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Nanoengineering with RAFT polymers: from
nanocomposite design to applications

Wentao Peng, & Yingying Cai, & Luise Fanslau and Philipp Vana = *

Reversible addition—fragmentation chain-transfer (RAFT) polymerization is a powerful tool for the precise
formation of macromolecular building blocks that can be used for the construction of well-defined nano-
composites. Especially when combining RAFT polymers with uniform inorganic/metallic nanoparticles, a
vast variety of complex nanocomposites become available that may find applications especially in the
field of life sciences, e.g., bio-imaging, drug delivery or cancer-therapy, but also in areas such as energy
conversion or catalysis. RAFT polymerization not only provides the possibility to control the size and the
macromolecular architecture of the polymer building blocks, but inherently delivers highly functional
end-groups that can often directly be employed as linker-sites for installing the polymeric components
into the final nanocomposites. This review describes recent advances in this vivid field and concentrates
on innovations in the fabrication method and design strategies for polymer/inorganic nanohybrids. The
methodology of synthesizing RAFT polymer with the aim of surface functionalization and the design
options for anchoring RAFT polymer on surfaces are covered. A series of core—shell nanostructures with
the focus on novel functionalities brought by RAFT polymer brushes will be reviewed with focus on the
detailed macromolecular design for each specific application’s scenario. Examples of ordered nano-
assemblies using RAFT polymer linkers will be reviewed in order to demonstrate the advantages of RAFT
polymer for introducing different morphologies, interactions and chirality to the final functional
nanostructures.

1. Introduction

Since its debut in 1998," reversible addition-fragmentation
chain-transfer (RAFT) polymerization has quickly become a
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special functions. The precision engineering using RAFT
polymerization includes well-defined polymer size,” versatile
end-group design,>* convenient access for block copolymer
(BCP) synthesis,”” and flexible topological design.®*'> These
options can be combined simultaneously to give RAFT poly-
mers the ability for a wide range of applications including e.g.,
213715 therapeutic-delivery,'®>°  bio-
imaging and diagnosis, optoelectronics,”® polymeriz-
ation induced self-assembly,>**” interface engineering,®
smart nanoreactors,” structured templating,®® biosepara-
tion,*" and photo-curing 3D printing.***?

The rise of RAFT polymers has revolutionarily changed the
game of surface engineering of nanoparticles (NPs). A great
variety of anchoring strategies was developed to immobilize
RAFT polymer brushes onto a plethora of nanosurfaces.”®**
The polymer-functionalized inorganic nanomaterials carrying
a combined talent from both functional polymers and in-
organic nanomaterials have received extensive product prolifer-
ation to encompass an extraordinary array of applications
especially in the biomedical field.**™”
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The colloidal self-assembly of nanomaterials has stimulated
enormous research interest in the last decade.’®** In many
cases, the construction of these well-defined nanostructures all
share the same goal: creating synergic interaction between
nanocomponents. On this topic, RAFT polymer has the auspi-
cious talent as a linker for guiding the colloidal self-assembly
of nanomaterials using its topological and anchoring design.
We will see how RAFT polymer engineering can create the
synergy between nanocomponents and dynamically changes
the colloidal arrangement of each nanocomponent for modern
applications.

The current review focus on the recent advances in both
fabrication methods and design strategies for polymer/in-
organic nanohybrids for multifunctional applications (illus-
trated in Fig. 1). We will start with the methodology of synthe-
sizing RAFT polymers with the aim of surface functionali-
zation. We will go through the important design options for
RAFT polymers including a detailed discussion on anchoring
strategies for diverse nanomaterials. Then we will review a
series of classic core-shell nanostructures with the focus on
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Fig. 1 Schematic illustration of design options for the surface modifi-
cation of inorganic NPs with RAFT polymer and the fields of applications
for the hybrid nanomaterial.

the novel functionalities brought by the polymer brush. These
functional nanostructures cover a wide range of applications
including bioimaging, drug-delivery, cancer treatment, fluo-
rescence energy transfer based nanosensors and hybrid
responsiveness. We will focus on the detailed macromolecular
design for each specific application scenario. Thereafter,
examples of ordered nanoassemblies using the RAFT polymer
linker will be reviewed to showcase the advantages brought by
the design flexibility of RAFT polymers. This part also high-
lights the possibility to introduce novel morphologies, inter-
actions and chirality to the nanostructure using the sophisti-
cated design of the RAFT polymer shells. The review will be
concluded by discussing the future challenges and opportu-
nities for surface-bound RAFT polymers.

It is worth mentioning here that the offering of RAFT
polymerization in nanoengineering cannot be fully covered
within the scope of this review. Especially polymerization-
induced self-assembly (PISA) has been a surge of interest in
the fabrication of block copolymer nano-objects with con-
trolled morphology, e.g., nano-sphere, -worm, and -vesicles. In
this research area, a great number of the literatures are based
on RAFT technique. The readers interested in this topic can
refer to more elaborate publications****7>° on PISA technique.

2. Construction options for RAFT
polymer towards nanosurface

RAFT polymerization is a type of reversible deactivation radical

polymerization (RDRP) developed by the Australian
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Commonwealth  Scientific ~and  Industrial  Research
Organization (CSIRO)." This polymerization technique confers
the favored living characteristics to radical polymerization. It
combines many useful features of radical polymerization, such
as ease and cost-effectiveness of synthesis, compatibility with
many different monomers, and broad reaction conditions.**""
The control of the polymerization kinetic enables precise
design and engineering of functional polymers which induced
an explosion of innovation in polymer science over the last
decades. Compared with other RDRP techniques, the major
competitor for RAFT is the atom transfer radical polymeriz-
ation (ATRP). Both of them offer a very high degree of design
and control on polymer architecture and flexible end-group
modification. The major advantage of RAFT polymerization is
the straight-forward and insensitive reaction condition: in
ATRP, a copper-based complex must be usually added for the
polymerization and removed from the product. However, com-
pared with other RDRP techniques, the color of RAFT moieties
in the polymer product could be an issue for many appli-
cations unless they are removed by one extra reaction step.
Notably, for the long-chain polymer (n > 500), ATRP often
offers better control than the RAFT counterpart. A selection of
recent work and reviews is included here on the comparison of
RDRP polymerization techniques.’*>*

A series of grafting strategies have been developed to
immobilize RAFT polymers onto the surface of nanomaterials.
Understanding the surface chemistry between RAFT polymer
and the specific surface of NPs is crucial for the effective
polymer functionalization.

2.1. RAFT polymerization

The mechanism of RAFT polymerization is illustrated in
Fig. 2A_ After a radical initiation event, the propagating radical
chains react with the RAFT agent, which usually consists of a
thiocarbonylthio group. This leads to a reversible degenerate
chain transfer, rendering the former radical chain inactive
(“dormant”) and releasing the previously dormant chain as
radical species able to propagate. The RAFT equilibrium offers
a rapid exchange between the active propagating radical and
the dormant radicals, while the majority of the chains are kept
in dormant form. As result, all polymer chains have equal time
and possibility to propagate. This controlled kinetic gives the
polymer product a narrow molecular weight distribution, i.e., a
similar degree of polymerization. Practically, the amount of
radical initiator must be carefully considered to maintain the
favored RAFT kinetic, since the concentration of active species
in the reaction mixture depends on the concentration of the
initiator.”

