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1. Introduction

1.1. Reversible Addition—Fragmentation Chain
Transfer (RAFT) Polymerization

A living radical polymerization (LRP) is a free radical
polymerization that aims at displaying living character, (i.e.,
does not terminate or transfer and is able to continue
polymerization once the initial feed is exhausted by addition
of more monomer). However, termination reactions are
inherent to a radical process, and modern LRP techniques
seek to minimize such reactions, therefore providing control
over the molecular weight and the molecular weight distribu-
tion of a polymeric material. In addition, the better LRP
techniques incorporate many of the desirable features of
traditional free radical polymerization, such as compatibility
with a wide range of monomers, tolerance of many func-
tionalities, and facile reaction conditions. The control of
molecular weight and molecular weight distribution has
enabled access to complex architectures and site specific
functionality that were previously impossible to achieve via
traditional free radical polymerizations. These LRPs are
classified in three different subgroups: (1) stable free-radical
polymerization such as nitroxide mediated polymerization
(NMP),"? (2) degenerative transfer polymerization, such as
iodine transfer polymerization (ITP and RITP)>* single
electron transfer—degenerative transfer living radical po-
lymerization (SET-DTLRP), ¢ reversible addition—fragmentation
chain transfer (RAFT),”® and macromolecular design via the
interchange of xanthates (MADIX)*!° polymerization, and
(3) metal mediated catalyzed polymerization, such as atom
transfer radical polymerization (ATRP),'''* single electron
transfer—living radical polymerization (SET-LRP),!* and
organotellurium mediated living radical polymrization'¢~"
Among the existing LRP techniques, RAFT and MADIX
are probably the most versatile processes, as they are tolerant
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of a wide variety of reaction conditions and functionalities,
which enables control over the largest variety of monomers
of all the LRP techniques.

RAFT’® and MADIX®!° polymerizations were first re-
ported in 1998 by the CSIRO group and Rhodia Chimie,
respectively. Both systems proceed via degenerative transfer
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processes that are thought to occur via the same mechanism
and differ only in the structure of the compounds employed
as chain transfer agents (coined RAFT agents). For the
purposes of this review, both systems will be referred to as
RAFT polymerization. RAFT agents are organic compounds
possessing a thiocarbonylthio moiety. The generic structures
of RAFT agents employed in RAFT and MADIX are shown
below (Figure 1). The R group initiates the growth of
polymeric chains, while the Z group activates the thiocar-
bonyl bond toward radical addition and then stabilizes the
resultant adduct radical.
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Figure 1. Generic structures of (a) the RAFT chain transfer agent
and (b) the MADIX chain transfer agent (“RAFT agents”).

1.1.1. Mechanism of RAFT

The generally accepted mechanism for a RAFT polym-
erization is shown in Figure 2. The first step of polymeri-
zation is the initiation step, where a radical is created (step
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Figure2. Generally accepted mechanism foraRAFT polymerization.

1). Many different sources of initiation have been reported
for a RAFT polymerization, such as the thermal autoinitiation
of monomers such as styrene,? direct photochemical stimula-
tion of the CTA by ultraviolet light,?>?! y radiation,??”> and
pulsed laser irradiation.?®?” The thermal decomposition of
radical initiators is, however, the most widely adopted
method of initiation, due to the commercial availability of
such compounds.

The oligomeric radicals produced in the initiation step react
with the RAFT agent (1) in a step of initialization (step 2).
There is compelling evidence in the literature that all of the
RAFT agents (if appropriately selected) are consumed in this
step before any propagation commences.?® This is due to
the highly reactive C=S bond of the RAFT agent, which
means that radical addition is favored over the addition to
any of the double bonds that are present on the monomer.
The radical intermediate (2) can fragment back to the original
RAFT agent (1) and an oligomeric radical or fragment to
yield an oligomeric RAFT agent (3) and a reinitiating R
radical. The structure of R should be such that it is a good
reinitiating group. It should fragment at least as quickly as
the initiator or polymer chains from the stabilized radical
intermediate (2). Following initialization, polymer chains
grow by adding monomer (step 3), and they rapidly exchange
between existing growing radicals (as in the propagation step)
and the thiocarbonylthio group capped species (step 4, 4).
The rapid interchange in the chain transfer step ensures that
the concentration of growing radical chains is kept lower
than that of the stabilized radical intermediates (4), therefore
limiting termination reactions. Although limited, termination
reactions still occur via combination or disproportionation
mechanisms (step 5).

1.1.2. Choice of RAFT Agents

The structures of the R and Z groups (Figure 1) are of
critical importance to a successful RAFT polymerization. The
R group of a RAFT agent is important in the pre-equilibrium
stage of the polymerization. The R group should be a better
leaving group than the propagating radical and must ef-
ficiently reinitiate monomer as an expelled radical. For
certain monomers, such as MMA, the ability of a RAFT
agent to effectively mediate the polymerization is highly
dependent on the nature of the R group, whereas other



Bioapplications of RAFT Polymerization

CH, CHs

CH; C

Chemical Reviews, 2009, Vol. 109, No. 11 5405

CHs CH CHs

-cN ~}—® > }—@ > }—COzEt» CHy—CHy ~-CN ~}—© > |-ch, ~}—©
Hs co, H

CHs  C CHs CHs

CHs H CH; H

Sty, MA, AM, AN

VAc
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Reprinted with permission from ref 91. Copyright 2005 CSIRO.

polymerization systems are more resilient with respect to
the R group (Figure 3). Chong et al.?® demonstrated the
dependence of MMA polymerization on the nature of the R
group. They investigated the performance of a range of
dithiobenzoates in the polymerization of MMA and found
that only the cumyl and cyanoisopropyl based R groups were
able to efficiently reinitiate MMA monomer.

Steric factors, radical stability, and polar effects are
significant in determining the leaving/reinitiating ability of
an R group.?>* Increased radical stability enables the R group
to be a good leaving group; however, if the radical is too
stabilized, it may not effectively add onto a monomer and
reinitiate polymerization. Increased steric bulk is likely to
increase leaving group ability but is likely to have a
detrimental effect on the reinitiating capability due to steric
hindrance. Electron withdrawing substituents within the R
group affect the electrophilicity of the derived radical. For
instance, the cyano substituent of a cyanoisopropyl R group
increases its affinity for electron rich vinyl groups, enhancing
its ability to reinitiate monomer, thus making it an effective
reinitiating group, despite its relatively high steric bulk.
Design of RAFT agents so that the R group is structurally
similar to the monomer being polymerized is occasionally
employed. This allows the R group to have similar structural
and electronic properties to the propagating radical, thus
increasing reinitiation ability.

The Z group of a RAFT agent is highly influential in
determining its reactivity and consequently its effectiveness
at mediating polymerization. The Z group should be chosen
so that it will activate the C=S bond toward radical addition
and then impart minimal stabilization of the adduct radical
formed.?! If the stabilizing effect of the Z group is too high,
fragmentation may not be favored and inhibition of the
polymerization (in the initial step) or retardation (in the main
process) might be observed. It is necessary to choose a Z
group that is suitable for mediating the polymerization of a
specific monomer. More reactive monomers are better
controlled by RAFT agents that have a lesser activating effect
on the thiocarbonyl group and, therefore, a greater destabiliz-
ing effect on the adduct radical, thus favoring fragmentation.
The adduct radical formed by a more reactive monomer is
more stable and less likely to undergo fragmentation. Thus,
a Z group that destabilizes the adduct radical is required so
that fragmentation can occur. An example case is the RAFT
polymerization of vinyl acetate (VAc). VAc is a highly
reactive monomer where the polymerization is only ef-
fectively mediated by xanthates®>** and dithiocarbamates,>*
which both cause destabilization of the adduct radical by
virtue of their low chain transfer activity. Indeed, the lone
pair electrons of the oxygen or nitrogen heteroatoms

conjugate with the thiocarbonyl bond, thus reducing its
double bond character and, hence, reducing its affinity for
radical addition.?! Upon radical addition to form an inter-
mediate adduct radical, the lone pair electrons of the Z group
heteroatoms induct toward the adduct radical, destabilizing
it and, thus, promoting fragmentation.

For the same reasons that xanthates and dithiocarbamates
are effective RAFT agents for mediating the polymerization
of highly reactive monomers, they are not good for control-
ling the polymerization of less reactive monomers. For
example, the polymerization of MMA is poorly controlled
by xanthates* and dialkyl dithiocarbamates.** MMA radicals,
which are less reactive due to greater stability, will not add
efficiently to xanthate or dithiocarbamate thiocarbonyl bonds,
which are not activated enough toward radical addition by
their corresponding Z groups. The result is low rates of
addition of monomer to the RAFT agent and high rates of
fragmentation of the adduct radical. Consequently, the
polymerization resembles a conventional FRP because the
concentration of radicals in the system is too high. However,
the activity of xanthates and dithiocarbamates can be “tuned”
so that they become useful in the polymerizations of less
reactive monomers. Mayadunne et al.*® and Destarac et al.>*
found that the activity of dithiocarbamates could be increased
by using a Z group where the lone pair electrons of the
nitrogen are conjugated into an aromatic ring system or with
a carbonyl group. Similarly, Moad et al.’** and Destarac et
al.’” found that by introducing electron withdrawing groups
into the alkoxy moiety of a xanthate, the activity of the
thiocarbonyl group could be enhanced so that they can
effectively mediate the polymerizations of less reactive
monomers. Figure 4, suggested by the CSIRO group, can
be used as a guideline for the selection of appropriate Z
groups.*®

1.1.3. Monomers

Most of the monomers that are polymerized via conven-
tional FRP can be polymerized with the RAFT methodology.
This opens up the route to a wide range of functionality and
makes the RAFT process the technique of choice to produce
functional polymeric architectures. Styrene derivatives, acry-
late and acrylamides, methacrylates, and methacrylamides
and vinyl esters are typical classes of monomers used in
RAFT polymerization.

Good to excellent control is achieved over the polymer-
ization of styrene when mediated by dithioesters, trithiocar-
bonates, and dithiocarbamates (where the nitrogen lone pair
does not strongly conjugate with the thiocarbonyl bond).
However, the RAFT polymerization of styrene exhibits low
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rates of polymerization compared to most other monomers.
Xanthates and alkyl dithiocarbamates generally offer poor
control over the polymerization due to the low reactivity of
the thiocarbonyl bond of these RAFT agents. The ability of
xanthates and dithiocarbamates to mediate the polymerization
of styrene can be improved by the inclusion of electron
withdrawing groups attached to the alkoxy Z group®** or,
in the case of dithiocarbamates, where the nitrogen lone pair
is conjugated into an aromatic ring system.>*3%%

Acrylates and acrylamides have also been widely studied,
and their polymerization via RAFT usually leads to very well
controlled polymers. Both monomers have a very reactive
propagating radical with low steric bulk that leads to fast
polymerizations, although an induction period is observed
at the start of the polymerization.*’ The reasons for this have
been reviewed elsewhere.*! Polymerizations mediated by
dithiocarbamates and most xanthates generally lead to
broader molecular weight distributions (although living
polymers are achieved with PDI between 1.2 and 2.3), while
trithiocarbonates and dithioesters produce living polymers
with low polydispersities (PDI ranges from 1.06 to 1.25). It
is also noteworthy that the polymerization of acrylic acid is
readily controlled by RAFT. 4%

Steric hindrance makes it difficult for the bulky tertiary
propagating radical generated from methacrylate and meth-
acrylamide derivatives to add to the C=S of the CTA. In
order to favor addition to the thiocarbonyl bond, strongly
stabilizing Z groups are required,*? and dithiobenzoates are
the best RAFT agents to control polymerization. Certain
aliphatic dithioesters,* trithiocarbonates,* and dithiocar-
bamates?® also lead to reasonably well controlled polymeric
architectures (PDI ranging from 1.1 to 1.3), while xanthates,
although producing living polymeric chains, offer very poor
control. The R group also requires careful selection, as the
stability of the generated radical (in order to favor preferential
fragmentation with respect to that of the propagating
polymeric radical) needs to be balanced with its reactivity,
to favor addition to the monomer. For instance, using a
reinitiating group that mimics the methacrylic propagating
radical does not lead to narrow polydispersities, as the rate
of fragmentation of the leaving radicals varies between a
polymeric chain and a single molecule, due to the penultimate
unit effect.”” To date, there are only a few RAFT agents that
produce polymers of methacryloyl derivatives with narrow
molecular weight distribution. Cumyl dithiobenzoate*? and
cyanoisopropyl dithiobenzoate®? are the best mediators for
such polymerizations, while methoxycarbonylphenylmethyl
dithiobenzoate*® and a-cyanobenzyl dithioester*” are the only
RAFT agents with an R substituent generating a secondary
radical that gives good control over methacrylic polymers.*®

Vinyl acetate (VAc) is a relatively highly reactive mono-
mer due to poor stabilization of the propagating radical and
low steric bulk. RAFT polymerization is one of the rare

polymerization processes that control the polymerization of
vinyl esters. The lack of stability of VAc propagating radicals
makes it a poor leaving group, which in turn means that the
adduct radical is relatively stable. It follows that only RAFT
agents, which strongly destabilize the adduct radical, such
as xanthates®® and N,N-dialkyl dithiocarbamates,?’ can ef-
fectively mediate the RAFT polymerization of VAc. The
same is true for other monomers of relatively high reactivity,
such as vinylpyrrolidone* ! and vinyl formamide, a precur-
sor to prepare polyamine.>

A variety of other classes of monomers have been
successfully polymerized by RAFT, including, for instance,
isoprene,> 2- and 4-vinylpyridine,** acrylonitrile,> and allyl
butyl ether (copolymerized with acrylates).>® Specific mono-
mers relevant to biological media are discussed in a later
section of this review.

1.1.4. Polymer Functionality and Architecture

Functionalities in RAFT polymers are not limited to the
choice of monomers; they can also be introduced by
polymeric chain end groups. RAFT polymers exhibit chain
end functionalities, either introduced by the R or the Z group
of the RAFT agent, or after postpolymerization modifications.
A number of techniques have been reported that demonstrate
the modification of the thiocarbonylthio end group of a
polymer prepared by RAFT.2*#-57-68 Examples include the
introduction of an olefin end group by thermal elimination
of the thiocabonylthio group of a poly(methyl methacry-
late),® the reduction of the dithioester end group into a thiol,
followed by addition to a vinyl functional molecule,>®%6°
or the simple addition of an excess of free radical initiators
to replace the thioester end group by the radical generated
from the initiator.®* Further examples relevant to biological
applications are discussed in a later section of this review.

RAFT is also a versatile tool for the engineering of
complex polymeric architectures. The synthesis of a variety
of copolymers, including random (statistical), gradient,
alternating, graft, and block copolymers is easily achievable.
Block copolymers of the type AB are one of the key products
achievable via RAFT, and they are produced by sequential
addition of a monomer B to a macro-RAFT agent produced
by the polymerization of monomer A, mediated by the RAFT
agent. The successful synthesis of well-defined polymers via
this route requires careful consideration with respect to the
sequence in which the monomers are polymerized. The
propagating chain A must have a better, or comparable,
leaving group ability with respect to monomer B. If A is a
less stable radical than B, the adduct radical formed by attack
of monomeric/polymeric radical B will preferentially frag-
ment to release a propagating radical of B. Where monomer
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reactivities are highly disparate, a controlled homopolymer
of A and an uncontrolled homopolymer of B would be
obtained.

Graft polymers are also easily achieved by RAFT polym-
erization. A graft copolymer is a type of branched polymer
composed of a polymer backbone with polymer branches
extending from the backbone. Graft copolymers can be
prepared via RAFT polymerization in one of two ways: the
“grafting from” technique’™ or the “grafting through” tech-
nique. The grafting through technique involves the polym-
erization of a polymeric chain showing reactive vinyl groups
at its chain ends (a so-called macromonomer).”! The “grafting
from” technique involves the functionalization of a polymer
backbone, or substrate, with a RAFT agent (either via its R
group or via its Z group) or with a radical initiator.

