 2011, 2, 1900–1918
Luxenhofer et al. recently reported on the use of POx for

formulation of hydrophobic drugs. In this account, di- and tri-

block copolymers were evaluated which comprise BuOx as the

hydrophobic domain and MeOx or EtOx as the hydrophilic part.

The authors reported a very high loading capacity for Cyclo-

sporin A, AmB and Paclitaxel. In particular the high solubili-

sation of Paclitaxel with final formulations with loadings up to

45%wt is striking. The resulting micelles were very small with

hydrodynamic radii around 10–20 nm with a narrow size

distribution (� ¼ 0.04–0.12). The incorporated drug was shown

to be active both in vitro and in vivo. Moreover, it was reported

that the polymers alone were not cytotoxic at concentrations up

to 20 mg mL�1 and showed relatively little complement activa-

tion in vitro.238,239

In addition to these non-covalent approaches, several POx–

drug conjugates have been described. Veronese and co-workers

reported on covalent attachment of trypsin and cytosine arabi-

nose.240 It was shown that the autolysis rate of polymer-conju-

gated trypsin was comparable between PEGylated and

POxylated trypsin. In contrast, the POxylated cytosine arabinose

activity was shown to be somewhat lower as compared to its

PEGylated counterpart. This, however, was attributed by

a somewhat slower drug release from the carrier polymer.

The first commercial enterprise looking into clinical applica-

tions of POx is Serina Therapeutics which is currently evaluating

POx–drug conjugates for chemotherapy. The POx conjugates are

obtained utilizing click chemistry.80,109,113

Another series of conjugates of POx with a therapeutically

interesting protein has been recently investigated by Kabanov

et al. In this study, horseradish peroxidase (HRP) was
This journal is ª The Royal Society of Chemistry 2011
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conjugated to amphiphilic block copolymers in order to tune the

cellular uptake of HRP. It was shown that block copolymers of

MeOx and BuOx or EtOx and BuOx are able to increase the

cellular uptake of the enzyme in MDCK and Caco-2 cells. In

contrast, a hydrophilic MeOx and a random copolymers of EtOx

and BuOx did not show this effect.241

Within the group of acrylamide based polymers modern

polymerisation chemistry has been applied to the synthesis of

polymer therapeutics. Satchi-Fainaro and coworkers have

successfully applied the RAFT polymerisation to the synthesis of

a copolymer for the treatment of bone neoplasms such as bone

metastases and osteosarcoma.242 The copolymer consists of

HPMA, TNP-470 and the aminobisphosphonate, alendronate

(ALN). TNP-470 is a low molecular weight synthetic analogue of

fumagillin able to selectively inhibit angiogenesis and suppress

tumour growth. The use of the CRP techniques allowed the

synthesis of better-defined polymers (� of 1.2 instead of 1.6). The

common fractionation of HPMA copolymers could be avoided.

Other advantages such as different polymer architectures, as

defined end groups as well as grafting from approaches of the

RAFT polymerisation have not been used so far.

It is important to note that all CRP techniques offer—in the

ideal case—defined end groups as well as access to more complex

polymer architectures, e.g. block copolymer. Qiao et al,243

Kirkland-York244 as well as €Uzg€un245 have successfully used

CRP methods to synthesize block copolymers carrying oligo-

nucleotides. These complexes are promising candidates for

in vivo gene therapy. In both approaches, the nucleotide com-

plexing polycation is shielded by a hydrophilic block, which

prevents unspecific interactions and immune responses. Among

the nucleotide based systems especially small interfering ribo-

nucleic acid (siRNA)246 is expected to have great therapeutic

potential.247–250 Especially, since first indications for RNA inter-

ference (RNAi) in cancer patients have been reported by Davis

and coworkers using cyclodextrine aggregates as carrier

systems.251 Furthermore, Hemmelmann and coworkers have used

well-defined poly(HPMA)-co-poly(lauryl methacrylate) poly-

mers to encapsulate and deliver the antidopaminergic drug

domperidone� across the blood brain barrier (BBB).252 Although

the influence of the polymer remains poorly understood it was

clearly demonstrated by applying the rotarod test that this model

drug influences the coordinated motor skills of FVB/N-wild type

mice. While the drug itself is unable to cross the BBB, but when

encapsulated into a copolymer aggregate significant drug related

changes in animal behaviour could be demonstrated.
5. Conclusion

The tremendous advances in polymer chemistry and macro-

molecular engineering brought the accessibility of many new new

materials. However, they also allow the preparation of well-

known materials in a more defined way. Although the detailed

investigation of structure–property relationship using highly

defined polymers other than PEG is a relatively young field, it is

becoming evident that it is of major importance. This is not at all

surprising, as similar trends were already observed for other

systems such as highly defined dendrimers. In order to fully use

the potential of highly defined polymers and their interaction

with and effects on biological entities, polymer chemists need to
This journal is ª The Royal Society of Chemistry 2011
work closely together with pharmacists, biologists and medical

doctors.

From the point of view of the authors, major improvements in

the field of polymer based nanomedicine can be expected

whenever advanced polymer chemistry is combined with

biological rationale of the disease to be cured. However, as we

are still not understanding the complex interactions of the

plethora of synthetic materials with the variety of biological

entities and barriers in the human organism many questions

remain to be answered and maybe more to be asked with the final

goal to improve the quality of life for many patients.
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