Owing to the clear mechanism of polymer growth in the
controlled radical polymerization, RAFT technique allows for a
high degree of control over resulting molecular weight distri-
bution, copolymer composition, and macromolecular architec-
ture.”® Due to the living character of the polymerization, BCPs
can be easily synthesized. Also, the end-group functionality is
preserved, providing a reactive handle for further modification

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (A) Proposed Mechanisms of RAFT polymerization. (B) Overall
RAFT polymerization process.

or serving directly as for surface
functionalization.?

Since the invention of RAFT polymerization, extensive
research efforts were initiated towards developing versatile
RAFT agents which are suitable for a great number of
monomer sand reaction conditions, including aerobic, biologi-
cal, or continuous-flow conditions.**>>>® Boosted by growing
industry demands, the range of reported RAFT agents as well
as their commercial availability is rapidly expanding.**>”®
Development of the initiation process for RAFT polymerization
also has been developed rapidly, amongst others via light,
enzymes, electric fields, or ultra-sonication.>®

Over the years, the precision, versatility, and simplicity in
both design and synthesis provided by RAFT polymerization
quickly found application in various fields.>® The offering of
RAFT polymers has quickly gone beyond the conventional
branches for polymers. For further information on RAFT
polymerization, e.g., the match of RAFT polymer with its suit-
able monomer classes, the recent development of new RAFT
agents, the process of polymerization, and more studies on the
mechanism and kinetics, the reader is referred to more elabor-
ate publications on those specific topics.>>*>13%:37:59

anchoring moieties

2.2. End group modification

Introducing functional groups at specific positions in the
polymer chain is the most basic and practical approach for
extending the functionality of polymers. RAFT polymerization
offers flexible options for positioning the RAFT group after
polymerization: both in-chain and at the chain ends. The
chain-end design has the advantage of further chemical modi-
fication without considering the degeneration of the polymer
chain. Fig. 2B shows the position of the RAFT agent after

This journal is © The Royal Society of Chemistry 2021
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polymerization: the RAFT moiety part (Z group) retains at their
w-end, while the R-group functionality stays at the a-end.®® It is
worth mentioning that besides the favored RAFT polymer with
end-group functionalities, polymer species not possessing
both of these end groups always exist in the product. This
“dead” polymer originates from irreversible termination of pro-
pagating polymer radicals, which also border the molecular
weight distribution since the terminating product has twice
the molecular weight of the propagating radical and this
process occurs during the entire polymerization period. The
formation of the termination product can be controlled by
reducing the amount of initiator.>®> A low initiator concen-
tration keeps the ratio of active/dormant species healthy, i.e.,
maintains the living character of the reaction.>

We have seen that using RAFT polymerization allows a sim-
ultaneous end-group design for both chain ends of the
polymer. However, one needs to consider that both Z- and
R-group of the chain transfer agent (CTA) must be designed
not only in terms of required end group functionality, but also
the reactivity of the CTA during polymerization. R-Groups need
to be a good leaving group and effective at reinitiating
polymerization as free radicals, whereas Z-groups modulate
the rate of addition and fragmentation and need to provide
stability to the intermediate radical species.>>° On this topic, a
great library of RAFT agents with distinct end group function-
alities, such as carboxyls, hydroxyls, protected amines, click-
able groups, and fluorophores, their syntheses, and compat-
ibility with monomers has been reported in the
literature.>¢7%4

Another widely used approach bypassing the limitation of
the design option for RAFT agents is the modification of the
o-group after polymerization: the thiocarbonylthio moiety pro-
vides a suitable and chemically versatile handle for introdu-
cing desired functional moieties, as shown in Fig. 3. On this
topic, the chemical modification options for the RAFT group
are reviewed in detail in the literature.>**°

Employing a reaction with nucleophiles or ionic reducing
agents, the thiocarbonylthio moiety can be converted into a
thiol group. Prominent examples include the reaction with
borohydrides,**® aminolysis,*”’°® or hydroxyls.®® Owing to the
specific color of RAFT moieties, this process can be optically
monitored. The resulting thiol end group can be directly used
for binding to various nanosurfaces (see section 2.4) or further

Nucleophile H—OOOOOQQoKSH
X AN f
_ _Z ¥ ¥, RS
R - 000" \]& R . /
4 H-donor B —CCOOOOQO Y
Heating

R -0

Fig. 3 Schematic illustration of commonly used chemical pathways for
RAFT group modification.
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reactions including nucleophilic substitution at carbons or
sulfurs, nucleophilic addition to activated double bonds,
radical addition with alkenes and alkynes, or oxidation to
disulfides.®®”° 1t is worth mentioning here that the oxidation
of thiols will yield a disulfide bond that links two thiolated
polymers together and doubles the molecular weight. For
multi-thiolated polymers, the oxidation will cause a covalently
cross-linked polymer network. Special attention must be given
to the synthesis and storage of thiolated polymer to avoid oxi-
dation (inert atmosphere or low pH condition).®” Alternatively,
the thiocarbonylthio moiety can be used as a dienophile in
hetero Diels-Alder reactions with dienes.®® The reaction of the
thiocarbonylthio group with oxidizing agents such as hydrogen
peroxide, air, or ozone results in e.g., hydroxyl, hydroperoxide,
or thiolocarbonate end groups.*

Furthermore, the RAFT moieties can be easily and comple-
tely removed from the polymer, if necessary, especially when it
comes to the color, chemical reactivity, and biosafety of the
product. To completely remove the thiocarbonylthio moiety,
the RAFT polymer can be reduced with radicals and hydrogen
atom donors without a significant side reaction.®®”!
Interestingly, by choosing an appropriate radical species, it is
possible to even retrieve the RAFT agent.”” Lastly, thermolysis
can be used to completely remove the thiocarbonylthio moiety
and involves heating of the polymer to 120-200 °C, resulting
in an unsaturated end group functionality.®®”?

Bioconjugation with RAFT polymers has always been a
highlight for diverse hybrid applications in the biomedical
field. Especially when it comes to the surface-bound RAFT
polymer brush, converting RAFT end groups to specific bio-
binding moieties quickly provides the direct conjugation for
biomolecules. For example, well-established site-specific bio-
conjugation methods targeting cysteines (in native proteins)”*

A) Grafting-to

O =Monomer
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S Initiator TN
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Fig. 4
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can be used on the thiol group. Maleimide,”””” vinyl
sulfone,”® and activated disulfide”®®° moieties can be built in
the RAFT polymer or converted from RAFT moieties for bio-
conjugation. On this topic, large efforts were made to optimize
the detailed bioconjugation from RAFT polymers. The recent

advances in this area are extensively reviewed elsewhere.>*%!78%

2.3. Grafting strategies

The power of functional RAFT polymers is rarely applied in
their bulk form. Since their discovery, RAFT polymers were
used to enhance the performance of diverse materials and
quickly found applications in various fields of research and
industry.” RAFT polymers are particularly useful for surface
modification on nanoscale materials, such as NPs or mem-
branes. The enormous surface area and comparable size of
nanomaterials and single polymer chains maximize the effect
brought by the polymer functionalization.