Other more complex branched polymeric structures include
highly branched polymers and star polymers. Highly branched
polymers via RAFT have been designed as alternatives to
dendrimers that are synthetically easier to achieve. These
structures have been achieved either by self-condensing vinyl
polymerization, using a RAFT agent that bears a polymer-
izable vinyl group,’>"* or by polymerizing a monofucntional
monomer in the presence of difunctional monomer and
RAFT agent.2"+7

Star polymers are structures that consist in linear polymeric
chains that are joined by their end groups. There are two
main strategies for synthesizing star polymers via RAFT:
the core first approach and the arms first approach.”® The
core first approach requires the use of a multifunctional
RAFT agent, where the polymer chains (arms) are grown
from the core. The arms first approach involves the synthesis
of polymeric arms of predetermined molecular weight, which
are joined together postpolymerization. Unique to the RAFT
process, the core first technique can be performed in two
ways. The thiocarbonylthio moiety can be attached to the
core of the multifunctional RAFT agent through its Z group
(Z group approach) or through its R group (R group
approach).”®7’

Significant termination reactions are often observed when
employing the R group approach to star polymers. However,
termination can be reduced in star polymer synthesis via the
R group approach by using high temperatures, low number
of arms, and high concentrations of RAFT agent compared
to radical initiator, thus leading to more highly defined star
polymers. The Z group approach would be expected to
overcome many of the problems associated with the R group
approach because the active center is immobilized on the
core/multifunctional RAFT agent. This makes star—star
coupling virtually impossible: no excess free linear chains
are produced, and adjacent arms cannot terminate each other.
Indeed, in most star syntheses via the Z group approach,
termination reactions are negligible at low monomer conver-
sions but increase significantly toward higher conversions.”®

1.2. Application of the RAFT Technique to
Biological Applications

Synthetic polymers and their hybrids with biological
molecules have been increasingly used in biotechnology,
biomedical, and pharmaceutical technologies since the mid-
20th century. A few examples include pharmaceutical
excipients, diagnostic components, biopurification matrices,
and biomedical implants. Initially, macroscopic and micro-
scopic properties were the major foci in designing polymers
for biological applications. More recently, the perception of
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the role of nanoscale properties in applications has revealed
opportunities for tailoring the properties of polymers at a
molecular level to fulfill the performance criteria better for
any given application.”’”% While the design requirements
can vary widely according to the application, the molecular
weight, (supra)molecular architecture, composition, and
chemical functionality appear to be the most important
properties for a wide variety of applications, ranging from
polymeric drug delivery systems to biocatalyst immobilized
polymers. The uniformity in key properties, enabling per-
formance to be correlated with structure, is usually desirable
for most biological applications of polymers, such as polymer
therapeutics and biomaterials surfaces 8848889 The water-
solubility or amphiphilic character of the polymeric systems
is also essential for a number of applications, especially those
involving biological molecules.

The RAFT polymerization approach offers a versatile
platform for controlled synthesis and molecular engineering
of vinyl polymers for biological applications. The major
strengths of the RAFT approach include the following:

(1) An ability to control the polymerization of a wide
range of monomers in varying solvents, including
water, using only chain transfer agents and common
free radical initiators (without the need for any
additional polymerization component such as metal
catalysts).”?39072

(2) The tolerance to a wide variety of functional groups,
allowing the facile synthesis of polymers with pendant,
and alpha and omega end-group functionalities (an
important feature for biological applications).”*~

(3) The ability to synthesize a wide variety of architectures
such as telechelic, block copolymers, graft copolymers,
gradient copolymers, nanogels, stars, and dendritic
structures, 46:58.100-105

(4) The compatibility of RAFT with a variety of estab-
lished polymerization methods such as bulk, solution,
suspension,'® emulsion,’*1971% and dispersion!'?*!1
polymerizations.

(5) The ability to perform polymerizations from a wide
variety of substrates, allowing the modification of
surfaces and the in situ generation of polymer
conjugates.”>!11-114

Readers are also referred to other recent review articles
that detail the strengths and different aspects of the RAFT
technique when applied to various biological applications. 31157120

1.3. Scope of the Review

This review compiles all the recent studies using RAFT
polymerization for the design and the synthesis of polymers
for bioapplications, such as gene/drug delivery, biomaterials,
biomolecule—poymer conjugates, and hybrid organic/
inorganic nanoparticles. This review highlights the advan-
tages of RAFT polymerization, e.g. its great versatility and
tolerance toward monomers, solvents, and temperatures for
the deign of such materials.

2. Functional Polymers Obtained by RAFT
Polymerization

2.1. End-Group Functionalization

End-functional polymers can easily be designed via the
judicious selection of RAFT agent structures. An o-func-
tionality can be incorporated onto a polymer chain by
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carefully designing the R group of a RAFT agent, while the
w-end group of a polymeric chain can be controlled via
modification of the Z group or by postmodification of the
thiocarbonyl group after polymerization.

In what follows, we review publications that describe the
design and use of functional RAFT agents for synthesizing
polymers that could be applied to form bioconjugates. This
section is divided into three parts:

(i) First, a general description of functional RAFT agents

for the production of functional polymers is given.

(i1) Second, a description of functional RAFT agents useful

for direct conjugation with (bio)compounds is given.

(iii)Finally, a description of biohybrid RAFT agents useful

for in situ conjugation is given.

2.1.1. Functional RAFT Agents

The initial invention of RAFT polymerization has been
followed by intense research activity to design novel
functional RAFT agents for specific design purposes. Ini-
tially, this was primarily to allow optimum polymerization
control over specific families of monomers. This activity has
led to the description of various RAFT agent structures, such
as trithiocarbonates, dithioesters, and xanthates. More re-
cently, RAFT agent design has been stimulated by the
motivation to control end-functional polymers, such as
macromonomers or telechelic polymers.'®® A large range of
functional RAFT agents has already been described in the
polymer literature, including functionalities such as hydroxyl,
carboxylic acid, and allyl, as listed in Table 1. Carboxylic
acid is the most commonly used functionality used for
making functional polymers by RAFT (Table 1). Lai et al.'?!
reported the synthesis of several mono- and dicarboxyl
functional RAFT agents, permitting control over a wide range
of monomers, such as acrylate, acrylamide, and styrene,
yielding monofunctional and telechelic polymers. Carboxyl
functionalized trithiocarbonate or dithioester RAFT agents
were developed for the polymerization of MMA by Moad
et al.%" and McCormick’s team.%!227125 These carboxyl end-
functional polymers can then be easily conjugated to pep-
tides, proteins, or carbohydrates using traditional coupling
chemistry approaches with either alcohol or amine groups.
The carboxyl functionality can also be modified by chlorina-
tion, by pentafluorophenyl groups, by NHS, or by 2-mer-
captothiozaline to further increase the yields of conjugation;
for example, Aqil et al.'*® proposed a coupling of 5-([(N-
biotinoylamino)hexanoyl]amino)pentylamine to a carboxylic
acid functionalized poly(V-isopropyl acrylamide) (poly(NIPA Am))
using N-hydroxysuccinimide as an activator of the carboxylic
acid group (Scheme 1). Aqil et al. reported an excellent
coupling yield and the synthesis of biotin functionalized
poly(NIPAAm), able to conjugate with avidin and strepa-
vadin. However, this approach to bioconjugation has several
drawbacks relating to the overall number of steps and the
necessary purifications required. To negate these problems,
activated ester RAFT agents were developed by several
authors, 277130

Aamer and Tew'™’ developed the synthesis of new
activated ester RAFT agents by the modification of 4-cy-
anovaleric acid dithiobenzoate with NHS in the presence of
DCC and DMAP. This RAFT agent exerted control over
the polymerization of 4-vinylbenzoic acid (VBC), yielding
low PDIs (<1.10); however, the experimental molecular
weights were higher than targeted. This difference was
attributed to the low efficiency of the RAFT agent. Xu and

130

Boyer et al.

co-workers'? described the synthesis of a dithioester bearing
a mercaptothiazoline active ester able to control the polym-
erization of HPMA at 70 °C. The polydispersities remained
below 1.2 during the polymerization, and the molecular
weight of the growing polymer was linear, concomitant with
monomer conversion. The 2-mercaptothiazolidine end group
remained intact after the polymerization, yielding o-mer-
captothiazolidine terminated poly(HPMA). This group was
then exploited to attach a dendrimer bearing four mannose
groups. Recently, Theato and co-workers'3!~!3? described a
RAFT agent and a diazoinitiator, both containing a pen-
tafluorophenyl activated ester (PFP), to polymerize methyl
methacrylate (MMA), diethylene glycol monomethyl ether
methacrylate (DEG-MA), poly(ethylene glycol) monomethyl
ether methacrylate (PEG-MA), hydroxyl propyl methacry-
lamide (HPMA), and lauryl methacrylate (LMA), giving
homopolymers and diblock copolymers with control over
molecular weight and narrow molecular weight distributions,
at high conversions. Polymers derived from the PFP-RAFT
approach possessed an o-functionality that could be reacted
with amines with high efficiency (close to 100%). Wiss et
al. demonstrated the utility of the PFP-RAFT for the
bioconjugation of polymer with a collagen peptide.'*’

RAFT agents bearing a hydroxyl group have also been
studied to yield o-hydroxyl and o,w- hydroxyl terminated
poly(MMA) or poly(n-BA) polymers with narrow molecular
weight distributions (PDI < 1.3).%

Vora et al.'* proposed two new epoxy- and oxetane-
functional RAFT agents able to control the polymerization
of different acrylic monomers with PDIs below 1.1. The
epoxy end group could be modified in the presence of
different functionalities, such as amine and carboxylic acid,
yielding macromonomers. The oxetane group was copoly-
merized in the presence of 3-ethyl-3-hydroxymethyl oxetane
as a comonomer and BF;+(C,Hs),0 as a catalyst, yielding
trithiocarbonylthio macromonomers. These epoxy and ox-
etane functionalities hold great promise for polymer biocon-
jugation applications, as they can be used in “click” type
reactions with high efficiencies of reaction.

“Exotic” functional RAFT agents bearing a-norbonenyl,”!
a-allyl,”! or o,w-bis-allyl'* and o-cinnamyl”' groups have
also been described.'* Allyl groups are of particular recent
interest, as they can be exploited for modification via
thiol—ene reactions, via UV exposure,**!*’ or in the presence
of Karstedt’s catalyst,'*® leading to more complex architec-
tures. Maleimide terminated polymers were also obtained
using a furan-protected maleimide chain transfer agent
(CTA).'* The furan protection was cleaved by heating the
polymer at 110 °C to yield maleimide terminated poly(OEG-
A) with a functionality equal to 60—80%. Thiol function-
alized lysozyne was conjugated to the polymer.

The synthesis of RAFT agents bearing fluorescence labels
has also been reported with functionalization via a methyl
anthracene R group®® and a pyrenylmethyl.!** Anthracene
terminated RAFT agent yielded polymers of styrene and
methyl acrylate with PDIs below 1.2. The resulting o-flu-
orescence end labeled polymers exhibited enhanced fluo-
rescence properties in chloroform and in DMF, for pyrenyl-
methyl and for methyl anthracene, respectively.

At the present time, primary and secondary amine and thiol
functionalities are not directly accessible via RAFT agent
design due to the degradation of the RAFT agent during the
polymerization or the addition of monomers.®! Several
indirect routes have been proposed to overcome this limita-
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Table 1. Structures of Functional RAFT Agents”
T'unctions RAFT agents Monomers Functions RATT agents Monomers
arboxylic S -COzH NAM ao-hydroxyl s MA, St.
GreaTooxyie \’/ NIPAAM
acid s HOH/O S )J\S OWOH
o-carboxylic NAM -0 o)
acid S COH o-amine S St, n-BA,
\‘/ s NIPAAM
s N s—R
a-carboxylic COH MMA, St ~
acid s O R=C4He
a-amine O S Vac, NVP
S 34/<
a-carboxylic HO,C Et. A, AA, n-BA, NJ 07\
acid S SW HIEA. -BMA. St.
e o MMA
S
o,m-amine S NIPAAm, St, n-
a-carboxylic HOSC s s \/@9\ AA, n-BA, JSA/< BA
acid 2 NIPAAmM
j/ T ) N s o
S N
0 0
a-carboxylic HO,C s s MMA
acid \/>< \ﬂ/
10
oN's o,®-amin 7 P & NIPAAm, St. #
J®-amine 7 AAm, St. a-
a-carboxylic St,  NIPAAm, @NJ‘;_{S }_ggf ~ BA
acid OLCG-A. #-BA. Z~ -
HO C/\/STS 2-acryloycthyl o
phosphorylcholin G-epoXy @) St, Et A, n-BA,
S e. AA AA
b
a,m-carboxylic HOZC?QS SXCOZH Et. A, AA, n-BA, WAO \H/ 0
acid HEA, -BMA, St o} S
T |
a-oxctanc Q St. Bt A, n-BA.
a,w-carboxylic S S COoH MMA, n-BA AALMA
acid ’ HO2C/\/ \H/ >< i O&STSW
S S :
[of
10-C lic S S COH N
::ixziwrboxﬂlc HOZC/\/ \H/ T/ 2 n-BA aeally] S oN St VIA. MMA
S . SM‘/O\@/\
o-NHS S CN O 4-vinylbenzoic | s
O. acid / o
S NH
5 a,w-allyl S St, n-BA
© )J\
\/\S S/\/
a- R F NIPAAm, LMA.
pentafluorophe i £N OEG-MA. DEG- a- Tuorescent S St
nyl  activated SMO F MA, MMA
ester o s OO
F F
g-mercapto- g HPMA OO
thiozaline i N N)\S
aclivated ester SXA”/ ] - fluorescent St MA
O
a-hydroxyl MA. MMA

S
@\’( WOH
S CN

o4

“Note: AA= acrylic acid, AM = acrylamide, AN = acrylonitrile, n-BA = n-butyl acrylate, EtA = ethyl acrylate, MA = methyl acrylate, MMA
= methyl methacrylate, NIPAAm = N-isopropylacrylamide, NAM = N-acryloylmorpholine, OEG-A = oligo(ethylene glycol) acrylate, St = styrene,
VAc = vinyl acetate.

tion, such as the protection of the amine group by the
phthalimido group® or by a fert-butyloxycarbonate (+-Boc).'*!
The amine group can be regenerated by deprotection in the
presence of hydrazine and of trifluoroacetic acid (TFA) for
phthalimido group and #-Boc, respectively.

2.1.2. RAFT Design Allowing a Direct Conjugation

In this section we describe functional polymers that can
be directly and selectively conjugated without postmodifi-

cation to biocompounds. A number of coupling reactions,
such as thiol-pyridyl disulfide, thiol-maleimide, and alkyne-
azide (click reactions), are established protocols for this direct
conjugation approach (Table 2).

The pyridyl disulfide (PDS) functionality has been widely
applied for bioconjugation®*93113:114.1427144 anq for grafting
of polymer onto gold surfaces'*® in recent years. PDS-thiol
chemistry is selective, quick, versatile, and efficient.'4>146
The PDS group can be introduced via either R or Z groups



5410 Chemical Reviews, 2009, Vol. 109, No. 11

Boyer et al.

Scheme 1. Postpolymerization Functionalization of Poly(NIPAAm) with Biotin via NHS-ester Activation
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Table 2. RAFT Agents Used for Direct Postpolymerization
Conjugation®

Functions RAFT agents Monomers
a-pyridyl 7\ OEG-A
disulfide <j>\ S S-S
—sT"o b \/é%
S

@-pyridyl s o /j OEG-A,
disulfide I NP NN N St.,

NIPAAmM
w-pyridy! OEG-A,
disulfide NIPAAm
a-azide NIPAAm
a-azide VAc
a-azide, - St.,

pyridyl

(0]
Ns/\/\O)H/SYS\A”/O\/\
S ¢}

55 IN\ NIPAAm
&

“Note: AA = acrylic acid, AM = acrylamide, AN = acrylonitrile,
n-BA = n-butyl acrylate, EtA = ethyl acrylate, MA = methyl acrylate,
MMA = methyl methacrylate, NIPAAm = N-isopropylacrylamide,
NAM = N-acryloylmorpholine, OEG-A = oligo(ethylene glycol)
acrylate, St = styrene, VAc = vinyl acetate.

(or R and Z together), to yield telechelic polymers with
narrow PDIs, for example, monofunctional pyridyl disulfide
functionalized poly(styrene),'*’ poly(OEG-A),*>!'*  and
poly(NIPAAm).'*# The presence of pyridyl ethyl disulfide
bonds does not affect the RAFT mechanism for fast
monomers (i.e., (meth)acrylic and acrylamide).'** The PDS
group can be used to conjugate with thiol functionalities
present in biomolecules, such as bovine serum albumin
(BSA), 114198 peptide (for example, NGR* or glutathione
peptide'*’), and small interfering RNA'#* (siRNA) with high
yields generating protein/peptide/RNA polymer conjugates
or micelles. Moreover, the conjugation occurs via a disulfide
bond that can be readily reduced in vivo to permit the release
of the biocompound from the synthetic polymer.'*’
Several authors have proposed the synthesis of azide-
functional RAFT agents for application in “click” type
conjugation approaches. Using “click” chemistry,' it is

JVWHNM T Cllss g
DMF,

possible to graft polymers onto alkyne modified bovine serum
albumin (BSA) with high yields, as described by Li et al.'™!
In a similar approach, the CAMD team®* proposed the use
of a heterotelechelic o-azide, w-pyridyl disulfide functional
RAFT agent able to couple with alkyne modified biotin by
a click reaction (95% efficiency). The use of this functional
RAFT agent yielded heterotelechelic poly(NIPAAm) and
poly(styrene), that could be conjugated to different proteins,
i.e. BSA and avidin. Chen and co-workers'>? described the
synthesis of azide modified RAFT agents for the polymer-
ization of vinyl acetate at 80 °C. However, control over vinyl
acetate is often problematic and PDI was seen to increase
with conversion. In their paper, Chen et al.'>? attributed the
broadening to transfer to monomer and polymer during the
polymerization. However, Ladmiral et al.'>® have described
some problems with the use of “click” functionality in certain
polymerizations at higher temperatures, and Favier et al.'>*
have also noted the potential strong influence of impurities
in RAFT polymerization. After polymerization of vinyl
acetate, Chen et al.'> attached fluorescent labels (propinyloxy
coumarin) using click chemistry (catalyst system: CuBr/
PMDETA), obtaining high yields.

rt,18h

2.1.3. Synthesis of Biohybrid RAFT Agents

Bathfield and co-workers!?”1?® have described a new RAFT
agent bearing an activated ester in the R group, i.e. for the
direct attachment to biomolecules (Scheme 2). This succin-
imidyl ester readily reacts with nucleophilic groups (such
as amine) in a one-step reaction. Bathfield et al. demonstrated
that the amidation reaction was favored over the thioami-
dation (aminolysis) to yield a RAFT agent bearing an amide
bond. This reaction protocol was expanded to attach different
compounds, such as sugar (galactose), N-aminoethylmor-
pholine,'?” and, recently, a phospholipid.'?® The rapid reaction
of amine onto N-hydrosuccimide avoids any degradation
problems, i.e. aminolysis of the RAFT agent. However, it is
important to use a [RAFT]y/[amine], ratio superior to (or
equal) to 1 to avoid aminolysis side reactions.