The binding of RAFT polymers onto the surface of nano-
materials requires specific chemistry towards each type of
surface. A number of different anchoring strategies are avail-
able to link RAFT polymers to a surface, which often come
with their own merits and shortcomings. Researchers should
carefully consider suitable anchoring options depending on
the properties of their system, including the type of polymer,
the surface character of the NP, the properties of the protecting
ligand and the required capping density of the polymer on the
surface.

In general, there are two most commonly employed grafting
strategies: grafting-to and grafting-from approaches. In the
grafting-to strategy, the pre-synthesized polymer is introduced
to the surface, whereas in grafting-from, the polymer synthesis
is initiated from the NP surface (Fig. 4). Grafting-to is con-
sidered a more straightforward method,* since the grafting

C) In situ :
e o ‘ AN O
X @ Seves
o e o0 Y ¥ R
Ps — = . & g .
NP precursors S0 L)

D) Grafting-through 8

Monomers
Initiator

® =Polymerizable group

Illustration of the most commonly used strategies to immobilize polymers onto the surface of NPs. (A) Grafting-to, (B) grafting-from with B,

for R-approach and B, for Z-approach, (C) in situ synthesis and (D) grafting-through approach.
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step can often be facilitated by a simple ligand exchange reac-
tion: polymers carrying a functional group with a stronger
affinity towards the NP surface tends to replace the weaker
binding protecting ligand. Also, polymer and NPs are individu-
ally prepared to allow for separate syntheses conditions and
hence tight control over polymer characteristics.*®°>°! In con-
trast, grafting from surfaces demands the attachment of the
RAFT agent before RAFT polymerization. In this stage, the
surface-bound RAFT agent might alter the colloidal stability of
the system since the protecting effect of these small molecules
is very limited. Special care on the storage and purification
steps must be given to avoid irreversible aggregation.®>°
Moreover, the polymerization conditions must be optimized
for the NPs as well to ensure the complete dispersion of NPs
in the polymerization mixture. For the modification of biosur-
faces or bio-containing surfaces such as proteins, the grafting-
from approach can struggle to retain the biological functional-
ity after polymerization.”* Furthermore, the characterization of
the surface-bound polymer is not as straightforward as for
grafting-to approaches.®>%® Oftentimes, the free polymers
formed in solution are characterized as a substitute for the
surface-anchored ones, as they are quite similar with respect to
molecular weight and dispersity.***>

However, in many cases, grafting-from outperform grafting-
to approaches in terms of obtained grafting density.*>°*%"9%97
This difference can be explained by the steric hindrance effect
during the grafting-to process: the approaching polymer chain
is sterically blocked by the grafted polymer chains as well as by
binding site masking via random coil formation of the
approaching polymers.”®®" The grafting-to approach often
shows chain length dependence and performs better with
shorter polymer chains.®>°® Other challenges for grafting-to
approaches are the ligand exchange process and the efficiency
of the anchoring chemistry. Those issues are highly specific
and will be discussed in section 2.4. The reader should keep in
mind that the surface properties of NPs differ strongly from
their bulk counterpart, mainly due to the protection ligand
from the synthesis. Oftentimes, choosing NPs with suitable
ligand and solvent combination is the key to a successful
polymer-ligand exchange.

Notably, the molecular design of the attached RAFT agent
plays a critical role when it comes to polymerization character-
istics of the grafting-from approach. If the RAFT agent is
coupled to the surface via its R-group (R-group approach), the
polymer chains grow while being attached to the surface. The
propagating radical is located at the solvent-facing polymer ter-
minus, thereby able to readily engage with monomers and
RAFT agents in the solution during the whole polymerization
process, even at high molecular weights (Fig. 4B).
Consequently, high monomer conversion and narrow polymer
dispersity of the grafted polymer can be achieved.®®°>%
Concerns could arise due to the termination between surface-
bound radicals (both inter- and intra-particle termination).
However, since an excess of free RAFT agent is often added to
the polymerization mixture, the termination reaction is then
dominated between the solution radicals.'® Similar to the

This journal is © The Royal Society of Chemistry 2021
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solution polymerization without NPs, the amount of initiator
must be controlled to avoid the formation of termination
product on the surface-grafted polymer shell,'®" which pre-
cludes further polymerization to longer polymers or to BCPs.
An important advantage brought by R-approach is that the
RAFT moieties will stay on the outward-facing chain termini of
the surface-grafted polymer brushes which can be utilized for
further modifications.

In contrast, if the RAFT agent is anchored via the Z-group
(also called transfer-to), the thiocarbonylthio groups are per-
manently attached to the surface during and after polymeriz-
ation. This means that radical chain propagation and termin-
ation only occur in solution. This approach only allows active
radicals to recombine back onto the surface-grafted Z-groups,
giving the advantage of avoiding the anchoring of any termi-
nated product (Fig. 4B)." However, since the recombination
of polymer radicals with the surface RAFT Z-groups has a
similar steric issue as the grafting-to approach, in practical,
R-group approaches are often favored over Z-group approaches,
especially for longer polymers.®®°%1°11% gyrthermore, for the
first step of anchoring RAFT agents onto the surface, the
R-group offers easier access to introducing anchoring moieties
over the Z-group.'® Also, the Z-group approach locates the
thiocarbonylthio group directly on the surface of the NPs,
which comes with a potential risk of chain stability loss due to
hydrolysis or aminolysis of the RAFT agent.'*®

Another approach for introducing polymers onto nano-
surfaces is the grafting-through method, in which the
monomer is anchored on the surface instead of the RAFT
agent.'”"'% During polymerization, this group is incorpor-
ated into the growing polymer chain (Fig. 4D). This often
leads to intermolecular cross-coupling as one polymer chain
can incorporate polymerizable groups from more than one
NP surface.'®® This characteristic can be beneficial for the
fabrication of gels or matrices, but is rather undesired for
colloidal systems.

In all aforementioned grafting approaches, the particles are
synthesized prior to polymer functionalization. Another impor-
tant strategy to fabricate polymer-capped NPs is using the
polymer micelle as a template during NP synthesis. This
approach can often be designed in a one-pot and in situ experi-
ment, performing synthesis and polymer capping simul-
taneously (Fig. 4C). This direct synthesis approach brings
several advantages, for one the polymer usually acts as a stabil-
izer or surfactant during the synthesis, circumventing the need
for additional chemicals, which might require further clean-
up/ligand exchange.*>'%” On this topic, the design of the BCP
offers a very intriguing architecture of the polymer micelle
morphology which can further be used to create nanomaterials
according to the shape of the polymer template. Readers can
refer to a recent review article on this topic.'%®

In summary, understanding the mechanism and character
of each approach is necessary for the successful design of the
experiment. The approach of introducing polymer shells on
the surface of NPs must be chosen according to the specific
type of NP including its surface ligands and solvent con-

Polym. Chem., 2021, 12, 6198-6229 | 6203
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ditions. More specific strategies to introduce RAFT polymers
on distinct types of NPs are discussed in section 2.4.

2.4. Surface chemistry for anchoring polymers

One of the most crucial chemical engineering tasks for the fab-
rication of polymer-NP structures is the junction point
between the polymer and NPs. The linkage between the syn-
thetic polymer and surface of NPs requires strong interaction,
or even covalent bonds, to prevent the structure from disas-
sembling. The anchoring itself is a dynamic process and must
be approached using an effective chemical reaction or strong
adsorption. For this task, customized to the property of the
surface, functional groups bearing such anchoring compe-
tence are introduced to the polymer chain. The position for
these anchoring moieties in the polymer architecture is highly
flexible, they can be present as part of the RAFT agent (end
group),'®” "% integrated as polymer side chains,""'*? or intro-
duced after polymerization.'**''* Here, we demonstrate strat-
egies for polymer functionalization of a selection of the most
popular NPs. Table 1 and Fig. 5 give an overview of the content
in this section.

2.4.1. Noble metal nanosurfaces. Noble metal nano-
composites, especially gold, silver, and palladium NPs have a
substantial impact in diverse fields including electronics,"*>*®
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117,118 119,120 121-123

optics, Sensors, catalysis, energy conver-
sion,"**  photochemistry,’*®  nano-patterning,'*®  bio-
imaging,'?”"'*® drug delivery and medicines.”*'™'*? These
particles are often very sensitive to impurities and solvent
change, thus for most applications, surface modification is
inevitable for enhanced colloidal stability, but it may also be
used for introduction of facile functions, e.g., stimuli-
responsiveness.

In general, sulfur-containing groups, i.e., thiols,"** disul-
fides"*® and RAFT groups'*®"*” have strong interaction with
noble metal NPs. The inherently thiocarbonylthio-terminated
RAFT polymer offers a well-known and straightforward
approach to form dense polymer shells on the surface of Au
and Ag NPs,'?87140

Owing to the strong interaction between the RAFT group
and the surface of noble metal NPs, the grafting-to approach
works well here: the RAFT polymer can be synthesized separ-
ately without the presence of NPs avoiding the risk of causing
any aggregation of NPs during the polymerization step. The
self-assembly of RAFT polymers with noble metal NPs often
has simple protocols by typically mixing them in a good
solvent for both polymer and particles. However, a sufficient
NP surface activity is required: strongly bound surfactants on
NPs often jeopardize the ligand exchange process, especially

129,130

Table 1 Examples of commonly used anchoring groups to immobilize polymers on different nanosurfaces

NaYF, Carbon nano-
Gold Silver Iron oxide UCNPs QDs materials
Carboxylic groups 141-143 144 and 145 146 and 147 148-153
Thiol groups 65, 68, 89 and 154-162 163 164
Dithiol groups 161 138 and 165
Dithiobenzoate groups 136 and 166 138
Trithiocarbonate groups 109, 136, 139, 156 and 167-174 140 and 175
Thiocarbamate groups 157
Sulfo group 144
Amine groups 155 and 176-179 105
Phosphate groups 111 and 180-182 144 and 183
Catechol groups 184 185-187

Imidazole groups
Pyrene moieties

Lo {

S

M”\

112, 188 and 189
110, 190 and 191

L i/fo

oooo

S 0 S

oy e
o c_rro 1N

: = B = = c_) (,) O (:)

NaYF, UCNPs Quantum Dots

Surface chemlstry
S22
HO, COOH

Carbon nanomaterials

Fig. 5 Schematic illustration of commonly used anchoring strategies to immobilize polymers on different nanosurfaces.
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for macromolecules. The detailed ligand exchange of each type
of nanocomponent must be studied specifically. In some
cases, the partial removal of original protecting ligand is
necessary.167,175,192

To discuss the performance of RAFT polymer shells on
noble metal NPs, the interaction between polymer and particle
as well as the grafting density are the key factors. Here, thiol
and RAFT groups can be both applied as anchoring moiety.
The thiol group is covalently bound to the surface of gold NPs
through a redox reaction. The strong RS-Au bonds'**'%?
provide rapid and robust binding with a binding strength of
approximately 170 kJ mol™" (ref. 194) and total net stabiliz-
ation energy of roughly —20 k] mol ™" considering the break of
the S-H bond and formation of the H-H bond.'® The RAFT
group, e.g., dithiocarbonate, has a bonding energy of —16 kJ
mol ™" (ref. 136) and free energy of adsorption of —36 kJ mol ™"
(ref. 137) towards the gold surface. The thiol group seems to
be a better choice due to its stronger and irreversible bonding
despite extra reaction and purification steps from the RAFT
polymer. Under this consideration, RAFT groups are often
reduced to thiol groups prior to particle
functionalization.”®™°° Slavin et al. demonstrated that the
capping density of the polymer brush on the gold surface with
diverse sulfur-containing groups has the following trend: di-
sulfide > dithiocarbonate ~ trithiocarbonate > free thiol for
diverse polymer chain lengths.?*® Wang et al. showed that the
end group fidelity of thiol-functionalized polymer has a signifi-
cant impact on the capping density of polymers on AuNPs: the
unfunctionalized polymer (from radical termination pro-
cesses) has a jeopardizing effect on the grafting-to process.”®*

For RAFT groups, Blakey et al. also confirmed that the RAFT
group does not dissociate upon adsorption to the AuNPs."*” In
fact, a number of high-density RAFT polymer-capped noble
metal NP hybrids have been fabricated by successful ligand
exchange with eg., citrate,'*>?°**% oleylamine,'*® cetyltri-
methylammonium bromide (CTAB)'®"'>2?% and tetraoctylam-
monium bromide (TOAB).'*® Our group also confirmed the
high long-term thermal stability of the RAFT-Au interaction up
to 90 °C on both AuNPs and AgNPs covered with RAFT-termi-
nated polyethylene shells."*® Thiol and RAFT moieties both
have numerous successful results in fabricating well-defined
polymer brush shells on noble metal NPs. The binding
efficiency of RAFT and thiol groups on palladium NPs was com-
pared by Ruiu et al.*®®> As result, no significant difference was
found. In the author’s opinion, both RAFT moieties and thiols
work great as anchoring functionality for noble metal NPs.

The grafting-to approach serves as the dominating synthesis
strategy for modification of noble metal NPs with polymers. As
the sulfur-containing groups of the RAFT agent act as the reac-
tive center during chain transfer reactions, surface anchoring
via RAFT groups is less suitable for grafting-from syntheses.
Other functional groups like amines,'’® alkynes,>*®*%” cate-
chols®®® or phosphonates®®® can be used for attachment to
gold surfaces. However, the stronger aurophilicity and inherent
presence of the RAFT group make the sulfur-containing
anchoring approaches much more popular.