A biotin modified RAFT agent was synthesized by Hong
and Pan,"’ coupling biotinylated alcohol and S-1-dodecyl-
S'-(0,a'-dimethyl acetic acid) in the presence of dicyclo-
hexylcarbodiimide (DCC) and dimethylaminopyridine (DMAP).
This RAFT agent exerted control of NIPAAm and N-(2-
hydroxypropylacrylamide) (HPMA) with a PDI range of
1.09—1.20 and, also, allowed the synthesis of poly[(NIPAAm)-
block-(HPMA)] diblock polymer.
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Scheme 2. Chemical Modification of the Ester Activated
RAFT Agent by Biocompounds, Such as Phospholipid,

Biotin, and Carbohydrate
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Boerner and co-workers'3®!% expanded the RAFT po-
lymerization technique to the synthesis of well-defined
peptide—polymer conjugates. An original approach was
developed via solid-phase supported synthesis, making
unnecessary any purification by silica chromatography. One
approach involved the attachment of peptide via reaction of
an amine terminated supported peptide onto carboxylic acid
functionalized RAFT agent in the presence of a catalyst for
the coupling reaction between amine and acid (DCC/EDC,
DMAP). However, this approach is hindered by the nucleo-
philic attack of peptide amine onto the dithioester (aminoly-
sis). RAFT agent was separated from the support by a dilute
TFA/DCM solution (2%) and obtained with 76% purity. It
is interesting to note that TFA does not affect the integrity
of the RAFT agent; however, some fert-butyl ester groups
were lost during the workup. The second route involved the
modification of a peptide bearing bromine or chlorine atom
(ATREP initiator) by nucleophilic substitution with a pyri-
dinium salt of the dithiobenzoic acid in THF, yielding an
oligopeptide macro transfer agent. These macroRAFT agents
exerted polymerization control of n-BA at 60 °C. After in
situ polymerization, the chilarity of peptide was preserved
(demonstrated by circular dichroism analysis).

Zhao and Perrier'®® used peptides bearing a cysteine to
prepare peptide macroRAFT agents (Scheme 3). To illustrate
this example, they synthesized four different peptide-mac-
roRAFT agents with high yield (95%) in methanol (Scheme
4). These RAFT agents exerted polymerization control for

Scheme 3. Synthesis of RAFT Agents Using Free Thiol
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Scheme 4. Different Peptide-MacroRAFT Agents
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a number of monomers (NIPAAm, dimethyl acrylamide
(DMA), n-BA, and methyl acrylate). This synthetic approach
is useful for simple peptides; however, it has some limita-
tions. It cannot be applied to complex peptides for two majors
reasons: first, the experimental conditions of RAFT group
modification may alter the peptide structure (chilarity), and,
second, any peptide bearing free amines cannot be modified
by this process, as it is necessary to protect the free amine,
as reported by Zhao and Perrier,'*® during the synthesis and
the polymerization. Subsequently, the amine needs to be
protected by a 7-Boc group.

The synthesis of a BSA—macroRAFT agent using the
selective reaction of thiol-pyridyl disulfide was proposed by
the CAMD team''*!'* to generate BSA—poly(NIPAAm) and
BSA—poly(OEG-A) conjugates. The attachment of a ther-
mosensitive polymer, poly(NIPAAm), allowed regulation of
the BSA activity and the design of nanoparticles (<200
nm).''3 De et al.'! reported the attachment of BSA using an
R approach (Scheme 5), with thiol—maleimide coupling. The
resultant BSA—macroRAFT agent was used to control the
polymerization of NIPAAm at room temperature using
similar conditions to those reported by Boyer and co-
workers.!'* Disulfides present in native BSA were also
reduced to increase the number of free thiols per protein,
thereby providing multiple attachment sites per BSA. The
R approach reduces steric hindrance that can in some cases
(Z approach) reduce the polymerization efficiency.

2.1.4. Chemical Modification of a RAFT End Group

An alternative to RAFT polymer functionalization is the
direct modification of RAFT functionality to generate reac-
tive end groups suitable for conjugation to biomolecules.
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Scheme 5. Synthesis of BSA—MacroRAFT Agent by Two Different Routes: Thiol—Maleimide Addition and Thiol—Pyridyl

Disulfide Exchange
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Scheme 6. Chemical Modification of Poly(NVP) Obtained by RAFT Polymerization: (top) Reduction of the RAFT End Group
by NaBH, in the Presence of Ellman’s Reagent To Yield a Protected Thiol; (bottom) Hydrolysis of the RAFT End Group to

Yield an Aldehyde End Group
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There are several possibilities, including aminolysis of the
RAFT agent into thiol or radical modifications. This route
presents the advantage to reduce the toxicity of these
polymers by removal of the RAFT end group.'®

Recently, Pound and co-workers!®® presented a route to
modify poly(vinylpyrrolidone) by hydrolysis of RAFT end
groups at pH 4.5, yielding hydroxyl end groups (Scheme
6). These hydroxyl groups were then transformed, via
thermolysis, into aldehyde groups. Aldehyde functionality
can react easily with amine end groups on proteins, peptides,
or oligonucleotide biomolecules. To illustrate this reaction,
the authors conjugated the amine groups of lysine with
poly(vinylpyrrolidone) tolead tolysozyne—poly(vinylipyrrolidone)
conjugates, with a good yield. However, no bioactivity data
was reported, and so it was unclear whether the conjugates
had any potential utility.

Zelikin and co-workers'®* modified the xanthate terminii
of PVP chains generating thiol end groups, that were
protected by reaction with Ellman’s reactant to yield disul-
fides. This approach facilitates the use of versatile thiol
chemistry, such as thiol—maleimide or thiol—disulfide
exchange, to introduce reactive end groups such as fluores-
cent labels, peptides, or oligonucleotides.

Several authors*38:601:6297.165-172 nroposed the modification
of RAFT end group terminated poly(NIPAAm) to generate
thiols, with subsequent bioconjugation via thiol—ene reactions.

For example, You and Oupick'” proposed a two-step
strategy: first, a thiol functionalized poly(NIPAAm) was
obtained by degradation of trithiocarbonate in the presence

water, pH 4-10, 16 h Om

HOZC

ozu@sS@NOz

HO,C
NO,

Hb xf\hr

120 °C, 1 mBar, 20h

of hexylamine under nitrogen. Second, thiol terminated
poly(NIPAAm) was reacted to 1-biotinamido-4-[4'-(male-
imidomethyl)cyclohexanecarboxamido]butane. In this pro-
cess, some byproducts were observed, such as that of
disulfide interchain coupling.

Convertine et al.” successfully used this route to conjugate
poly(NIPAAm) with fluorescein functionalized maleimide.
To avoid the formation of disulfide interchain coupling, the
addition of tri-n-butyl phosphine as a reductant was proposed.
Accordingly, the disulfide interchain coupling was totally
eliminated.

Thiol—ene addition was also exploited for the synthesis
of homo- and heterotelechelic polymers.*’ Recently, An
and co-workers'” proposed another methodology involving
a cascade aminolysis/Michael addition and alkyne-azide click
reactions to generate well-defined heterofunctional polymeric
materials. This methodology is very similar to Qui and co-
workers’ approach.'®® First, RAFT agent was reduced into
thiol and then reacted to form a fluorescein o-acrylate,
followed by the modification of azide groups in the presence
of a dansyl probe via click chemistry using a CuSO,*5H,0/
sodium ascorbate catalyst system to obtain o-fluorescein,
w-dansyl poly(NIPAAm). In Qui’s approach,'®® the reduction
of RAFT agent terminated poly(NIPAAm) was used to add
alkyne groups by addition of thiol onto alkyne acrylate
monomers, followed by a click reaction between azide and
alkyne to lead to cyclic polymers. This approach was reported
to work with high efficiency. Yu and co-workers used a
similar approach to synthesize alkyne terminated pol(NIPAAm);
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Scheme 7. Chemical Modification of Polymers Obtained by RAFT Polymerization: (top) Reduction of the RAFT End Group in
the Presence of 2,2-Dithiodipyridine To Yield Pyridyl Disulfide Terminated Polymers, Followed by Bioconjugation Using Thiol
Terminated Compounds; (bottom) Aminolysis of the RAFT End Group in the Presence of an Ene Group, Such as

Carbohydrate Methacrylate or Maleimide Modified Biotin
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however, in a second step, the authors proposed to click two
thiols on the alkyne group using a thiol-yne reaction.'’*

Recently, Li and co-workers'® proposed the use a bis-
maleimide to react with thiol functionalized poly(NIPAAm)
obtained by reduction of RAFT end groups to give a
maleimide functionalized poly(NIPAAm) with a high yield.
To ensure the absence of interchain coupling, a large excess
of bismaleimide was used. The maleimide end group can
then be exploited to add another thiol compound by
thiol—ene addition. The nucleophilic thiol obtained after
aminolysis of the RAFT end-group can also be exploited
for other reactions such as thiol—isocyanate, as described
by Li et al.'’* who used this reaction for the functionalization
of poly(diethyl acrylamide).

The CAMD team!” developed two original approaches
using the thiol generated from RAFT aminolysis (Scheme
7). First, aminolysis in the presence of 2,2'-dithiopyridyl
disulfide (DTP) was carried out to generate pyridyl disulfide
end groups.!”® Second, the aminolysis of the RAFT agent
was carried out in the presence of functional enes, such as
biotin functionalized maleimide, sugar modified methacry-
late, or di(meth)acrylate compounds to lead to new mac-
romonomer types!”” by thiol—ene addition. These two routes
produced different functional polymers with good yields
(close to 90%) without accompanying side reactions such
as disulfide or thiolactone formation. Kakwere and Perrier
followed a similar approach to attach biotin to the shell of
soft nanoparticles (particle sizes around 30—40 nm) made
from RAFT polymers, followed by complexation to avidin.>

RAFT end group removal and functionalization was also
reported using radical addition.®® This approach utilizes a
large excess of radicals generated by initiators (such as azo
compounds) at the end of the polymerization (in the absence
of monomers), leading to the formation of polymeric chain
radicals, which can recombine irreversibly with one of the
free radicals present in excess in solution, thus forming a
dead polymer chain. This method eliminates the RAFT end
groups and also introduces new functionality at the of the
polymer chain ends. Thus, new functional groups are
introduced according to the type of initiator and the chain
transfer agent can be recycled simultaneously. For example,

Roth and co-workers'!' proposed this strategy to remove
terminal w-dithioester groups of polymer chains while using
a pentafluorophenyl ester diazo compound to functionalize
RAFT polymers with a PFP ester at the w-end. As a
consequence, functionalization of both end groups was
possible, leading to telechelic polymers, exhibiting an active
ester at both ends of the polymer chain. Another recent
example was proposed by Heredia and co-workers'*® to yield
a heterotelechelic poly(NIPAAm), with one chain end
bearing biotin. A maleimide was introduced to the w chain-
end by reaction via a radical cross-coupling reaction with a
functionalized azo-initiator. Telechelic biotin-maleimide
poly(N-isopropylacrylamide) was used for the formation of
streptavidin—bovine serum albumin (BSA) polymer conju-
gates. A similar methodology was employed to yield BSA
telechelic poly(NIPAAm).!”® Maynard’s group!’® described
the synthesized of four-arm protein—poly(NIPAAm) con-
jugated using thiol—maleimide coupling reactions.

Another approach has also been developed to enable
functionalization of RAFT polymers using the monoaddition
of maleimide monomers. N-substituted maleimido monomers
have been used in a modified block polymerization to add a
single maleimido unit onto the RAFT polymer with nearly
quantitative efficiency. This technique has been demonstrated
using N-(2-aminoethyl)maleimide trifluoroacetate introduct-
ing a single primary amine to the w-terminus of poly(D-
MAEMA) and poly(NIPAAm) and to a specialized block
copolymer for siRNA delivery. This chemistry was exploited
to construct diblock copolymers with a bioconjugation site
located precisely at the block junction. The chain-extended
polymers were then functionalized with an amine-reactive
fluorescent dye or folic acid with conjugation efficiencies
of 86 and 94%, respectively.'7®

2.2. Pendant Groups Functionalization

RAFT®"! polymerization is a versatile radical polymer-
ization technique for the inclusion of functional monomers,
together with ATRP!!"'2!° and iodine transfer polymeriza-
tion.* In what follows, we report the more useful monomers
utilized for bioconjugations (Figure 5).
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Figure 5. Functional monomers suitable for bioconjugation (note:
R corresponds to H or CHj).

Scheme 8. Polymerization of Pyridyl Ethyl Disulfide
Methacrylate Monomer by RAFT Polymerization, and the
Chemical Modification by Thiol Compounds
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Pyridyl disulfide ethyl methacrylate was successfully
homopolymerized for the first time by RAFT polymerization
by Bulmus, Davis, and co-workers using CPAD (Scheme
8).%8:194 Control of PDI and molecular weight was achieved
in DMAc, as the solvent, and AIBN, as the initiator, at 70
°C. The presence of disulfide bonds did not affect the
polymerization, with no significant transfer observed for fast
monomers.'* The presence of pyridyl disulfide as a pendant
group creates a scaffold amenable to modification by thiol
compounds, such as 2-mercaptopropionic acid, 2-mercap-
toethanol, or glutathione.”® In addition, the pyridyl disulfide
can be cleaved in the presence of TCEP to yield free thiols
suitable for reacting onto maleimide compounds, such as
doxorubicin modified maleimide.'® This monomer was also
copolymerized by RAFT in the presence of HPMA and
OEG-MA to obtain poly(PDSM-block-HPMA)'** and poly(P-
DSM-block-OEG-MA) diblock and random polymers with
a PDI less than 1.2.

Allyl pendant groups can be introduced using a large range
of monomers, as suggested by Ma and co-workers!'” for

(2]

2.2.1. Thiol Reactive Monomers

Boyer et al.

RAFT polymerization and by Campos et al.'*® and Strandwitz
et al.’¥” for ATRP. These allyl groups can be easily modified
by thiol—ene reactions in the presence of thermal or UV
initiators, leading to functional polymers, such as glucose
polymers.'® Valade et al. proposed the synthesis of block
copolymers of allyl methacrylate and N-(2-hydroxypropyl-
)methacrylamide by RAFT polymerization (PDI < 1.4).!8!
The allyl group was modified with cysteamine compound
via thiol—ene reaction, with a very high efficiency (~100%),
yielding cationic copolymers. These copolymers were used
for the complexation of siRNA.

2.2.2. Activated Ester Monomers

The activated ester monomers constitute an important class
of bioapplicable compounds. One of the most studied is
N-acryloxysuccimide (NHS-A). NHS-A can yield a polymer
bearing succinimidyl-activated ester pendant groups. NHS-A
was successfully homopolymerized'3? and copolymerized by
RAFT with NIPAAm,'® N,N-demethyll acrylamide
(DMA),'®* and N-acryloylmorpholine (NAM)'®> to give
water-soluble random copolymers (using both dithioesters
and trithiocarbonates). By working at the azeotropic com-
position (60/40: NAM/NHS-A in mol %), polymer chains
without composition drift were obtained.'® RAFT copolym-
erization of NHS-A has been extended to other architectures,
such as block copolymers in the presence of DMA, NAM,
and tert-butyl acrylate (+-BA), to yield the hydrophilic block
copolymer poly(DMA-block-NHS-A) and the amphiphilic
block copolymers poly[t-BA-block-(NHS-A-co-NAM)].'¥ Li
and co-workers'®” used this monomer in the presence of a
macroRAFT agent bearing a PEO block to obtain poly(eth-
ylene oxide)-block-poly(DMA-co-NHS-A) diblock polymers
or poly(ethylene oxide)-block-poly(DMA-co-NHS-A)-block-
poly(NIPAAm) triblock polymers. These polymer precursors
were used for several applications, such as the attachment
of peptide, DNA, or fluorescent dye.'871°° The NHS-A units
were also modified in the presence of ethylene diamine,
spermine, or N,N-dimethyl ethylene diamine to yield RAFT
polymers bearing primary or secondary amine pendant
groups. The methacrylate analogue to NHS-A, N-methacry-
loxysuccimide (NHS-MA), has also been polymerized by
RAFT. However, it appeared difficult to control the homo-
polymerization (broad polydispersity was observed), while
its copolymerization in the presence of NIPAAm!'3*!°! or
HPMA'®? allowed improved control, yielding different
copolymers with a range of 2% to 30% NHS-MA. Poly-
(HPMA-co-NHS-MA) was modified by a peptide yielding
a polymer capable of complexation to anthrax.!*?