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

Similar to gold, silver NPs possess an affinity towards
sulfur-containing moieties (thiols,'®* disulfides,'®> and RAFT
moieties.”*®'”> The Ag-S bound has a binding energy of 217 kJ
mol ™" (ref. 210) and a colloid formation free energy of—25 kJ
mol™" (ref. 211) (ethanethiol) for NP surface. The thermo-
dynamic values of thiol-binding on AgNPs and AuNPs are very
similar. The strong anchoring performance of thiocarbonate
group on AgNPs is also confirmed.'”® For further noble metal
NPs, thiol also provide a well-known solid anchoring perform-
ance, e.g., on Pt and Rh NPs."®”*'> Notably, the situation of
Pd-S interaction is much complicated since the thiol can react
with Pd forming PdS, layer. Readers should refer to the
detailed works®*'*?'* on this specific topic if the surface pro-
perties of the NPs are crucial for the applications.

Besides AuNPs and PtNPs, metal NPs are notorious for
their oxidation tendency. Depending on the synthesis route,
oxygen-free conditions could be required for maintaining the
surface of metal NPs active for surface modification. In fact,
anchoring strategies targeted on the oxidized surface also have
been reported e.g. for ZnNPs,*’> AgNPs,"®* and gallium-
indium (liquid metals) based NPs>'® typically using catechol
or carboxylic anchoring groups.

2.4.2. Superparamagnetic NPs.
Superparamagnetic iron oxide NPs (IONPs), e.g., magnetite
(Fe;0,) and maghemite (y-Fe,O3) have found extensive appli-
cation especially in the medical field, e.g., for magnetic reso-
nance imaging,?’” drug delivery*'®*'® and tumor treatment
(hyperthermia)***>** due to its highly favored magnetic pro-
perties. Catechols form very stable complexes with Fe,O; and
Fe;0, surfaces®*>*** and are therefore widely used as an
anchoring group for these magnetic NPs.** Notably, the
binding affinity of catechols to iron oxide nanosurfaces has
been shown to increase by the introduction of electronegative
groups such as -NO, to the aromatic ring.>*>*?° Using a graft-
ing-to approach, catechol-terminated polymers can be intro-
duced onto the surface of unfunctionalized iron oxide**® or
even successfully exchanged with oleate/oleylamine®*” and
oleic acid®*® protecting ligands. In these publications, the
close interparticle distance indicates the low capping density
of the polymer, which is probably caused by the combination
of the grafting-to approach and limited anchoring perform-
ance. To introduce a dense polymer shell on the surface of
iron oxide, Ohno and coworkers have demonstrated a grafting-
from approach by using triethoxysilane as an anchoring group
for surface-initiated atom transfer radical polymerization
(ATRP) on both Fe;0, NPs**° and f-FeOOH nanorods (NRs).**°

Two other surface affinity groups found in the literature for
attachment of polymers to iron oxide NPs are phosphonates
and carboxyls. Out of the two, phosphonates create more stable
linkages with higher grafting densities;*****' however, the use
of phosphonate moieties often requires protection prior to
polymerization.'®**** Carboxyls can also be used for surface
modification,'*? but it has been reported that this anchoring is
temperature-sensitive and replaceable with other ligands.>*

2.4.3. Quantum dots (QDs). QDs are strong fluorescent
nanocrystals made from a range of semiconductor core

iron oxide
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materials including CdSe, CdS, CdTe, and PbSe, which are
often equipped with a shell made from e.g., ZnS for oxidative
protection as well as quantum yield enhancement.**? As fluo-
rescent nanomaterials with tunable luminance wavelength up
to the near-infrared (NIR) region, QDs have a very high poten-
tial to be applied as nano-fluorescent marker for biomedical
imaging tasks.>** Introducing polymer shells on the surface of
QD has been a common route towards enhancement of bio-
compatibility and introduction of further functionalities for
QDS_112,188

The surface modification of QD often brings an impact on
its fluorescence performance since the photon luminance pro-
perties of QD are strongly dependent on the surface properties
and surface-ligand interaction. First, a strong ligand-surface
interaction and dense ligand shell are required to prevent QD
surface oxidation since the oxidation layer destroys the perfec-
tion of the QD surface causing the change in the energy level
and luminance.>*>?*° Also, the type of surface ligand can influ-
ence the electronic properties of the QD.>*”

Although small molecules, e.g., thiol derivates are often-
times used for QD surface modification.>**>*® The nature of
the thiol-QD interaction is very distinct from the simple Au-S
interaction: on CdTe QD, a thin layer of CdS is formed and the
anchoring originates from the interaction between CdS (or ZnS
shell) and thiolate rather than with thiol moieties.>**>*° The
colloidal stability provided by small molecules is generally
limited. One way of circumventing this issue is to use macro-
molecular ligands, which can be easily prepared via RAFT
polymerization. Here, a multiply-binding copolymer design
has been proven to be very effective: one type of monomer con-
tains an anchoring group for QD binding, such as thiol,***
carboxyl,'*®'"” imidazole*'®®%% and 8-hydroxyquinoline**!
moieties. Another part of the polymer adjusts dispersibility
and provides additional properties.

An alternative option for surface modification and QD
stabilization is the use of amphiphilic BCPs. QD synthesis
often employs hydrophobic surfactant molecules, rendering
them water-insoluble.”** The hydrophobic part of the amphi-
philic BCP can interact with this outer QD layer, whilst the
hydrophilic block confers hydrophilicity and added functional-
ities such as pH-responsiveness as demonstrated by Liu
et al.**?

2.4.4. Upconverting NPs (UCNPs). UCNPs are another
important material class designed for photoluminescence,
and are especially suitable for biomedical applications.>**>**
The as-synthesized UCNPs often come with hydrophobic pro-
tecting ligands (e.g., oleic acid, oleylamine), making surface
ligand exchange inevitable for any application in aqueous
media. Since the surface of UCNPs does not have access to any
known covalent anchoring option, interactions based on
charge and hydrogen bonds are often applied. The anchoring
performance is considered to increase in the order -SH, -NH,,
—-COOH, -PO;H,**” but no detailed studies are available to the
best of the authors’ knowledge. The single linkage provided by
these interactions is relatively weak compared with the
covalent binding and sensitive to environmental change (pH,
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temperature, etc.). For this reason, multiply-binding ligand
design is also preferred here to achieve strong binding
performance.>*®**” Duong et al. performed a detailed study on
different NaYF,:Yb/Er UCNP surface binding groups. They syn-
thesized RAFT BCPs comprised of a block of either phosphate,
sulphonic, or carboxylic acid-containing monomers and a
block of hydrophilic polyethylene glycol (PEG)-like monomers.
After the ligand exchange with oleic acid molecules on the
surface of UCNPs, they investigated the colloidal stability of
the particles in different solvent conditions. They demon-
strated that phosphate groups were the most effective anchor-
ing moieties for providing colloidal stability.'** Alternatively,
small molecules containing multiple phosphate groups, e.g.,
alendronate, can be used for UCNP surface modification fol-
lowed by RAFT agent anchoring for a grafting-from
approach.'® Notably, also amines can be used for surface
binding, although they provide even less stability than carboxyl
groups.”"’