Another activated ester monomer type, pentafluorophenyl
(meth)acrylate, has been used for (bio)applications.!** These
monomers were homopolymerized or copolymerized using
RAFT polymerization.'**!%> For example, the synthesis of
functional amphiphilic poly(pentafluorophenyl methacrylate)-
block-poly(lauryl methacrylate) copolymers was performed
in the presence of 4-cyano-4-(thiobenzoyl)sulfanylpentanoic
acid. Block copolymers with molecular weights from 12 000
to 28 000 g/mol and PDIs of about 1.2 were obtained. The
pentafluorophenyl methacrylate was modified in the presence
of hydroxyl propyl amine to generate poly(HPMA)-block-
poly(lauryl methacrylate) or in the presence of a fluorescent
dye (4-nitro-7-(piperazin-1-yl)benzo[c][1,2,5]oxadiazole
(NBD), yielding diblock copolymers bearing fluorescent
pendant groups.!*? Gibson and co-workers!**® explored the
feasibility of using poly(pentafluorophenyl methacrylate) as



Bioapplications of RAFT Polymerization

Chemical Reviews, 2009, Vol. 109, No. 11 5415

Scheme 9. Synthesis of Polymers with Reactive Pendant Groups Using p-Nitrophenyl Methacrylate (NPMA) Functionality in
the Presence of Cumyl Dithiobenzoate (CDB) as a CTA and AIBN as an Initiator
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a reactive polymeric precursor to synthesize a diverse
polymer library via post-polymerization modification, with
nine different amines yielding polymethacrylamides at high
yields. This postpolymerization modification approach failed
to induce any additional cytotoxicity, making it an ideal
approach to bioactive-polymer libraries. The CAMD team'®>
also exploited these activated ester monomers for the
synthesis of glycopolymers using different amine function-
alized carbohydrates (such as glucosamine, galactose amine,
etc.), obtaining polymers at high yields (superior to 95%),
while simultaneously subjecting the RAFT end-groups to
aminolysis/thiol—ene reactions with biotin modified male-
imide yielding in one pot biotin funtionalized glycopolymer
able to bind with streptadivin or axidin. These polymers (i.e.,
poly(pentafluorophenyl acrylates) and poly(pentafluorophenyl
methacrylates)) exhibit better reactivity and solubility in
organic solvents than the corresponding poly(NHS-A) or
poly(NHS-MA).'*

Hwang and co-workers'®® proposed the synthesis of
polymers with reactive pendant groups using p-nitrophenyl
methacrylate (NPMA) by RAFT polymerization utilizing
cumyl dithiobenzoate (CDB) as the CTA (Scheme 9). The
activated ester polymers from the RAFT polymerization were
subsequently modified by an amino compound, i.e. a glycine
methyl ester, with yields of 86%.

Recent interest in 4-vinylbenzoic acid derivatives has
extended the pool of pendant polymeric activated esters.
Aamer and Tew!'* described the RAFT polymerization of
the N-succinimide activated ester of 4-vinylbenzoic acid
(NHS-VB), leading to poly(NHS-VB) with a low PDI
(<1.07) and controlled molecular weights. An improved
solubility of this monomer compared to NHS-A or NHS-
MA probably assists in the excellent RAFT polymerization
results. Another monomer, pentafluorophenyl ester 4-vinyl-
benzoic acid, was utilized by Nilles and Theato,'””'*® yielding
polymers with solubility in a number of organic solvents.

2.2.3. Amine Functionalized Monomers

Amine groups can be introduced on polymer backbones
using different monomers, such as N,N"-(dimethylamino-
)ethyl methacrylate,'® 2% 2-aminoethyl methacrylamide
hydrochloride,”?%32%* and N-vinylphthalimide,** via RAFT
polymerization. In the case of 2-aminoethyl methacrylamide,
the polymerization was carried out in a mixture of water/
dioxane or in an acetate buffer® using the protonated form
to avoid side reactions, i.e. Michael addition of amine onto
the methacrylate bond!*?% and degradation of the RAFT
agent by aminolysis.*® Different architectures were reported
such as homopolymer, diblock copolymer, and random
copolymer. The presence of primary amine on the backbone
facilitates the conjugation of biomolecules, such as folic
acid.?* In the case of tertiary amine, several monomers can
be used and copolymerized with different comonomers, such

$
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as NIPAAm. The presence of cationic charge can be used
to complex Si-RNA, as described by Scales et al.'® In the
case of N-vinylphthamide, the polymerization was successful
using different xanthates. A correlation of theoretical and
experimental molecular weights was reported with PDIs
below 1.5. After polymerization, the primary amine can be
regenerated by deprotection in the presence of hydrazine to
lead to poly(vinyl amine).2%

2.2.4. “Clickable” Monomers

Azide or alkyne monomers have been polymerized by
RAFT agents to yield copolymers bearing azide or alkyne
pendant groups. Zhang and co-workers®”’ copolymerized
propargyl methacrylate (PMA) and oligo(ethylene glycol)
methacrylate (OEG-MA) in the presence of 4-cyanopentanoic
acid dithiobenzoate (CPAD) at 60 °C to give poly(OEG-
MA-block-PMA) diblock copolymers with a PDI below 1.2.
It is interesting to note that the alkyne groups were reported
to remain benign in RAFT polymerization. After polymer-
ization, a pyrene modified azide was clicked in the presence
of CuCl and PMDETA, as the catalyst system, to produce a
polymer bearing pendant pyrene groups. Azide modified
(meth)acrylate was also polymerized and copolymerized
using RAFT. Jiang and co-workers?® obtained double
hydrophilic diblock copolymers, poly(N, N-dimethylacryla-
mide)-block-poly(N-isopropylacrylamide-co-3-azidopropy-
lacrylamide) (poly(DMA)-block-poly(NIPAM-co-AzPAM),
with low PDIs (PDI < 1.3). After polymerization, the authors
proposed to cross-link by click chemistry using a telechelic
alkyl to obtain micelles. In contrast, Li and co-workers?"”
reported the synthesis of polymers with higher PDIs (>1.4)
when the polymerization was carried out at a high temper-
ature for a long time.

2.2.5. “Unusual” Monomers

Sumerlin and co-workers?'%?'! used a boronic acid mono-

mer to introduce pendant groups in polymer chains. The
approach was based on the polymerization of 3-acrylami-
dophenylboronic acid (APDA) and N,N"-dimethyl acryla-
mide (DMA) in the presence of 2-dodecylsulfanylthiocar-
bonylsulfanyl-2-methylpropionic acid to yield poly(APDA-
block-DMA) diblock copolymers. The synthesis of APDA
homopolymer was achieved with a PDI < 1.2. The boronic
acid group can be exploited, as it is pH sensitive and can
complex with diol. According to the pH of the solution,
boronic acid will be soluble (pH > pK,) or insoluble (pH <
pK,) in water. Another important class of reactive monomers
that can be (co)polymerized in the presence of RAFT agent
are monomers bearing aldehyde groups. Aldehyde function-
ality is widely used for (bio)conjugation to amine groups
within peptides and proteins. The copolymerization of
poly(ethylene glycol) methyl ether methacrylate (OEG-MA)
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Scheme 10. Chemical Modification of
(2,2-Dimethyl-1,3-dioxolane)methyl acrylate (DDMA)
Obtained by RAFT Polymerization To Yield Polymers with
Aldehyde Pendant Groups by Modification in the Presence
of Acetic Acid and Periodic Acid

% Acctic acid % HIO, %
—_— —_— -
z 0 z 0O z (o]
K[O>< HiOH Kfo
d OH H

l NH,R
%ﬁ
4 O

ll\lH
R

with one of two dioxolane-containing monomers, (2,2-
dimethyl-1,3-dioxolane)methyl acrylate (DDMA) and (2,2-
dimethyl-1,3-dioxolane)methyl acrylamide (DDMAA), was
reported using RAFT polymerization®'? in dimethylforma-
mide (DMF). The resultant copolymers had narrow molecular
weight distributions (PDI typically between 1.2 and 1.3),
while monomer conversions were typically 60%. A kinetic
study revealed that OEG-MA was consumed at a higher rate
than that for the comonomers, implying that the copolym-
erization reactivity ratios of OEG-MA (r; ~ 1) are larger
than those for the comonomers, DDMA (r, =~ 0.43) and
DDMAA (r, ~ 0). After copolymerization, the dioxolane
functional groups were deprotected to form 1,2-diol groups
and subsequently oxidized with periodic acid (HIO,) to form
reactive aldehyde groups (Scheme 10). Subsequent chemical
modification of the dioxolane to aldehyde groups occurred
in the absence of any polymer degradation. The availability
of backbone aldehyde groups for conjugation with amine
containing molecules was confirmed by reaction with the
iron chelating drug, desferrioxamine (DFO). Sun and co-
workers?!? proposed the synthesis of another monomer, i.e.
4-vinylbenzaldehyde (VBA), and presented a successful
RAFT polymerization in the presence of S-1-dodecyl-S-(o, o'
dimethyl-a” -acetic acid) trithiocarbonate, as a chain transfer
agent. Excellent control of molecular weights and PDI was
reported (PDI < 1.2). The synthesis of poly((VBA)-block-
poly(styrene)) diblock copolymers was also achieved with
a low PDI (<1.2). Sun et al. proposed the synthesis of
amphiphilic block copolymer poly(EO)4s-block-poly(VBA),e
and their self-assembled to yield vesicule with a size centered
at 250 nm.2!

A new aldehyde-functional glycomonomer, 1,2:3,4-di-O-
isopropylidene-6-O-(2'-formyl-4'-vinylphenyl)-D-galactopy-
ranose (IVDG), was designed and prepared by Xiao and co-
workers.?!3 The “living” radical polymerization of IVDG was
successfully achieved using AIBN as the initiator and
1-phenylethyl dithiobenzoate as the RAFT agent at 60 °C
in THF. The molecular weights increased with monomer
conversion, and the molecular weight distribution was narrow
(PDI < 1.1). The protective isopropylidene groups from the
sugar residue in polyIVDG were removed quantitatively
using 88% formic acid at room temperature, yielding a novel

Boyer et al.

amphiphilic polymer containing both galactopyranose and
aldehyde functionalities. These amphiphilic polymers were
shown to self-assemble into well-defined aldehyde-bearing
polymeric micelles in aqueous solution in the absence of
surfactant. Protein-bioconjugated nanoparticles (<200 nm)
were also successfully prepared by immobilization of BSA
(as a model protein) onto the aldehyde functionalized
micelles.

Hwang and co-workers'*® proposed the synthesis of
polymers with diethoxypropyl methacrylate (DEPMA) by
RAFT polymerization, utilizing cumyl dithiobenzoate (CDB)
as CTA and AIBN as initiator (Scheme 11). Narrow
molecular weight distributions (PDI < 1.3) were obtained at
high monomer conversions (86%). The side chains of
poly(DEPMA) were hydrolyzed to aldehyde groups and
reacted with O-benzylhydroxylamine and O-methylhydroxy-
lamine to form stable oxime bond conjugates. The degree
of substitution was dependent on the feed ratios. Subse-
quently, conjugation to a model peptide, i.e. an aminooxy
functionalized RGD peptide, was demonstrated.

Another important reactive functionality used for the
modification of polymers is the epoxy group.?'%*'7 The
successful RAFT polymerization of glycidyl methacrylate
(GMA) has been demonstrated by two research groups. The
results show that GMA can be successfully polymerized and
hydrolyzed to form a hydrophilic glyceryl functionality.

3. Bioconjugates

Bioconjugates of polymers have attracted increasing inter-
est as a result of their extensive applications in medicine,
biotechnology, and nanotechnology.3¢2!821 Attachment of
polymers to biomolecules can mediate their stability, solubil-
ity, and biocompatibility. Bioconjugation to synthetic mol-
ecules can also impart additional functionality to the
biomolecules, thereby inducing novel self-assembly, pat-
terning, and phase behavior. For example, when proteins are
attached to poly(ethylene glycol) (PEG) chains (PEGylation),
their in vivo blood circulation times can be significantly
increased. PEGylation can also increase the protein stability
in vivo, by decreasing the biomolecules’ vulnerability to
proteolytic enzymes and antibodies.??’ There are two general
approaches taken to form bioconjugates; postpolymerization
conjugation of functionalized polymers to biomolecules and
the in situ polymerization of monomers directly at a site on
the biomolecule. The postpolymerization conjugation ap-
proach usually necessitates complicated multistep purification
processes, resulting in lower yields. In addition, other
problems can affect postpolymerization conjugation, such as
nonspecific absorption and multisite attachment. In contrast,
the in situ polymerization approach appears advantageous
with regard to purification, attachment specificity, synthesis,
controllability, and yield. However, problems may still occur
with sensitive biomolecules under normal polymerization
conditions. Postpolymerization conjugation methods require
synthetic polymers with functional terminal groups. These
functional groups can be introduced either during the
polymerization process or via postpolymerization modifica-
tion, as explained in the sections above. The in situ
polymerization method utilizes biomolecules modified with
a polymerization controlling agent (initiator or transfer agent),
followed by polymerization.

The increasing utility of polymer conjugates of proteins
in medicine,?*-?!82207226 biotechnology,??’**? and nanotech-
nology?!%#212327236 hag driven research into generating ho-
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Scheme 11. Synthesis of Polymers with Aldehyde Pendant Groups from Diethoxypropyl Methacrylate (DEPMA) Utilizing
Cumyl Dithiobenzoate (CDB) as a CTA and AIBN as an Initiator and Modification with an Amino-Oxy Compound
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mogeneous and well-defined conjugates manifesting unifor-
mity in biohybrid properties and consistent reproducible
biological activity. Living radical polymerization has become
a popular synthetic methodology, as it facilitates reduced
polymer heterogeneity and easy polymer end-group control.
Nitroxide mediated polymerization,"->8>237:238 atom transfer
radical polymerization (ATRP),'192397245 and reversible
addition—fragmentation chain transfer polymerization
(RAFT)7,46,61,91,125,127,147,155,246—248 techniques have been used
for the synthesis of well-defined end-group-functionalized
polymers that can be directly conjugated to proteins without
the need for postpolymerization end-group modifications. All
polymerization approaches have advantages and disadvan-
tages, with RAFT favored by many, with the claimed
advantages of solvent and functionality tolerance and the
absence of any metal ions. However, ATRP has many strong
advocates who maintain that copper removal is facile and
effective.?* Beside, a highly active copper based catalyst
for ATRP was recently developed, allowing a considerable
reduction of copper.!*!4250.251 Apother method allowing an
important reduction of copper in the polymers is the single
electron transfer—living radical polymerization (SET-LRP)'*
and the single electron transfer—degenerative transfer living
radical polymerization (SET-DTLRP)*?272%* developed by
Percec. Both SET-LRP and SET-DTLRP allow the control
of a large range of monomers, such as methyl acrylate,?* 2%
methyl methacrylate,'® and vinyl chloride.'>?* To avoid the
presence of copper, which is toxic, several authors proposed
to replace copper by another metal,'” such iron,?0026!
ruthenium,26220% etc.

Other advantages for the RAFT approach have been
cited as the use of common radical initiators and the low
toxicity of some RAFT agents (although more work is
required in this area). In some cases, ATRP requires the
use of sacrificial initiators (seen as a disadvantage),
although recent developments refining the ATRP approach
may make some of the criticisms of ATRP obsolete.?**
Provided the RAFT polymerization protocols are optimized,
then the ratios of monomer to RAFT agent?8:46:61:64.90.101.265-268
are higher than the ratios of monomer to initiator used in
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many ATRP-controlled polymerizations, negating the
requirement for large quantities of modified proteins to
control RAFT polymerizations.
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3.1. Fabrication of Protein—Polymer Conjugates
3.1.1. Postpolymerization Conjugation Methodology

Studies on postpolymerization conjugations using RAFT
polymers have generally focused on the modification of the
RAFT end group as a linker. In many cases, aminolysis or
reduction of the thiocarbonylthio has been employed,’’246272273
yielding thiol-ended polymers.””*’>?73 Ideally, it would be
advantageous to avoid any postpolymerization modification.
A tecent review by Heredia and Maynard®' collated data
on functionalized polymers (mainly synthesized using ATRP)
for conjugation to proteins. In this current review we focus
on RAFT polymerization as an approach to the design and
synthesis of bioconjugates as summarized in Scheme 12.

3.1.1.1. Conjugation via a Protein’s Thiol Groups.
Boyer et al.'*3 reported two RAFT agents functionalized with
a PDS group and suitable for inducing living radical
polymerization (Scheme 12a and b). RAFT agents were
shown to be effective over the temperature range 25—70 °C.
Successful RAFT polymerizations were demonstrated for the
polymerization of NIPAAm and olig(ethylene glycol)-
acrylate (OEG-A) in both water and acetonitrile. The kinetic
data indicated that the PDS functionality is largely benign
in free radical polymerizations, remaining intact for subse-
quent reaction with thiol groups. The PDS terminated
polymers were successfully attached to BSA, as evidenced
by GPC and polyacrylamide gel electrophoresis (PAGE)
analyses.'*#

The same group® extended their work to the synthesis of
more complicated heterotelechelic protein—polymer conju-
gates. In this study biotinylated polymers with PDS thiol-
reactive terminal groups were synthesized, followed by a site-
specific attachment of BSA via a cleavable disulfide linkage.
These polymers were then conjugated with avidin, yielding
heterotelechelic a-avidin, w-BSA-polymer conjugates. This
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Scheme 12. RAFT Polymers Functionalized for Conjugation to Biomolecules
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methodology can be easily extended to heterotelechelic
polymer bioconjugates of other biomolecules (Scheme 12c¢).

Heredia and co-workers'*® reported the successful synthesis
of heterotelechelic polymers with biotin and maleimide
groups, as shown in Scheme 12d. The maleimide functional-
ity was used to attach free-thiol tethered BSA via maleimide—thiol
chemistry, and the other end was used to bind streptavidin
via an affinity interaction.

3.1.1.2. Conjugation via a Protein’s Amine Groups.
ATRP has been adopted for making aldehyde terminal
polymers;**! similarly, RAFT polymerization was adopted
to synthesize w-aldehyde poly(N-vinylpyrrolidone) via the
quantitative conversion of xanthate-ended functional precur-
sors, followed by the conjugation of the aldehyde-ended
polymer to lysozyme using amino groups present in the
protein (an unstable linkage under basic conditions'?)

(Scheme 12e). Xiao et al.?'> have also successfully attached
proteins on a micellar surface with aldehyde groups via
oxime coupling.

In a study by McDowall*’* and co-workers, lysozyme
conjugated with seven poly(N-vinylpyrrolidone) (PVP) arms
was synthesized by conjugating linear N-succinimidyl ester
terminated PVP polymer to lysozyme amino groups. The
polymerization of N-vinylpyrrolidone proceeded in a living
fashion up to more than 90% conversion, reaching molecular
weight of up to 33 000 g/mol with narrow molecular weight
distributions (Scheme 12f).?* In a more recent work, Tao et
al.?” synthesized lysozyme—polymer conjugates using thia-
zolidine-2-thine coupling chemistry and investigated the
bioactivity of the conjugates. It was found that the molecular
weight of the polymer and the pH of the coupling reaction

1274
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Scheme 13. Preparation of Protein-MacroRAFT Agents for Fabrication of Protein—Polymer Conjugates via in Situ

Polymerization
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were significant factors in optimizing the subsequent bioac-
tivity of the conjugates.

3.1.1.3. Conjugation via “Click Chemistry” Li and co-
workers'>! adopted copper-catalyzed azide—alkyne click
chemisty to synthesize responsive protein—polymer conju-
gates. In their study, BSA was functionalized with an alkyne
moiety via reaction of its free cysteine residue with propargyl
maleimide. Azido terminated poly(NIPAAm) was prepared
via RAFT, and the protein—polymer coupling was ac-
complished by copper-catalyzed azide—alkyne cycloaddition
(Scheme 12g).

Alkyne—azide click chemistry was also utilized by the
CAMD team® for bioconjugations. A series of heterotelech-
elic polymers with an azido and a pyridyl disulfide (PDS)
group on chain terminii were synthesized. Subsequently, the
azido group was subjected to a click reaction with alkyne
modified biotin (Scheme 12h).**

3.1.2. In Situ Polymerization Methodology

The in situ approach to conjugate formation has many
advantages, as detailed earlier. Pioneers in this research area
were Maynard,?*!2%276.277 Haddleton,''” and Russell.>”® In
these pioneering studies, and also in a more recent study by
Le Droumaguet and Velonia,?”>? proteins were first modi-
fied with ATRP initiator(s) at a defined site, e.g. cysteine
residues of BSA?728! and mutant lysoszyme,?’®?%! and lysine
residues of chymotrypsin.?’® Polymerizations were then
performed from the ATRP initiating sites of proteins in the
presence or absence of a sacrificial initiator to form
protein—polymer conjugates in situ. Subsequently, the
CAMD team'' successfully synthesized polymer—protein
conjugates via in situ RAFT polymerization using a BSA-
RAFT macroRAFT agent obtained from site-specific modi-
fication of BSA at its cysteine 34 residue with a thiol-reactive
RAFT agent via disulfide coupling. The subsequent in situ
polymerization of poly(PEG-A) via y-radiation at room
temperature afforded well-defined BSA—polymer conjugates
that retained 92% bioactivity. The nondenaturing PAGE of
the dialyzed polymerization mixtures confirmed the forma-
tion of polymer conjugates. Control experiments indicated
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that the in situ polymerization only occurred at the site of
RAFT agent attachment (Scheme 13a). The CAMD team'"?
further optimized the in situ polymerization conditions by
synthesizing water-soluble PEG-RAFT agents. The attach-
ment of the water-soluble RAFT agent to BSA afforded a
completely water-soluble BSA—macro-RAFT agent that was
then used to control the polymerization of two different
water-soluble monomers: NIPAAm and hydroxyethyl acry-
late (HEA), at ambient temperature. The growth of the
polymer chains from BSA—macroRAFT agent was con-
firmed by size exclusion chromatography (SEC), 'H NMR,
MALDI-ToF, and polyacrylamide gel electrophoresis (PAGE)
analyses (Scheme 13b).

BSA-RAFT agent was also synthesized by De and co-
workers'®! using thiol-maleimide coupling chemistry, fol-
lowed by the in situ polymerization of Poly(NIPAAm) to
form thermally responsive polymer-protein conjugates (Scheme
13¢).

3.2. Biotinylated Polymers for Conjugation to
(Strept)avidin

Biotin, vitamin H or B, is a water-soluble B-complex
vitamin and is necessary for cell growth, production of fatty
acids, and the metabolism of fats and amino acids. Biotin
binds very tightly to the tetrameric protein avidin (also
streptavidin and neutravidin), with a dissociation constant
K, on the order of 10™!°> mol/L, which is the strongest known
protein—ligand interaction, approaching the covalent bond
in strength. A variety of applications in biotechnology exploit
the affinity bonding between biotin and streptavidin, e.g.
bioseparations and surface patterning via self-assembly.
Biotin has a valeric acid “tail”, through which it can be
modified with other precursors (biotinylation). Biotinylated
polymers have been synthesized for selectively binding with
streptavidin.!?62822% Biotinylation of polymers can be achieved
either by postpolymerization conjugation®*-* or via straight-
forward generation of biotinylated polymer and diblock
copolymers using a biotinylated RAFT agent.'>>283 A bioti-
nylated RAFT chain transfer agent was synthesized using
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Scheme 14. RAFT Controlled Polymerization of (a) p-Nitrophenyl Methacrylate (NPMA), with Subsequent Coupling with
Amino Acid, and of (b) Diethoxypropyl Methacrylate (DEPMA), with Deprotection and Coupling to RGD Peptide
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the esterification reaction of a carboxylic acid terminated
trithocarbonate RAFT agent with a biotinylated alcohol.
Direct polymerization using AIBN initiation generated homo-
and block polymers, suitable for streptavidin conjugation.!>®
Particles can also be modified with biotinylated (co)polymers
for surface bioconjugation to streptavidin.'?®?%? Narain et
al.”®® have successfully modified magnetic nanoparticles (iron
oxide, size inferior to 100 nm) using monodisperse biotiny-
lated poly(NIPAAm) with subsequent conjugation to strepta-
vidin for potential applications in magnetic resonance
imaging, drug delivery, biosensors, and hyperthermia treat-
ment of cancer. Well-defined glycopolymers containing linear
and cyclic carbohydrate moieties as pendant groups were
also prepared by RAFT polymerization for aqueous synthesis
of stabilized glyconanoparticles with surface bound biotin
termini for bioconjugation to streptavidin.?®> The biotinylation
of nanoparticles has been accompanied by modification with
glycopolymers in order to elevate their biocompatibility.2828+

Biotinylated polymers can also be synthesized using
postpolymerization modification methods. In a study by You
and Oupicky,!” the temperature—responsive heterobifunc-
tional block copolymers of PEG and poly(NIPAAm) were
first synthesized via RAFT polymerization, followed by the
aminolysis of the RAFT end groups to free thiols, for
conjugation to maleimide modified biotin. A similar approach
was adopted by Kakwere and Perrier to modify the surface
of soft nanoparticles (size around 30—40 nm) produced from
RAFT polymers.”

3.3. Peptide—Polymer Conjugates

Peptides are information-rich molecules, with many bio-
medical applications;*%® however, they are not stable in the
body. An approach to obviate this problem is the attachment
of biocompatible polymers, e.g. PEG and HPMA fragments,
to form conjugates with higher stability and molecular size,
over the excretion threshold. A set of peptide—polymer
conjugates were synthesized using RAFT polymerization
from peptide modified RAFT agents.'>®?%” These peptide
conjugates can self-assemble into fibrillar microstructures and
left-handed superhelical fine structures via a pH controlled
rearrangement.'*®?” Hwang and co-workers'”® have also
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reported the synthesis of polymers of p-nitrophenyl meth-
acrylate (NPMA) and diethoxypropyl methacrylate (DEP-
MA) utilizing cumyl dithiobenzoate (CDB) as the RAFT
agent and azobisisobutyronitrile (AIBN) as the initiator. As
shown in Scheme 14, the p-nitrophenyl methacrylate (NPMA)
pendant groups on the polymer backbone can be modified
to aldehyde through which amino-oxy terminated RGD
precursor can be coupled via oxime bonding. Zhao and
Perrier'®? also prepared peptide modified RAFT agents that
were used for direct preparation of peptide terminated
polymer conjugates. Boyer and co-workers!'”> have also
reported polymer conjugates of a hexapeptide (GNGRGC)
with a pyridyldisulfide terminated poly(NIPAAm), generated
via RAFT polymerization.

Micelles can also be decorated with peptides using RAFT
chemistry, as shown in Scheme 15.'4

3.4. Folate Functionalized Assemblies

Combinations of living radical polymerization and
azide—alkyne click chemistry have been employed to prepare
temperature-responsive block copolymer micelles conjugated
with biological ligands for active-cell targeting of therapeutic
molecules.?”” Block copolymers of N-isopropylacrylamide
(NIPAM) and N,N-dimethylacrylamide (DMA) were syn-
thesized by RAFT polymerization with an azido chain
transfer agent (CTA).?® Cu(I)-catalyzed coupling with pro-
pargyl folate resulted in folate residues being efficiently
conjugated to the R-azido chain ends of the homo and block
copolymers. Temperature induced self-assembly resulted in
aggregates capable of a controlled release of a model
hydrophobic drug.

3.5. DNA/RNA Conjugates

Small interfering RNAs (siRNAs) are 21—23 base-paired
oligonucleotides containing two nucleotide overhangs at 3'
ends. They have proven to be effective in silencing specific
genes, conclusively demonstrating their potential as the next
generation of therapeutic agents.!*® However, a bottleneck
for efficient therapy via specific gene silencing lies in the
inability to effectively deliver the siRNA. As a result,
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Scheme 15. A Diblock Copolymer with a- and o-PDS Terminal Groups (a) and Its Micelles with Surface PDS Groups and the

Subsequent Attachment of a Peptide, Glutathione (GSH)

significant effort has been focused on developing methods
to stabilize, increase circulation life times, and deliver siRNA
to the cytoplasm of target tissues. Poly(ethylene glycol)
(PEG) is the most common polymer used to protect
siRNA.272! In a recent work, siRNA was stabilized by
the formation of reversible conjugates with poly(PEG acry-
late) using RAFT polymerization.'** It is reported that
covalent attachment of PEG to siRNA or its delivery system
can enhance stability and efficient delivery to targeted
tissues.!#

RAFT polymerization was employed to allow detector-
free visualization of specific DNA sequences using dynamic
polymer growth for signal amplification.?> Chaix and co-
workers reported the synthesis of oligonucleotide—polymer
conjugates from the amphiphilic block copolymer of poly-
(tert-butylacrylamide-block-(N-acryloylmorpholine-co-N-
acryloxysuccinimide)) using an original solid-phase DNA
synthesis strategy. These oligonucleotide—block copolymer
conjugates could be used as capture probes to amplify the
responsesof diagnosticassaysin vitro. '3 Oligonucleotide—polymer
conjugates were also synthesized via thiol—ene chemistry
between ene-modified biomolecules and sulfhydryl termi-
nated polymer generated from the aminolysis of RAFT
polymer.'”

3.6. Glycopolymers

Carbohydrates are well-known as fundamental building
blocks and universal energy storage molecules in every living
organism. They are now also known to play a key role in a
plethora of biological processes involving cell—cell interac-
tion, such as inflammation, viral infection, fertilization, and
signal transmission. Glycomics, the study of the intricate
carbohydrate biochemistry at work in these processes, is still
in its infancy due to the high complexity of the glycocode
resulting from the extremely high density of structural
information of polysaccharides. Glycopolymers, synthetic

macromolecules containing carbohydrate moieties, constitute
a useful tool to decrypt the glycocode. Controlled radical
polymerization, which enables the synthesis of well-defined
polymers of a wide range of architectures and composition,
is the best method to prepare glycopolymers.?® The first
glycopolymer synthesized by RAFT was reported in 2003.2%
2-Methacryloxyethyl glucoside (2-MAOEGIc, G1) was po-
lymerized directly in water at 70 °C in the presence of (4-
cyanopentanoic acid)-4-dithiobenzoate. The polymerization
was well controlled up to 40% conversion, after which
molecular weight started to deviate from theory. Molecular
weight distribution remained narrow throughout polymeri-
zation, but chain extension led to broader PDI. It is important
to note that a small amount of sodium bicarbonate was
needed to help the dissolution of the CTA. The same initiator/
CTA system was studied by Albertin et al. in the polymer-
ization of methyl 6-O-methacryloyl-D-glucoside (6-O-MMA-
Glc, G2) in water.?®> Polymerization carried out in the
presence of sodium carbonate or sodium bicarbonate showed
an inhibition period of 60—90 min and M, values much
higher than theory. These problems were circumvented by
carrying out the polymerization in water/ethanol 90:10
mixtures. Poly(6-O-MMAGIc) and poly(2-MAOEGlIc) ob-
tained using this method could then be successfully chain
extended with 2-hydroxyethyl methacrylate or methyl 6-O-
methacryloyl-o-D-mannoside (6-O-MMA-Man, G3) to yield
block copolymer of low PDI (1.20).2°%%7 A detailed kinetic
study of the RAFT polymerization of 6-O-MMA-Glc in
water was later reported by Albertin and Cameron.?® The
chemoenzymatic procedure used to synthesize 6-O-MMA-
Glc and 6-O-MMA-Man was also applied to afford 6-O-
vinyladipoyl-D-glucopyranose (6-O-VA-Glu, G4). This mono-
mer was polymerized in water in the presence of a
dithiocarbamate CTA and in water/methanol with a xanthate-
derivative. Narrow polydispersities were achieved.?*
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RAFT polymerization provides ease of access to block
copolymers. Interesting hydrophilic—hydrophilic diblock
glycopolymers have been synthesized via RAFT. Lowe
and Wang?* reported the synthesis of well-defined poly(3-
O-methacryloyl-D-galactopyranose)-block-poly((2-dimethy-
lamino)ethyl methacrylate) of various composition. The
glycopolymer block was synthesized first from the protected
3-0-methacryloyl-1,2:3,4-di-O-isopropylidene-D-galactopy-
ranose (G5) in DMF at 60 °C using cumyl dithiobenzoate
or cyanoisopropyl dithiobenzoate. Both CTA efficiently
mediated the polymerization of the glycomonomer. DMAE-
MA was then polymerized in the presence of the glycopoly-
mer macroCTAs. The PDI of the diblock copolymers
remained below 1.20 in all the syntheses reported. The
protected carbohydrate moieties were converted to free sugar
block using TFA. This deprotection step did not affect the
poly(DMAEMA) block. Narain’s group prepared a range of
double hydrophilic diblock copolymers containing a glyco-
polymer block.*® Gluconolactone derivatives GAEMA (G6)
and GAPMA (G7) were polymerized in a controlled manner
in water/DMF mixtures using (4-cyanopentanoic acid)-4-
dithiobenzoate as CTA. The macroCTAs obtained were used
as precursors to synthesize polycationic second blocks of
2-aminoethyl methacrylamide hydrochloride (AEMA), 3-ami-
nopropyl methacrylamide hydrochloride (APMA), or 2-meth-
acryloyloxyethyl phosphorylcholine (MPC). The diblock
copolymers’ polydispersity remained below 1.40. Polycations
are known for their ability to bind to DNA and for their
toxicity toward living cells. Poly(APMA-block-GAPMA)
was shown to form nanoparticles (sizes inferior to 100 nm)
via complexation with plasmid DNA at physiological and
slightly acidic pH. In addition, in vitro cytotoxicity studies
were carried out on the HELA cell line. The glycopolymers
were completely nontoxic; poly(GAPMA) even seemed to
enhance cell proliferation. Poly(APMA) showed high toxicity
over a range of concentration. Interestingly, poly(APMA-
block-GAPMA) on the contrary was found to be biocompatible.