One of the most applied approach to effectively introduce
polymers or biomolecules to UCNPs is using a silica coating.
With a nano-thin silica-shell around UCNPs, surface modifi-
cation with well-established silane chemistry can be applied
without any special modification. RAFT polymerization can
also proceed from the silica surface (see section 2.4.6 for more
information).>**>%°

2.4.5. Carbon nanomaterials. Carbon-based nanomaterials
such as carbon nanotubes and graphene have also been used
in combination with RAFT polymerization. The most common
strategy for surface modification of these materials starts with
oxidation, which can introduce functional moieties such as
hydroxyls, carboxyls, and epoxides to the surface. There are
many protocols to perform the oxidation such as using H,O,,
H,SO4;, HNO;, and KMnO,.'%'*8 151251 Iy this step, the
choice of oxidizing agent has a significant influence on the
type and abundance of functional groups, with KMnO, being
the most efficient and introducing the highest density of car-
boxyl moieties, whereas H,O, is the least reactive but leads to
the highest density of surface hydroxyl moieties.>**

The choice of oxidation depends on the desired anchoring
chemistry. An esterification reaction between the hydroxyl
group on carbon nanomaterials and carboxyl groups on the
RAFT moieties is often used to introduce RAFT agents to the
surface for grafting-from polymerizations.">**>* Alternatively,
one can perform a nucleophilic ring-opening reaction of
epoxide groups using amines, which has been demonstrated
by Mardani et al. to introduce a polymerizable methacrylate on
graphene oxide (GO) for a subsequent grafting-through RAFT
polymerization."®> Moreover, it would be possible to couple
the surface carboxyl groups with primary amine moieties
using N-hydroxysuccinimide (NHS) click chemistry.”>® A
detailed comparison between grafting strategies for RAFT poly-
mers and click chemistry is reported by Hwang and
coworkers.>*?

Another useful approach to immobilize polymers to the
surface of GO is using pyrene moieties as anchoring groups
due to a strong - stacking interaction."'***>'*! Owing to this

This journal is © The Royal Society of Chemistry 2021
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strong binding energy (comparable with covalent attachment),
the straightforward grafting-to protocols have been proven to
be very effective,' %!

2.4.6. Nanomaterials with silica coating. Colloidal silica
coating is a fantastic tool to modify the surface of NPs and
simplify the surface modification process. Nanomaterial
coated with a thin layer of silica possesses the surface pro-
perties of silica (e.g., high colloidal stability in water and bio-
compatibility)*®* and has access to all well-established silica
chemistry.>®* The protocol for silica coating is often easy to
perform and always comes with good control over the silica
layer thickness. As silica coating can be performed with a very
wide range of core materials,> this can be seen as the “all-
round strategy” for the introduction of surface modifications,
especially when the bare NP core surface does not provide
effective surface chemistry for functionalization.

The classic Stober process for silica coating requires the dis-
persion of NPs in ethanol (or mixture with water). With the
addition of ammonia, tetraethylorthosilicate (TEOS) is hydro-
lyzed into silica precursors and subsequently condensates,
forming silica on the surface of NPs layer by layer.>*®>*” The
silica shell thickness can be tuned by varying e.g., the amount
of ammonia and TEOS or the reaction time.>**%' For a suc-
cessful silica coating, perfect dispersion of the nanomaterial
during the reaction is crucial to avoid aggregation. The perfect
dispersion of originally hydrophilic nanomaterials in ethanol
requires surface modification. For this task, polyvinylpyrroli-
done (PVP) provides generally good adsorption on diverse
nanomaterials, making them suitable for the silica coating
condition.**

Another approach based on the water-in-oil (reverse) micro-
emulsion technique has the special ability to perform one-on-
one silica coating if the dosing of particles roughly matches
the number of micelles. In these approaches, NPs must be dis-
persed in nonpolar media, e.g., cyclohexane.”*® Silica coating
takes place on the NP surface isolated in water micelles. The
resulting particles are highly spherical and possess a narrow
size distribution. Generally, microemulsion systems are able to
work at higher NP concentrations compared to the Stober
coating with much lower risk of aggregation.”*> However,
microemulsion-based approaches possess an upper limit for
the size of the used NP cores as well as the resulting silica-
shell thickness, which is amongst other influenced by the size
of the microemulsion droplets and the type of used surfac-
tant.”®® For instance, Han et al. reported an upper size limit
for the resulting silica-coated particles of approximately
90 nm.>®*

Grafting strategies for polymer attachment onto silica sur-
faces has been extensively studied. By far the most efficient
and widely used strategy to introduce RAFT polymers on silica
is the surface-initiated grafting-from approach. The RAFT moi-
eties are often first introduced to the surface of silica via a two-
step reaction. First, the surface is functionalized with amine
groups using aminosilanes followed by RAFT agent anchoring
via activated carboxyl groups.?®68:2487250264.265 The choice of
silane group has strong impact on the result since the number
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of alkoxysilyl groups on each silane has very different perform-
ance: the tri- and di-alkoxysilanes have the risk of formation of
interparticle crosslinking causing the formation of aggregated
material.>*® Although the monoalkoxysilane is sensitive to
moisture during the reaction, the crosslinking can be comple-
tely suppressed.”® In a similar way, carboxyl-containing poly-
mers can be linked to the aminosilane-functionalized particles
in a grafting-to approach wusing the same coupling
reaction.”®”?®® The large selection of silanes also allows for
other approaches to anchor RAFT groups on the surface of
silica, such as via chlorosilanes*® or alkyne-containing
silanes.'> Furthermore, the silica core can be removed by
etching with HF or NaOH.?”° This allows the formation of
hollow polymer shell by cross-linking the grafted polymer
before the etching process.>”*>"*

2.5. Topological design

RAFT polymerization also provides a vast selection of topologi-
cal design options. To this end, star,’ branched, hyper-
branched, network,'®'?”> comb-like, bottlebrush,'* and in-
chain polyfunctional'**'”>'7® RAFT polymers are extensively
studied. Readers interested in the design, synthesis, and selec-
tion of the RAFT agents for those polymer structures are
referred to the abovementioned literature. With the knowledge
of RAFT mechanisms and suitable R- and Z-approaches, the
transfer of topology from RAFT agent to the RAFT polymer can
be executed in a very precise manner with the control of the
positioning of the RAFT moieties in the polymer.

Using linear polymer with a single anchoring end group
can only form a simple core-shell nanostructure. However,
RAFT polymers with a higher order of topological design can
provide intriguing competence for further functional exten-
sion, e.g., linking further NPs onto the existing core-shell
structure. As an example, our group reported the formation of
spherical AuNPs superstructures crosslinked with multiblock
RAFT polymers containing several in-chain RAFT groups along
their backbone. The interparticle distance inside these super-
structures can be controlled with the chain length of the
linking polymer.'”>'7?

The topological design of the polymers has a key impact on
the self-assembly of nanomaterials. In section 3.2.3, more
examples of hierarchical nanoassemblies fabricated by multi-
arm and hyperbranched polymer linkers are reviewed in detail.
It is worth mentioning that a change in the topology could
affect the stimuli-responsive parameter of the polymer, the
polymer content should be adjusted according to the appli-
cation scenario by e.g,, adding another monomer to the
polymer.’