Amphiphilic block copolymers can self-assemble in solu-
tion to form micelles or vesicles.'? This property is under
intense scrutiny, as such self-assembled structures are strong
candidates as nanoreactors, drug carriers, or even cell mimics.
The usual procedure for synthesizing diblock copolymer via
RAFT consists in the synthesis of a macroRAFT agent,
which will then be used for the polymerization of the second
monomer. Another way to utilize CuAAC was explored by
Opsteen et al.**! and applied by Ting and co-workers to the
synthesis of poly(6-O-methacryloyl mannose-block-vinyl
acetate).’” Lectin binding experiments carried out with a
homoglycopolymer of 6-O-methacryloyl mannose (G8)
showed that modifying the 6-carbon position completely
disrupted the protein—carbohydrate binding ability.*** The
conventional method was put to use by several groups to
produce well-defined amphihiplic block copolymers contain-
ing one glycopolymer block and to examine their self-
assembly in solution. Cameron et al. synthesized macroRAFT
agents from 2-(-D-galactosyloxy)ethyl methacrylate (GalE-
MA, G9) and methyl 6-O-methacryloyl-o-D-glucoside (6-
O-MMA-Glc, G2) in aqueous/ethanol solution and chain
extended them with DMAEMA, BA, and BMA. A Poly(6-
O-MMA-Glc-block-BMA) was seen to form aggregates and
to encapsulate water-insoluble organic dye. Wormlike mi-
celles were observed from the self-assembly of poly(Ga-
IEMA-block-BA).3* Sanderson et al. prepared poly(3-O-
methacryloyl glucopyranose-block-styrene) and poly(3-O-
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methacryloyl glucopyranose-block-methyl acrylate) by
acidolysis of the corresponding isopropylidene-protected
diblock copolymers (G10) obtained by RAFT. Critical
micelle concentrations were determined to be around 0.12 g
L~!. Core—shell particles were observed from both water
and toluene solution.’® Thermoresponsive vesicles were
synthesized by Pasparakis and Alexander’®® from the self-
assembly of diblock copolymers of 2-glucosyloxyethyl
methacrylate (2-MAOEGlIc) and diethyleneglycol methacry-
late (DEGMA) obtained by RAFT polymerization of the
corresponding pentacetylated glycomonomer G11. Poly(2-
MAOEGlc-block-DEGMA) spontaneously formed vesicles
in water of mean diameter around 500 nm below 28 °C, the
LCST of poly(DEGMA). Above that temperature, the
vesicles shrank to around 300 nm with the collapse of the
poly(DEGMA) block. These vesicles were shown to bind
Concanavalin A better than linear poly(2-MAOEGIc). They
could also bind a fluorescent mutant E. coli strain expressing
receptor proteins specific to glucose and mannose. The
authors showed that by choosing the size of the vesicles,
which depends on the composition of the diblock copolymer,
it was possible to obtain individual association between
bacterium and vesicle, which could then be used to transfer
the content of the vesicle to the bacterium. Oezyuerek et al.
prepared thermoresponsive glycopolymers via RAFT po-
lymerization from NIPAAm and a range of protected
glycomonomers (G10, G12, and G13) varying in the length
of the linker between the saccharide moiety and the poly-
merizable group.’”” Block copolymers were obtained from
poly(NIPAAm) macroCTAs. The deprotection step was
performed using formic acid after treatment with TFA proved
to lead to ester bond cleavage. The LCST of the polymers
was found to be strongly affected by both the structure of
the copolymers (random or block) and the spacer length.
Stenzel and co-workers further extended the study on
thermosensitive glycopolymers via the use of an acid-
degradable cross-linkers. Acryloyl glucosamine (AGA, G14)
was used to synthesize a diblock copolymer with N-
isopropylacrylamide which formed micelles at temperatures
above the LCST of poly(NIPAAm). The polymers in these
structures were then chain extended with an acetal-type cross-
linking agent to afford core cross-linked micelles. These
core—shell structures, stable at high pH, quickly decomposed
to their unimers below pH 4.3% Shell-cross-linked glyco-
polymer micelles were also prepared using a similar method.
A polylactide macroRAFT agent was used to polymerize 1,2:
3,4-di-O-isopropylidene-6-0O-acryloyl-o-D-galactopyranose
(G15). Acidolysis using formic acid afforded the amphiphilic
diblock glycopolymer without degradation of the PLA block
or of the trithiocarbonate moiety. Micelles were obtained in
water, and these structures were stabilized by cross-linking
of the shell using a diacrylate in a chain extension step. In
a final step, aminolysis of the RAFT agent was performed
to yield hollow particles whose shell is composed uniquely
of poly(6-0-acryloyl-a-D-galactopyranose).’” Stenzel’s team
further explored the use of RAFT to expand the architecture
of glycopolymers. In particular, they examined the respective
advantages and drawbacks of the R-group and Z-group
approach for the synthesis of star glycopolymers. The
superior R-group approach was put to use to prepare 4-arm
star poly(6-O-VA-Glu) from a tetraxanthate derivative.’!?
Using the Z-group approach, they prepared 3-arm star
glycopolymers by sequentially polymerizing HEA and acry-
loyl glucosamine (AGA) in the presence of a trifunctional
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RAFT agent. The short HEA block was necessary to obtain
a water-soluble RAFT agent able to control the polymeri-
zation of AGA in a water—ethanol mixture. A loss of control
was observed at high conversion.?!' The Z-group methodol-
ogy was also employed to grow a thermoresponsive glyco-
polymer brush from silicon wafers. A block of poly(AGA)
was first synthesized from a trithiocarbonate derivative
immobilized on a silica surface through the Z-group. The
glycopolymers were then chain extended with NIPAAm.
Ellipsometry and contact angle measurements confirmed the
controlled process and the structure of the brush.>'? Xiao et
al. reported in 2008 the synthesis of an amphiphilic ho-
moglycopolymer.2!® They used 1,2:3,4-di-O-isopropylidene-
6-0-(2'-formyl-4'-vinylphenyl)-D-galactopyranose (IVDG,
G16), a styrene derivative carrying a protected galactose
moiety as well as an aldehyde group. The RAFT polymer-
ization of IVDG in THF in the presence of 1-phenylethyl
dithiobenzoate was well-controlled, and deprotection by
acidolysis using formic acid yielded the glycopolymer.
Micelles with a narrow size distribution decorated with
galactose and aldehyde moieties were easily obtained and
were used to bind bovine serum albumine through Schiff
base linkage. Emulsion polymerization is an efficient process
to produce functional particles. Bernard and co-workers used
this technique to synthesize polysaccharide-coated submi-
crometeric particles. A dextran functionalized xanthate
derivative synthesized via CuAAC was used to produce a
stable latex of poly(vinyl acetate).’’> RAFT miniemulsion
was also used to produce homopolymers of protected
glycomonomers (G10 and G17) as well as their block
copolymers with BA and BMA 3!

Confining a large number of sugar epitopes in a small
volume is an efficient method to investigate the cluster
glycoside effect: the phenomenon through which carbohy-
drates on a cell surface and lectins interact. This confinement
can be done via self-assembly of amphiphilic polymers, as
seen above or by attaching glycopolymers onto inorganic
particles. Silica particles are an obvious substrate, for they
present a reactive surface and are biocompatible and cheap.
Guo and co-workers proposed an elegant way to graft silica
particles with lactose containing polymers. Poly(2-O-meth-
acryloyloxyethoxy-(2,3,4,6-tetra-O-acetyl--D-galactopyra-
nosyl)-(1—4)-2,3,6-tri-O-acetyl-D-glucopyranoside) was syn-
thesized via RAFT polymerization of the lactose monomer
G18 in chloroform using cumyl dithiobenzoate as CTA. This
glycopolymer was then grafted onto y-methacryloxypropyl-
trimethoxy-modified silica particles using AIBN as the source
of radical. Deprotection using sodium methoxide yielded the
particles grafted with well-defined lactose-containing poly-
mer.*"> Gold nanoparticles (GNPs) constitute nanomaterials
with unique properties in the fields of physicochemistry and
biomedicine, thanks to their quantum-size effects.’'® They
can be used as signal transducers, and saccharide modified
GNPs have been used to monitor biological phenomena.’'’~3!
For these reasons, several groups have synthesized and
studied the properties of glycopolymer-grafted gold nano-
particles. p-Acrylamidophenyl a-mannoside G19 and p-
acrylamidophenyl N-acetyl-f-glucosamine G20 were ho-
mopolymerized and copolymerized with acrylamide in water/
DMSO mixtures in the presence of (thiobenzoyl)thioglycolic
acid. Thiol terminated glycopolymers were obtained by
reduction of the dithiobenzoate moieties using NaBH,. These
reactive glycopolymers were then grafted to GNPs. Lectin
binding assays were performed using concanavalin A and
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wheat germ agglutinin. The o-mannose-modified nanopar-
ticles were also specifically recognized by a mutant strain
of E. coli.*® As shown by Spain et al., sodium borohydride
can be used to simultaneously reduce dithiobenzoate termi-
nated glycopolymers and HAuCl, to form glycopolymer-
stabilized GNPs in a one-pot reaction.®?! They used this
methodology to graft onto GNPs poly(2-(3-D-galactosyloxy)-
ethylmethacrylate) obtained by RAFT from the unprotected
galactose monomer G21. These particles strongly aggregated
peanut agglutinin-coated agarose bead. The same strategy
was used by Narain’s group to graft biotinylated polyethylene
glycol with poly(D-gluconamidoethyl methacrylate) (G22)
or poly(2-lactobioamidoethyl methacrylate) (G23) onto
GNPs. Aggregation of the particles upon addition of strepta-
vidin as well as surface-plasmon resonance experiments
proved the availability of biotin on the surface.”®> A similar
strategy based on a photochemical process was also re-
ported.?® Biotinylated glycopolymers®®® from 6-O-acryla-
mido-6-deoxy-1,2:3,4-di-O-isopropylidene-a-D-galactopyr-
anose (G24) and poly(NIPAAm), both made by RAFT, were
dissolved in an aqueous solution of HauCl, containing a thiol
terminated polyethyleneglycol and Irgacure-2959, a photo-
initiator. After UV irradiation, biotin decorated glyconono-
particles were obtained. Biotin availability was investigated
by SPR.

4. Drug Delivery

The historical evolution of controlled drug delivery
systems (CDDS) from macro- to nanoscaled materials has
been illustrated by Hoffman.’?> The emergence of the
“polymer therapeutics” concept in the 1970s and the first
clinical successes in 1980s and 1990s have revealed the
potential of nanoscale tailored drug delivery systems for
improving potent treatment strategies. In the last 20 years,
an enormous effort in the drug delivery field has focused on
generation of nanoscale constructs (i.e., nanomedicines),
offering more efficient and safer ways for delivery of drugs.
It is well-accepted that precise control over the hydrodynamic
volume, morphology, chemical composition, and structure
of polymers is necessary for generation of nanomedicines.
With the ability to synthesize various architectures of a wide
variety of polymers with defined end and pendant function-
alities, controlled molecular weights, and narrow polydis-
persities using mild conditions (such as aqueous solutions
and room temperatures), the RAFT technique appears to be
one of the most amenable techniques to the generation of
nanoscale polymeric systems for drug delivery.

The RAFT polymers have been increasingly used in
potential drug delivery applications, as evidenced by the
increasing number of publications in recent years. However,
to the authors’ knowledge, only one polymeric system
generated by RAFT polymerization has been reported to be
tested in in vivo experiments,’” and only a few articles have
reported the in vitro toxicity!'®32473% and the blood-
compatibility®?’ data of varying RAFT-generated systems.
It is well-known that the potential toxicity of thiocarbonylthio
groups can be eliminated easily by postpolymerization
treatments of the RAFT polymers.®**?® However, toxicity
assay results determined in a few published studies'!*-3247326
(and also unpublished results of our group) suggest that the
removal of the active thiocarbonylthio functionality from the
RAFT-synthesized polymers may not always be necessary
for in vitro experiments depending on the type of the RAFT
agent (substituent groups), the type of the polymer and cells,
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Scheme 16. Examples of Controlled Drug Release Systems Generated by RAFT-Polymers: Stealth and/or Targeted Micelles and
Vesicles, Stimuli-Responsive Micelles and Stars, Polyion Complexes, Polymer—Drug Conjugates, Particles, and Capsules
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and the concentration of the polymer used. While the
systematic investigations on the pharmacological profile, such
as metabolic cytotoxicity, of polymeric RAFT agents are yet
to be performed, the general trend in the literature indicates
that the RAFT polymerization would be used more com-
monly in the controlled drug delivery field in the near future
as the technique starts to be used collaboratively by polymer
chemists, material scientists, and biomedical researchers, and
the RAFT agents become commonly available.

To date, efforts have focused on the use of RAFT
polymerization for generating block copolymer micelles,
vesicles, star polymers, nanoparticles, and capsules as
potential advanced drug carriers and also polymer—drug
conjugates as prodrugs (Scheme 16). The most commonly
studied systems are reviewed in detailed below.

4.1. Supramolecular Assemblies: Micelles,
Vesicles, and Stars

The self-assembly of amphiphilic di- and triblock copoly-
mers into micelles®?*3? and vesicles (polymersomes)*! has
been investigated widely for developing CDDS potentially
suitable for systemic administrations.?!>**? Therapeutic mol-
ecules can be incorporated into micelles and vesicles via
hydrophobic interactions, electrostatic attractions, hydrogen,
and/or covalent bonds. Biodistribution, stability, solubility,
immunogenicity, and nonspecific bioactivity of therapeutics
can be altered using micelles/vesicles rationally designed for
a particular application. Micellar structures can be pro-
grammed to release the therapeutics upon an environmental-
trigger such as temperature and pH or by passive diffusion,
depending on the application.?*?

Immense attention in the RAFT polymerization field has
been given to the generation of amphiphilic block copolymers

post-polymerization conjugations
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as building blocks of micelles/vesicles for potential drug
delivery applications. RAFT-generated amphiphilic copoly-
mers have recently been reviewed in detail by others.!!312
RAFT polymerization provides a versatile route to the
generation of block copolymer micelles with controllable
features, such as block lengths affecting the critical micelle
concentration (thus stability), hydrodynamic size, and mor-
phology, and chemical functionalities in the micelle corona
and core offering possibilities to stabilize the supramolecular
structure via covalent bonds (i.e., shell or core cross-linking),
conjugating with biologically active molecules such as cell-
specific targeting molecules and therapeutics.

4.1.1. Stealth Micelles/Vesicles

In general, the corona of micelles and vesicles should
contain a suitable polymer, endowing a favorable “stealth”
effect to the nanoassembly, minimizing the immunological
reactions in vivo and prolonging blood-residence times.
Amphiphilic block copolymers having a corona composed
of an inert polymer having a stealth effect, such as PEG,
poly(hydroxypropyl methacrylamide) (PHPMA), and a rela-
tively less-common but promising candidate, poly(N-acry-
loylmorpholine) (PAM), have been generated recently by the
RAFT polymerization for potential drug delivery applications.

In general, PEG and poly(ethylene oxide) (PEO) shielded
micelles have been prepared by PEG- or PEO-based mac-
roRAFT agents.?®”** Li and co-workers have reported the
reversible shell-cross-linking of PEO shielded micelles via
disulfide bonds and the use of such micelles in controlled
release of drugs such as a model bioactive agent, dipy-
ridamole (DIP).*** Cumulative DIP release from shell-cross-
linked micelles exhibited a sustained release behavior
compared to the micelles without shell-cross-linking. Zhu



Bioapplications of RAFT Polymerization

et al. have reported the synthesis of micelles with a PEG
corona and a cationic and hydrophobic double-layered core
for simultaneous delivery of genes and hydrophobic drugs
such as doxorubicin to increase the efficiency of chemo-
therapy in multidrug resistant cancer cells.*** In this study,
the amphiphilic block copolymers of PEG with poly(N-[3-
(dimethylamino)propyl]methacrylamide-co-[2-hydroxyethyl-
methacryalte-poly(e-caprolactone)]) were prepared by com-
bining RAFT polymerization with ring-opening polymerization
using a PEG-based macro RAFT agent. While the cationic
block layer was used to complex with gene-based drug, the
hydrophobic inner core was used to retain a hydrophobic
anticancer drug, doxorubicin.

Using a different approach, Nystrom and co-workers have
generated PEG-coated shell-cross-linked Knedel-like (SCK)
block copolymer micelles harboring high loading of per-
fluorocarbons as potential magnetic resonance imaging (MRI)
agents.® Poly(tert-butyl acrylate)-block-poly(styrene-co-
2,3,4,5,6-pentafluorostyrene) was converted first to poly-
(acrylic acid)-block-poly(styrene-co-2,3,4,5,6-pentafluorosty-
rene) (PAAc-block-PS-co-PPES) and then grafted with amine
functionalized monomethoxy PEG.