3. Design with RAFT polymers in
nanoengineering

The innovation in molecular engineering for a RAFT polymer
can be applied to every point of the polymer chain. The devel-
opment of new functional monomers combined with sophisti-

Polym. Chem., 2021, 12, 6198-6229 | 6207


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1py01172c

Open Access Article. Published on 20 October 2021. Downloaded on 11/7/2025 10:03:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

cated structural design makes RAFT polymers the perfect key
building block for fabricating a wide range of nanostructures.
In this chapter, we will demonstrate the recent advances in the
development of surface-bound RAFT polymers in the realm of
nano application.

The “smartness” of RAFT polymers has been rapidly
growing during the last decade. The possibility to build mul-
tiple intriguing abilities into one (block) copolymer makes
RAFT polymers a versatile tool for the surface modification of
nanomaterials. With a wide selection of well-established
anchoring strategies, the RAFT polymers can be applied as
smart linkers for connecting distinct nanomaterials. We will
demonstrate how the structural coding from the polymer
design can be used to introduce and dynamically control the
self-assembly, interparticle-interaction, energy transfer and
stimuli-responsiveness of the hybrid nanostructures.

3.1. Creating functions with RAFT polymer shells for NPs

The most straightforward application of polymers for NP
modification is using them as capping ligands, forming core-
shell nanostructures. Once the NP is covered with the polymer
shell, these nanostructures often carry the solubility (dispersi-
bility) and functionality of the polymer shell. In recent years,
with the rapid innovation of both NP synthesis and functional
polymer design, new types of polymer-capped NPs with diverse
hybrid functions are emerging. Especially the combination of
orthogonal functions in RAFT polymer brushes using copoly-
mer design strategies opens up towards the next level of smart
NPs.

To introduce multiple functions to one nanostructure, the
(block) copolymer brush design provides the most straight-
forward and reliable approach. The synergy between different
polymer units gives rise to many advantages. This section will
review the recent development of RAFT polymer-functionalized
core-shell nanomaterials and showcase the novel design
options and collaborative properties between the polymer and
nanocore. We will focus diverse research topics covering
enhancement of the dispersion behavior, hybrid stimuli
responsiveness and smart linkers for fluorescence energy
transfer-based nanosensors. Table 2 summarizes our selection
of publications on the novel functions brought by modern
RAFT polymer shells.

3.1.1. Tuning the interparticle interaction and dispersibil-
ity. For almost any application scenario, the dispersibility of
NPs must be sufficient to maintain its favored properties. The
interaction between the surface of NPs and the solvent/matrix
environment is critical for the dispersibility of NPs. However,
the long-term stability of the (colloidal) dispersion also
strongly depends on the interparticle interaction. The flexible
choice of monomer and the steric protection provided by func-
tional polymer shells enables a wide adaptability and a signifi-
cant improvement on the stability in various solvents***?%
and matrices. %>

The requirement of surface modification for nanomaterials
regarding this topic is especially challenging when it comes to
biomedical applications. Since numerous types of NPs must be

6208 | Polym. Chem., 2021, 12, 6198-6229

View Article Online

Polymer Chemistry

synthesized using hydrophobic ligands, e.g., QDs, iron oxide
NPs and UCNPs, these NPs are rendered non-dispersible in
aqueous medium without modification.

Besides good water-dispersibility and long-term colloidal
stability, the biomedical application further requires the nano-
materials to have high biocompatibility and minimal non-
specific interaction in biological environment (antifouling). A
very wide choice of capping polymers have been established
for this purpose, including PEG,>****” poly(2-hydroxyethyl
methacrylate) (PHEMA),>*® PVP,>*%*% poly(2-oxazoline)'®* and
zwitterionic polymers.>**3° For general biological appli-
cations, PEG and its derivatives are the most widely used ones
for their well-known character and commercial availability.
Notably, the capping density is crucially important for the per-
formance of PEG capped nanoparticles in biological
environment.’**?** To create high capping density of grafted
polymer, efficient and reliable anchoring strategies are
required. Again, RAFT polymerization provides a very straight-
forward synthesis of functional polymers containing PEG
derivatives with suitable anchoring groups for diverse
nanomaterials.111’146’181’188’189’238

Zwitterionic polymers possess equal cationic and anionic
moieties on the chain: the polymer maintains charge neu-
trality while carrying high ion density. This unique property
makes them highly resistant to nonspecific protein adsorption
due to their strong hydration ability resulting from the high
charge density.’*> RAFT polymerization can also polymerize
carboxy betaine, sulfobetaine, and phosphorylcholine-based
zwitterionic monomers and anchor these polymers onto
Various NPS.68’112’161’305

In many cases, the limiting factor for stability is the anchor-
ing point between the polymer and surface. To avoid any
detachment of the functional polymer, in addition, multiple
anchoring groups can be introduced as anchoring blocks in
the polymer design. Combing both hydrophilic block and
anchoring blocks provides long-term colloidal stability across
a wide pH-range and against contaminations,'*>'¢%18%189

Lequeux and co-workers fabricated zwitterionic vinylimida-
zole BCPs using RAFT polymerization to decorate the surface
of QDs (Fig. 6A). To immobilize the polymer onto the surface
of QDs, they used a multidentate anchoring approach via the
imidazole block. The sulfobetaine-zwitterion polymer provides
robust and long-term stability. The inserted primary amines in
the zwitterionic block allow for oriented bioconjugation with
IgG antibodies and carry remarkable targeting performance
towards specific proteins with a very low level of unspecific
binding to live cells. Combining high stability provided by the
polymer shell and the robust luminance performance of QDs,
the observation time can exceed the 48 h window which is
rarely feasible with conventional approaches.'