It is also possible to replace PEG with its (meth)acrylate
derivatives in preparation of stealth structures.?*! Accord-
ingly, Zhang et al. have reported the RAFT-synthesis of shell-
cross-linked micelles of poly(dimethylamino) ethyl meth-
acrylate-block-poly(oligoethylene glycol) methacrylate’*® for
delivery of genes. The toxicity of poly(dimethylamino) ethyl
methacrylate to L1929 fibroblasts was found to reduce
significantly because of the shielding by the cross-linked
poly(oligoethylene glycol) methacrylate corona despite the
presence of thiocarbonylthio RAFT end groups on the
polymer chains. In another study, RAFT-generated random
terpolymers of oligoethylene glycol methacrylate, NIPAAm,
and a cationic component, 3-(methylacryloylamino)propyl
trimethylammonium chloride, were found not to alter the
conformation of human serum albumin, suggesting the
nonfouling effect of the oligoethylene glycol component.?'?

Poly(HPMA) is another well-known long-circulating,
nonimmunogenic, hydrophilic polymer.**® It has recently
been synthesized via the RAFT polymerization, to yield
polymers with controlled molecular weights and narrow
polydispersities.®* RAFT-synthesized well-defined am-
phiphilic block copolymers of poly(HPMA) have also been
used to form micelles with a poly(HPMA) block forming
hydrophilic corona, potentially improving the in vivo stabil-
ity, nonimmunogenicity, and blood-circulation profiles of
micelles. 132166 Scales and co-workers have investigated a
number of poly(HPMA-block-N-[3-(dimethylamino)propy-
IJmethacrylamide) copolymers at varying compositions as
potential vectors for small interfering RNAs (siRNA).
Poly(HPMA) block stabilizes the interpolyelectrolyte com-
plexes between the negatively charged siRNAs and the
polycationic block, yielding nanosize complexes depending
on the length of the poly(HPMA) block.'®® Bulmus and co-
workers have generated well-defined amphiphilic block
copolymers of HPMA with a thiol-reactive functional mono-
mer”® via the RAFT polymerization (Scheme 17).!% The
functional block enabled the conjugation of an antitumor
drug, doxorubicin, to the polymer and concurrent cross-
linking of the core via disulfide bonds cleavable in reducing
environments, such as the cytoplasm of cells. Doxorubicin
conjugated to the polymer via a hydrazine bond was released
in its bioactive form by a low pH-trigger, making the system
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potentially suitable for intracellular'* and tumor-site selective
delivery of chemotherapeutics.

Poly(N-acryloylmorpholine) (PAM) is considered to have
nonimmunogenic and long blood-circulation properties simi-
lar to those of PEG.*773% Jo and co-workers have recently
synthesized homopolymers and block copolymers of N-
acryloylmorpholine with N-acryloylpiperidine (AP) and
N-acryloylazocane (AA) via the RAFT polymerization.**
The formation of micelles or vesicles has been observed
depending on the structure and composition of the block
copolymers. A model hydrophobic drug, everolimus, exhib-
ited a diffusion-driven, sustained release from PAM-block-
PAH based micelles.

Polymers of phospholipids can improve biocompatibility
and antithrombogenicity of drug delivery systems. A number
of researchers have synthesized well-defined amphiphilic
block copolymers of phosphoryl choline (MPC) and hydro-
phobic monomers such as n-butyl (meth)acrylate as potential
biocompatible nanocarriers for hydrophobic drugs using the
RAFT process.?26-34

4.1.2. Stimuli-Responsive Micelles/Vesicles/Stars

Incorporation of stimuli-responsive behavior to the mi-
celles and vesicles has been investigated widely to control
the release of therapeutics and/or disassemble the supramo-
lecular structure to unimers by environmental stimuli.
Detailed reviews of stimuli-responsive nanocarriers including
micelles and vesicles have been published else-
where. 19333342734 A \vide variety of stimuli-sensitivity has
been incorporated to RAFT-generated micelles/vesicles,
stars, and branched structures for potential drug delivery
applications  (for example: pH-sensitive,!04+308.3457348
temperature-sensitive,!267273.288.3497359 i oht_sensitive,* chemi-
cal and biological molecule sensitive)'*?!"33* A number of
research groups!'61:207:267:273.345.349.350352 have reported tem-
perature-responsive micelles composed of RAFT-generated
copolymers of poly(NIPAAm), a well-known temperature-
responsive polymer, as potential drug carriers. Differently,
Fernandez-Trillo and co-workers have reported the RAFT-
synthesis of well-defined elastin-based side-chain polymers
(PDI 1.03—1.23) as temperature-responsive polymers having
potential in varying biological applications including drug
delivery.®>® Elastin-like peptides in aqueous solutions display
reversible phase transitions as a result of temperature-
dependent changes in the hydration state of the valine side
chains.’®' Also, Lutz and his team have investigated the
RAFT synthesis and temperature-responsive behavior of
OEG-based polymers and their micellization.!'33%> Temper-
ature-responsive OEG-based polymers are potentially of
interest in drug delivery applications.

In addition to temperature, pH has also been investigated
widely as an external stimulus for controlling the release from
RAFT-generated micelles.!*308343-348 R AFT-synthesis of
pH-responsive block copolymers of primary and tertiary
amine containing monomers in aqueous media was per-
formed by McCormick, Lowe, and co-workers.3*-346:3% [t
was possible to control the micellization and/or the hydro-
dynamic dimensions of the micelles by pH of the solutions
and the composition of the polymers, which envisions the
use of micelles for pH-controlled drug release. Such micelles
were effectively stabilized via straightforward shell or core
cross-linking strategies.

RAFT polymerization offers versatile cross-linking strate-
gies for stabilization of the micelles. For example, it is
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Scheme 17. (A) Synthesis of Well-Defined Amphiphilic Block Copolymers of HPMA with a Thiol-Reactive Functional Monomer
via the RAFT Polymerization and (B) Drug Conjugation, Micellization, and Core-Cross-linking in One-Pot, Followed by the
Acid-Triggered Drug Release and Glutathione-Triggered Disassembly of Micelles*
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possible to cross-link the core of drug loaded micelles by
chain extension polymerization from the living RAFT end
groups of the core forming block with an acid-degradable
bis-functional monomer at ambient temperatures to yield drug
incorporated star polymers.>*’ Such star polymers (or core
cross-linked micelles) can be triggered by slight pH changes
to disassemble to form unimers (under the cmc and above
the cmc of the block copolymers) by the conversion of the
hydrophobic core into a relatively more hydrophilic state,
leading to the disassembly of micellar structure and the pH-
controlled release of loaded drug (e.g., doxorubicin).3*’ A
wide variety of stimuli-sensitive cross-linked micellar sys-
tems and star polymers can be designed using the RAFT
technique, as described in recent reviews.!!>12° The CAMD
team have shown the synthesis of glutathione-sensitive cross-
linked micelles'™ (Scheme 17) and star polymers,'?> which
have potential for release of drugs in cell cytoplasm, where
the concentration of glutathione, a natural tripeptide buffering
the thiol-disulfide balance of cells,** can be as high as 10
mM. The synthesis of hyperbranched polymer has also been

described for the encapsulation of drug or gene (siRNA)., 102472358
Recently, CAMD!%24"¢ developed two different strategies for
the synthesis of hyperbranched polymers built with disulfide
bridges. The presence of disulfide bonds allows for a slow
biodegradation of the hyperbranched structures. Dong et
al.!%f described the synthesis of hyperbranched polymers with
pendent norbornene groups via the RAFT polymerization of
a novel asymmetrical divinyl monomer bearing a higher
reactivity methacrylate group (r; = 12.5) and a lower
reactivity norbornene group (7, = 0.078). Rosselgong et
al.'?" proposed the synthesis of hyperbranched polymer using
the copolymerization of MMA and a disulfide based
dimethacrylate in the presence of cumyl dithiobenzoate. The
disulfide bridges could be cleaved in the presence of tri-n-
butyl phosphine.

Polyion complex micelles (PICs) are pH and/or ion-
responsive micelle-like supramolecular nanostructures formed
from a pair of oppositely charged block copolymers or a
pair of oppositely charged block copolymer and homopoly-
mer. They have potential in delivery of drugs, especially
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charged therapeutics such as DNA, oligonucleotides, and
proteins. A number of PICs have been prepared from the
RAFT-generated copolymers composed of hydrophilic, neu-
tral, and charged blocks, including the systems with dual
mode responsiveness (e.g., temperature and pH-responsive)
for potential drug delivery applications, '06-268,334.364=366 pICg
formed from RAFT-generated poly(N-vinylpyrrolidone)-
block-poly(styrene-alter-maleic anhydride) and poly(N-vi-
nylpyrrolidone)-block-poly(N,N'-dimethylaminoethyl meth-
acrylate) were used as controlled delivery vehicles for
coenzyme A.3% The release of biomolecules was 5-times
faster at neutral pH compared to the release at acidic pH,
suggesting potential as a colon-specific drug release system.
RAFT-generated block copolymers of HPMA and the
cationic monomer N-[3-(dimethylamino)propyl]methacry-
lamide (DMAPMA) were complexed with small interfering
RNAs, yielding PHPMA stabilized PICs for potential gene
silencing therapies.'®® siRNA within the complex exhibited
enhanced resistance against nuclease degradation.

Bisht and co-workers®**’ have prepared graft copolymers
of poly(NIPAAm) with poly(ethyleneimine) (PEI) using
RAFT polymerization and formed complexes with plasmid
DNA, leading to the formation of polyion complex particles.
They found that the cellular uptake and transfection activity
of the DNA complexes with the PEI-g-poly(NIPAAm)
copolymers was lower than those of the control PEI/DNA
complexes at temperatures below the lower critical solution
temperature (LCST) but increased to the PEI/DNA levels at
temperatures above the LCST.*’ The same team used RAFT
polymerization also to synthesize reducible poly(2-dimethy-
laminoethyl methacrylate) (rPoly(DMAEMA)) for fabrication
of DNA complex particles. The rPoly(DMAEMA) poly-
plexes showed a comparable or better activity than control
poly(DMAEMA) polyplexes.*®®

4.1.3. Corona and Surface Functionalized
Micelles/Vesicles

Decoration of the outer surface of micelles with biological
molecules is of great value for cell-specific targeting of drugs.
RAFT polymerization enables the synthesis of alpha- and
omega-functional and pendant-group functional block poly-
mers suitable for conjugation with cell-specific targeting
ligands to form cell-targeted micelles/vesicles,47213288.306.368=370
Using the RAFT technique, it is possible to in sifu generate
biomolecule functionalized, amphiphilic block copolymers
from biomolecule-modified RAFT agents'> or biomolecule
functionalized monomers.3® Both approaches to generate
biofunctionalized polymers have been reviewed in detail in
the previous sections of this review. For example, De and
co-workers have synthesized alpha-azido terminal temper-
ature-responsive block copolymers from an azido-modified
RAFT agent.?®® The azido end group of the copolymers was
coupled efficiently with propargyl-modified folate (ligand for
surface folate receptors overexpressed by certain cancer cells)
via orthogonal click addition. While the exact morphology
of the temperature-responsive nanoaggregates formed from
folate functionalized block copolymers could not be deter-
mined, it is reasonable to assume that the block copolymer
would form micelles in aqueous solution with a folate
functionalized hydrophilic block exterior shell.
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4.2. Particles/Capsules/Gels

The (nano)particles present a great interest for the drug
delivery.’’! Before giving several examples of synthesis of
particles by RAFT, it is important to define polymeric
nanoparticles and microparticles in the context of drug
delivery applications: nanoparticles are particles usually of
20—500 nm dimensions,* while microparticles have a size
from 500 nm to several micrometers.

RAFT-generated well-defined polymers have also been
investigated as building blocks of core—shell (nano/micro-
)particles and capsules, generated by layer-by-layer (1-b-1)
assemblies, for potential drug delivery applications.!®+372373
Cortez and co-workers investigated the binding of core—shell
type particles to LIM 1215 cells, a colorectal cancer-derived
cell line.*”® The particles, 1 um in size, having a surface
modified with RAFT-generated PEG-block-poly(4-styrene-
sulfonate) (PEG-block-PSS) and coated with humanized A33
antibodies (huA33 Ab) exhibited efficient cell-binding. The
presence of PEG was found to enhance the specificity of
receptor-mediated binding compared to the particles having
a surface modified with only PSS and coated with huA33
Ab. Zelikin and co-workers have synthesized narrow poly-
disperse poly(N-vinylpyrrolidone) (PVP), a nonionic, non-
toxic, and nonimmunogenic polymer, via RAFT polymeri-
zation.'®* After reduction of the thiocarbonlythio group, the
generated free thiols were protected with Ellman’s reagent
for further reactions with fluorescent probes and biomolecules
such as peptides and DNA. Adsorption of the polymer onto
silica particles and the bioconjugations to the polymer layer
on the particles were demonstrated, envisioning the use of
the polymer in generation of 1-b-1 capsules modifiable with
bioactive elements such as therapeutics and biomarkers.

RAFT polymerization has also been performed in dis-
persed media, which widens the synthetic possibilities for
generating potential drug delivery systems. The RAFT
technique in dispersed systems has recently been reviewed
in detail by others.?2663747376 To date, only limited work
exists on investigation of nano- and microparticles generated
via RAFT dispersed systems for potential drug delivery
applications.!'%”7 Chan et al. prepared acid-degradable,
cross-linked core—shell particles (diameter ~ 150—500 nm)
composed of a poly(n-butyl acrylate) core and a poly(OEG-
A) shell via the RAFT dispersion polymerization and
investigated pH-controlled release of a model hydrophobic
compound from the particles.''°

Thermoreversible hdyrogels were also generated from
RAFT-synthesized BAB triblock copolymers as potential
tissue engineering scaffolds.’”® Well-defined poly(NIPAAm)-
block-poly(N,N-dimethylacrylamide)-block-poly(NIPAAm)
triblock copolymers underwent reversible physical gels above
the phase transition temperature of poly(NIPAAm). The
mechanical properties of the gels were found to be similar
to those of collagen, a biopolymer used widely in tissue
engineering applications. In addition, soluble polymers and
gels of phosphate containing monomers were prepared by
RAFT polymerization.’” The calcification behavior of both
polymers and gels in simulated body fluids was investigated
for potential cell and tissue engineering applications. The
amount of phosphate groups and the accessibility of the
phosphates played an important role in both the amount and
type of mineral formed.
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4.3. Soluble Polymer—Drug Conjugates

Polymer conjugation to drugs can enhance the bioavail-
ability of drugs by improving in vivo stability, biodistri-
bution profile, solubility, and intracellular distribution of
drugs.”®-848687.219.322380 1t a]50 enables the localization of
a high concentration of drugs at a desired site of the body.
Polymer—drug conjugates as prodrugs require the use of
uniform polymers to be able to obtain a consistent in vivo
profile with an identifiable structure—activity correlation.
The RAFT technique offers an excellent platform for
generation of well-defined, narrow polydisperse polymers
with functional groups required for covalent conjugation
of drugs and/or other functional elements,!44196.323.327.381
Hence, it is suitable for preparation of drug—polymer
conjugates and other soluble polymers designed to interact
with biological systems for drug delivery applications.

Pan and co-workers have investigated the in vivo
biodistribution and pharmacokinetic of radiolabeled
poly(HPMA)—alendronate conjugates synthesized by RAFT
polymerization.’?* A methacryloyl derivative of the bone-
targeting agent alendronate was copolymerized with HPMA
at 40 °C using a trithiocarbonate chain transfer agent and
VA-044 as initiator. A number of copolymers with molecular
weights ranging from 18 000 to 94 000 g/mol were obtained.
In biodistribution experiments, the conjugates exhibited high
binding affinity for bone. The accumulation of the conjugates
in the liver and spleen depended on molecular weight and
alendronate content. The half-life of the conjugates in blood
circulation varied between 12.4 and 27.7 h, with the increase
in the number average molecular weight being from 18 100
to 97 400 g/mol.

In another study, well-defined copolymers of OEG-MA
with a protected aldehyde monomer were generated via
RAFT polymerization using a trithiocarbonate chain transfer
agent.’?” The aldehyde groups were conjugated with amine
groups of an iron chelator, desferrioxamine (DFO), to
develop a blood compatible and long-circulating macromo-
lecular chelator which can bind iron in the body and be
excreted through the kidney after degradation. Conjugation
of DFO to the polymer led to an improvement greater than
100-fold in the cytotoxicity profiles against endothelial
HUVEC cells. Furthermore, there was no indication that the
polymer changed the coagulation properties of blood and
caused the complement activation, suggesting its potential
to stay in the vascular system without a major biological
response for a long period of time.

Heredia and co-workers have prepared reversible conju-
gates of poly(OEG-A) with small interfering siRNAs to
improve the serum stability.'* a-Pyridyldisulfide terminated
polymer was synthesized using a RAFT agent having a
pyridyldisulfide modified R-group. A thiol modified siRNA
was conjugated to the a-terminal of the polymer via disulfide
bonds. The siRNA was able to release from the polymer
under reducing conditions, suggesting the potential of the
strategy for cytoplasmic release of siRNAs.

Hoffman and Stayton’s team has reported membrane-
disruptive polymers synthesized via the RAFT technique
for intracellular drug delivery applications. pH-responsive
well-defined poly(styrene-alt-maleic anhydride)alkylamide
copolymers were synthesized for cytoplasmic delivery of
proteins, peptides, and oligonucleotides.*®' The copolymers
showed pH-dependent cell-membrane-destabilizing activity.'*-3%
The activity was controlled by varying the length of the
alkylamine groups, the degree of modification with the
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alkylamine, and the molecular weight of the copolymer.
Separately, poly(N-isopropylacrylamide-co-propylacrylic acid)
copolymers with narrow polydispersity were prepared using
the RAFT process.*®? The copolymers showed pH and
temperature tunable phase transition properties at the vicinity
of physiologically relevant pH and temperature values.

5. Surface Modification by RAFT Polymerization
for Biological Applications

Surface modification is an essential process in biotech-
nological applications such as tissue engineering, biosensors,
or implants manufacturing. It is also widely used to regulate
protein, microbial, and cell adhesion. Polymer coatings or
the more recent grafting techniques are extremely useful to
confer new properties to surfaces or various natures and
shapes. In recent years, CRP techniques and RAFT in
particular have been increasingly used to synthesize well-
defined functional polymers for surface-modification. Here
we present a literature review of the use of RAFT to modify
surfaces for biotechnological applications. Two broad cat-
egories will be addressed: flat surfaces and particle surfaces.

5.1. Flat Surfaces

Perrier et al. reported one of the first examples of
application of the RAFT process to modify a natural
substrate: cellulose.*® The technique developed consisted in
the covalent binding of RAFT agents through their R-group
to the hydroxyl groups of cellulose. The modified cellulose
was then used in the surface-mediated RAFT polymerization
of styrene.’ A similar idea was developed by Barner and
co-workers.'!? In that case, the styrene solution containing
a dithiobenzoate and a piece of cellulose (filter paper) were
irradiated with a ®°Co source to induce the initiation site on
the cellulose surface.!'> Both groups used styrene to modify
the hydrophilicity of cellulose. Perrier further developed his
process to the fabrication of the bioactive surface. Controlled
poly(DMAEMA) chains were grown from a cellulose surface
via RAFT and subsequently quaternized with alkyl bromides
of various chain lengths. The surfaces quaternized with the
shortest alkyl groups and of highest degree of quaternization
exhibited high biocidal activity against E. coli.’3* 3% Fleet
et al.’®® reported the grafting of polymers by RAFT using
the Z-group approach. Xanthate esters were formed directly
onto hydroxypropyl cellulose and methyl cellulose. These
modified substrates, allowing a higher density of grafting
than cellulose, were used in the surface-mediated polymer-
ization of vinyl acetate.’®” At high density of grafting, these
materials could be considered as comb-shaped polymers with
a backbone composed of a natural polymer and side chains
of synthetic polymeric materials. Such a polymer was
prepared by Hua and co-workers.*®® Chitosan was first
transformed in N-phthaloylchitosan. RAFT agents were then
attached to this DMF-soluble substance via esterification to
provide anchoring points for the RAFT polymerization of
acrylic acid. Peng et al. reported the preparation of a biocidal
microfiltration membrane from a comb-shaped polymer
prepared by RAFT.?¥ Poly(vinylidene fluoride)-graft-poly(V-
vinyl-2-pyrrolidone) was synthesized by RAFT polymeri-
zation of NVP with 1-phenylethyldithiobenzoate in the
presence of an ozone-treated PVDF. Porous membranes were
prepared by phase inversion in an aqueous medium from
DMF solutions of the graft copolymer. The living PNVP
chains on the surface of the membranes were chain extended
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with DMAEMA by RAFT, and the poly(DMAEMA) block
was quaternized with bromohexane. These membranes
exhibited both antifouling and biocidal activity. The CAMD
team>*°~3°® developed another interesting porous structure
from RAFT polymers: the so-called honeycomb structured
porous films. These porous structures, obtained from the self-
assembly of condensed water droplets on top of a polymer
solution, were prepared from a variety of comb-shaped
polymers synthesized by RAFT, including a polystyrene
comb grown from the hydroxypropyl cellulose backbone.**
In addition, honeycomb porous films grafted to poly(NIPAAm)
chains showed enhanced cell adhesion compared to that of
the native PS-comb honeycomb film and to that of a
nonporous poly(NIPAAm) grafted film.**® Honeycomb po-
rous films obtained from a polypyrrole containing poly-
((acrylic acid)-block-(styrene)) were shown to be noncyto-
toxic and suitable as a scaffold for cell growth.*>
Surface-mediated RAFT polymerization was also exam-
ined to develop novel DNA-biosensors. Pirri et al. proposed
to used RAFT to grow poly(dimethyl acrylamide-block-
glycidyl methacrylate) diblock copolymers from glass slides
and utilize these surface tethered polymers to immobilize
DNA through reaction between DNA terminal amine and
polyglycidyl block oxirane groups. Target DNA molecules
are revealed by hybridization with a fluorescent DNA
strand.**’ He and co-workers adapted to RAFT the DNA
“amplification-by-polymerization” approach developed with
ATRP.3® Capture DNA immobilized on a surface can
hybridize with a segment of the target DNA. A probe DNA
complementary of the free segment of the target DNA carries
a RAFT agent which can be used to grow a polymer brush.
The polymer film thickness measured by ellipsometry is a
direct evidence of the presence of the target DNA. This
amplifying system enabled us to detect as few as 2000 copies
of a short oligonucleotide.?”> Controlling cell adhesion on a
surface is an important challenge that needs to be overcome
in order to understand cell behavior and for applications in
biomaterials or tissue engineering.*>4° Maynard et al.
reported an elegant way toward cell adhesion control that
relies on the patterning of the growth factor on a surface: a
poly(sodium 4-styrenesulfonate-co-poly(OEG-MA)) copoly-
mer synthesized by RAFT in DMF/water mixtures. Poly(4-
styrenesulfonate) can mimic the heparin onto which the target
growth factors (VFGF and VEGF) bind very strongly, and
poly(OEG-MA) can be cross-linked onto a silica surface by
exposure to en electron beam. The polymer was spin-coated
onto a silicon wafer from a methanol solution, and micro-
and nanopatterns were created on the polymer film via
electron-beam lithography. The protein adhesion on the
polymer was detected by fluorescence microscopy.*!

5.2. Particle Surfaces

Gold nanoparticles (GNPs, with size from 1 to 100 nm,
but typically under 20 nm) have attracted increasing interest
thanks to their optical properties, and they have been the
substrate of choice to graft RAFT polymers, for their chain-
end is easily directly reacted on a gold surface*> % or
transformed into thiols.>*® We already mentioned a few
examples of this method in the glycopolymer section, 837285320321
Jerome et al. used this method to simultaneously prepare
GNPs grafted with thiol terminated biotin functionalized
poly(NIPAAm) obtained by RAFT.'?® As mentioned previ-
ously, silica particles have been used to graft lactose
containing RAFT polymers.*'> Caruso et al. coated colloidal
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silica particles with thiol terminated poly(vinylpyrrolidone)
(PVP) prepared by RAFT and use these free thiols for ligand
immobilization. Fluorescent tag, short single strand oligo-
nucleotides and oligopeptides were immobilized on the
particle surface by disulfide bridges. Hybridization experi-
ments were successfully conducted, and conditions for the
desorption of the PVP from the silica particle surface were
established.'®

Gadolinium metal—organic framework (Gd MOF) nano-
particles (width of 20—25 nm and length of 100—150 nm)
were modified by functional polymers obtained by RAFT
polymerization to yield hybrid organic/inorganic nano-
particles. The synthesis of copolymers of poly(NIPAAm)-
co-poly(NHS-A)-co-poly(fluorescein O-methacrylate) was
achieved via RAFT polymerization. Using the succinimide
group, the copolymers were decorated with a therapeutic
agent, such as methotrexate, and a targeting ligand, such
as H-glycine-arginine-glycine-aspartate-serine-NH, pep-
tide. Finally, the reduction of the trithiocarbonate RAFT
agent was accomplished to generate a thiol end group,
providing a means of copolymer attachment through
vacant orbitals on the Gd*" ions at the surface of the Gd
MOF nanoparticles.*” These particles can be used as an
MRI agent and drug delivery system. The attachment of
polymer on the surface of Gd MOF nanoparticles can affect
positively (improve) the property of relaxivity of these
particles.*%

Semiconductor nanocrystals (usually called quantum dots)
have a great interest for biomedical applications due to the
high luminisence, single excitation, narrow emission, and
low toxicity. Quantum dots can be exploited for in vivo
labeling/imaging of cells. RAFT copolymerization of three
different monomers containing amine, sugar, and biotin
pendent groups was achieved. The polymer was attached on
quantum dots using amine—carboxylic acid coupling. The
polymer confers new properities (targeting) and improves
the biocompatibility.*"?

Iron oxide nanoparticles (IONPs) (size inferior to 100 nm)
are of great interest for researchers from a wide range of
disciplines, including magnetic fluids, catalysis, biotechnol-
ogy/biomedicine, magnetic resonance imaging, data storage,
and environmental remediation.*”® When their dimensions
fall below a certain value dependent on the materials but
typically around 10—20 nm, they display superparamagnetic
behavior. This behavior makes superparamagnetic NPs very
attractive for a broad range of biomedical applications,
because the risk of forming agglomerates is negligible at
room temperature. So far, a narrow range of polymeric
coatings has been used and RAFT has still been scarcely
used for stabilization or further functionalization of IONPs.
Narain et al. used a mixture of non-end-functionalized
poly(NIPAAm) and biotinylated poly(NIPAAm) prepared by
RAFT to stabilize IONPs and showed that the availability
of the biotin on the particle surface could be turned on and
off with temperature.?®> IONPs are considered in hyperther-
mia cancer therapy, but for this application to be successful,
the nanoparticles need to form a stable colloidal suspension
in physiological fluids and must not elicit an immune
response. Jerome’s team prepared and coated IONPS with a
range of double hydrophilic diblock copolymers by RAFT.
The diblock copolymers were composed of a block of
poly(acrylic acid) and a block of linear polyethylene oxide
or of poly(OEG-A). The grafting to method used led to IONP
aggregates of 50—100 nm. The aggregates exhibited stealthi-
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Figure 6. Glycomonomers polymerized by RAFT.

ness, as tested in vitro by the hemolytic CH50 test.*%41°

Tremel et al. reported a method to immobilize silicatein on
IONPs and fabricate Fe,O;@Si0O, core shell nanoparticles.
A RAFT poly(pentafluorophenyl acrylate) was reacted with
dopamine and an amino functionalized nitrilotriacetic acid
(NTA) to yield a copolymer containing catecholate groups
able to bind to IONPs and NTA groups. The coating of
maghemite nanoparticles with this copolymer was reported
to proceed without aggregation. Treatment of the polymer
coated-IONPs with NiSO,4 and subsequent incubation with
a recombinant silicatein containing a His-tag afforded the
desired protein-decorated IONPs. The immobilized enzymes
retained their activity, and shells of silica were formed around
the IONPS via biomineralization.*!!

Boyer et al. reported an original method for attaching
polypeptides to IONPs. A new trithiocarbonate RAFT agent
bearing a dimethyl phosphonate group was synthesized and
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used to polymerize styrene, NIPAAm, and OEG-A. The
dimethyl phosphonate a-end group was deprotected to yield
a free phosphonic acid group. The trithiocarbonate chain-
end was removed by aminolysis, and then, the free thiol
obtained was in situ reacted with dithiopyridine. Telechelic
poly(OEG-A) of molecular weight ranging from 6 000 to
62 000 g/mol was reacted with IONPS using the “grafting-
to” approach. Grafting density as high as 0.2 chains nm >
was obtained. The particles grafted with 62 000 g/mol
polymer were stable for 14 days in water and for 48 h in
BSA-containing phosphate buffer. The particles also exhib-
ited antifouling properties thanks to the poly(OEG-A) acting
as a protein-repellent. Finally, the pyridyl disulfide group
was used to decorate the polymer-stabilized particles with
two peptides bearing free thiols: reduced glutathione and
NGR motive.”® The CAMD team*'? conjugated siRNA on
the surface of IONPs, using the co-self-assembly of two
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different polymers, i.e., poly(oligoethylene glycol) methyl
ether acrylate (P(OEG-A)) and poly(dimethylaminoethyl
acrylate) (P(DMAEA)). siRNA was complexed to the
P(DMAEA) polymers, with the P(OEG-A) polymers imbuing
the IONPs with anti-fouling and neutral surfaces. These
hybrid organic/inorganic particles (70—150 nm) proved to
be stable in both water and SD v% fetal bovine serum (FBS).
Finally, these hybrid particles were evaluated for the transport
and delivery of siRNA to human neuroblastoma SHEP cells.

6. Conclusion and Outlook

In this review we have restricted ourselves to the bioap-
plications of RAFT polymerization. The potential for design-
ing novel polymeric structures via RAFT for bioapplications
is clearly huge, and herein we have reviewed applications
in biomaterials, drug delivery, gene therapy, glycopolymers,
and bioconjugates. The field is rapidly expanding, and there
are many more exciting and new opportunities to explore.
One of the next big challenges is to transfer the systems
presented herein to in vivo tests, including on humans.
Indeed, due to the novelty of the field, in vivo studies, even
in mice, are still rare. However, this next big step might not
be as distant as it seems. One of the attractive features of
RAFT polymerization is its simple setup, which makes it
accessible to a vast number of research groups. As RAFT
becomes established as a commonplace synthetic technique,
it is likely to become a vector that favors interdisciplinary
collaborations between polymer groups and research teams
focused on bioapplications and within hospitals and medical
research institutes. It is likely RAFT will allow these two
research areas to work together and communicate with each
other, to rapidly evolve and create products that would not
have been possible without the collaborative effort and a
practical technique in hand. There is no doubt in our mind
that this review is of a nascent research field, and we hope
it will help bring many more non-RAFT-specialists into the
area.

7. Abbreviations

AA acrylic acid

AIBN 2,2'-azobisisobutyronitrile

AM acrylamide

AN acrylonitrile

APDA 3-acrylamidophenylboronic acid

ATRP atom transfer radical polymerization

n-BA n-butyl acrylate

t+-BMA tert-butyl methacrylate

t-Boc tert-butyloxycarbonate

BSA bovine serum albumin

CDB cumyl dithiobenzoate

CDDS controlled drug delivery systems

cme critical micelle concentration

CPAD 4-cyanopentanoic acid dithiobenzoate

CTA chain transfer agent

DEG MA diethylene glycol monomethyl ether methacry-
late

DEPMA diethoxypropyl methacrylate

DMA N,N-dimethylacrylamide

DMAEA N,N"-dimethylaminoethylacrylate

DMAEMA N,N"-dimethylaminoethylmethacrylate
DMAPMA N-[3-(dimethylamino)propyl]methacrylamide
DMF dimethylformamide

DTP 2,2'-dithiopyridyl disulfide

DCM dichloromethane

DCC N,N'-dicyclohexylcarbodiimide
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DMAP 4-dimethyl aminopyridine

EDC N-(3-dimethylaminopropyl)-N-ethylcarbodiimide

Et A ethyl acrylate

FRP free radical polymerization

GNPs gold nanoparticles

HEA 2-hydroxyethyl acrylate

HEMA hydroxyethyl methacrylate

HPMA hydroxyl propyl methacrylamide

IONPs iron oxide nanoparticles

LCST lower critical solution temperature

LMA lauryl methacrylate (LMA)

LRP living radical polymerization

MADIX macromolecular design via the interchange of
xanthates

MA methyl acrylate

MMA methyl methacrylate

NAM N-acryloylmorpholine

NHS N-succinimide

NIPAAmM N-isopropylacrylamide

NPMA p-nitrophenyl methacrylate

NVP N-vinylpyrrolidone

OEG oligo(ethylene glycol) monomethyl ether

OEG A oligo(ethylene glycol) monomethyl ether acrylate

OEG MA oligo(ethylene glycol) monomethyl ether meth-
acrylate

PAM poly(N-acryloylmorpholine)

PDI polydsipersity index

PDS pyridyldisulfide

PEG poly(ethylene glycol)

PEI poly(ethyleneimine)

PEO poly(ethylene oxide)

PSS poly(4-styrenesulfonate)

PVDF poly(vinylidene fluoride)

pPVP poly(N-vinylpyrrolidone)

poly(DMAEA) poly(N,N"-dimethylaminoethylacrylate)
polyOMAEMA) poly(N,N"-dimethylaminoethylmethacrylate)

poly(HPMA)  poly(N-hydroxyl propyl methacrylamide)
poly(MMA)  poly(methyl methacrylate)

poly(NIPAAm) poly(N-isopropylacrylamide)

RAFT reversible addition—fragmentation chain transfer
siRNA small interfering-RNAs

St styrene

TFA trifluoroacetic acid

VAc binyl acetate

VBC 4-vinylbenzoic acid
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