Emrick and co-workers coated AuNRs with zwitterionic
polymers with multi-thiol anchoring monomer units (Fig. 6B).
A random copolymer was prepared by lipoic acid-substituted
hydroxyethyl methacrylate (LA-HEMA) and methacrylamide
phosphorylcholine (MPC) monomers. The polymer is then
reduced with NaBH, to convert RAFT and disulfide moieties of
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Table 2 Examples of nanomaterials functionalized with polymer shell synthesized from RAFT polymerization and their applications
Nanomaterial Grafted polymer Applications Ref.
AgNP Branched PEG-star-poly((2-hydroxypropyl methacrylate)-co- Water dispersibility; biocompatibility; photo- 165
(dithio-di-2,1-ethanediyl bismethacrylate)-co-(lipoic acid responsive drug-release tracked by fluorescence
methacrylate)-co-(2-(4-nitro-3-benzyl carbonate (NSET)
camptothecin)phenoxyethyl methacrylate))
AgNP Fluorescent dye functionalized PAA PH responsive metal-enhanced fluorescence 276
behavior
AgNP Poly(2-(2-hydroxyethoxy)ethyl methacrylate-co- pH-sensitive drug-delivery with tracking of drug- 138
methacryloyloxy-3-thiahexanoyl-camptothecin) release progress via NSET controlled fluorescence
AgNP Poly(methyl methacrylate-co-(2-hydroxypropyl-9-anthroate ~ Surface plasmon resonance enhanced upconversion 163
methacrylate)) of fluorescence
Au nanocage PNIPAM-co-poly(acrylamide) High-intensity focused ultrasound induced drug 277
release
AuNP Poly(PEG methacrylate) Controlled aggregation upon addition of 2-phenyl-2- 278
(phenylcarbonothioylthio) acetate, yielding
nanoaggregation with tunable optical properties via
surface plasmonic coupling
AuNP o-Carboxyl-terminated PNIPAM Thermo- and pH-controlled reversible phase transfer 279
between water and chloroform
AuNP Azobenzene-containing methacrylic polymer UV-light triggered aggregation of AuNPs 166
AuNP PNIPAM with pillararene end-group Introduces hexafluorophosphate-pillararene host- 280
guest interaction alone with thermoresponsiveness
from PNIPAM
AuNP Poly(di-(ethylene glycol) methyl ether methacrylate)-b- Water dispersibility; biocompatibility; lectin 66
(poly(6-O-vinylazelaioyl-p-glucose)) recognition
AuNP Polystyrene-b-PEG with trithiocarbonate group as the Amphiphilic colloid properties 281
junction between two blocks
AuNP Poly(hydroxyethyl acrylamide) with amino-benzylguanine ~ Bioconjugation with anti-freeze proteins 198
or tris-NTA amine end-group
AuNP, AgNP, CdSe  Thiol-terminated meta-triphenylamine polymer Electron conductivity 282
QD
AuNR Poly(MPC-co-HEMA-DHLA) Water dispersibility; high resistance against cyanide 161
ion etching; antifouling; cytocompatibility
AuNR PNIPAM NIR light triggered photothermal drug-release 199
AuNR PEG-b-poly(N-vinylcaprolactam) NIR triggered drug-release 283
AuNR 3-Arm PNIPAM NIR-light triggered photothermal aggregation of 167
AuNRs in simulated blood fluids
Carbon NP Copolymer of NIPAM and spiropyran containing units Reversible thermo- and light-responsive fluorescent 284
behaviors
CdSe/CdS/ZnS QD  Random copolymer or BCP of PEG methacrylate and Water dispersibility; stable interaction with QDs 189
N-methacrylol succinimide against r-glutathione
CdSe/CdS/ZnS QD Copolymer consist of three monomers: PEG side chain Water dispersibility; antifouling; high stability; 188
monomer; imidazole groups containing unit; primary conjugation with dye or protein
amines or biotin groups
CdSe/CdS/ZnS QD Poly((methacrylamidosulfobetaine-co-N-(3-aminopropyl) Extracellular stability; antifouling; bioconjugation 112
methacrylamide hydrochloride)-b-(4-vinylimidazole))
CdSe/ZnS and Polymers consist of styrene, NIPAM, vinyl carbazoleand Multi-emission hybrid micelles 241
CdTe/ZnS QDs and 8-hydroxyquinoline derivative monomers
CdSe/ZnS QD Poly(2-(N,N-diethylamino) ethyl methacrylate-b-poly(2- Water dispersibility; cytocompatibility; pH-sensitive 242
methacryloyloxyethyl phosphorylcholine-co-(n-Butyl FRET between QD and dye
methacrylate)-co-(p-Nitrophenyloxycarbonyl oligo(ethylene
glycol) methacrylate)) conjugated with fluorescent dye
CdSe/ZnS QD, Au Poly(St) on AuNPs, poly(4-vinylpyridine) on QDs By forming doubly alternating arrays of Au NPs and 285
QDs within onion-like poly(St-b-(4-vinylpyridine))
BCP particle, the hybrid micropheres has a solvent-
responsive fluorescence switching ability
CdSe/ZnS QD PNIPM with end-functinalized fluorescent dye Thermoresponsive dual photoemission nanosensor 286
using LCST of PNIPAM and FRET between QD and
dye
CdTe QD Dye-labeled poly(N-(2-thiolethyl methacrylamide) Water dispersibility; pH-controlled release of the 164
DOX; FRET between donor QDs and acceptor dye on
the polymer
CdTe QD Poly(PEG methacrylate) with adenosine attached to the Water dispersibility; antifouling; bioconjugation 238
end of the PEG branches
GO Poly(NIPAM-co-butyl methacrylate), poly(NIPAM-co- Precise detection of temperature between 25-45 °C 110
dimethylaminopropylacrylamide) and PNIPAM, all with within micronized domains using fluorescence color
addition fluorescent block
GO and CdSe/ZnS  PAA and poly(2-vinylpyridine) Efficient colorimetric pH sensor based on FRET 287
QD between GO and QDs
GQD Poly(7-(4-(acryloyloxy)butoxy)coumarin)-5-PNIPAM pH, temperature and metal ion responsive 288

This journal is © The Royal Society of Chemistry 2021

multicolor fluorescence behavior based on FRET
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Nanomaterial Grafted polymer Applications Ref.

IONP Homopolymer or BCP of POEGA and PDMAEA IONP siRNA nano-carriers with antifouling-shell; 181
cytocompatibility

IONP Thiabendazole imprinted PNIPAM Reusable and specific recognition of benzimidazole 269

IONP PNIPAM Hyperthermia and heat-triggered drug-delivery 187

IONP Poly(oligo(2-ethyl-2-oxazine) methacrylate) Water dispersibility; negligible cytotoxicity; 180
thermoresponsive behavior with tunable LCST

IONP DBM-terminated poly(OEGA)-b-(poly(phosphonate Water dispersibility; antifouling; bioconjugation; cell 111

acrylate)) tracking via fluorescence labelling
IONP PNIPAM-b-PAA Thermal and pH dual responsive drug-delivery 268
Mesoporous silica ~ Poly(PEG acrylate) Thermoresponsive drug-delivery with large cargo 289
NP capacity
Montmorillonite Poly(methyl acrylate) Enhanced mechanical properties of poly(methyl 104
acrylate)
MoS, P7AC-b-PNIPAM Real-time photothermal heating and imaging using 114
LCST of polymer and FRET between MoS, and fluo-
rescent polymer block
NaYF, based UCNP  PAA-b-PEG with terminated RGD peptide Cell imaging and labeling with drug-delivery 183
functions
NaYF,:Yb/Er UCNP  POEGA-b-PAA, POEGA-b-poly(monoacryloxyethyl Colloidal stability in water 144
phosphate) and POEGA-b-poly(2-acrylamido-2-methyl-1-
propanesulphonic acid)

PbS/CdS QD Copolymer bearing carboxylic acid anchoring group and Long-term colloidal stability in isotonic saline; 146
PEG chains in vivo NIR imaging

Silica coated Fe;O, PNIPAM Inhibition of magnetic interaction between Fe;O, 264

NP NPs cores

Silica coated Fe;0,  Poly(NIPAM-co-GMA) with hydrazine moieties in GMA Temperature and pH-controlled drug release 265

NP units

Silica NP Polyisoprene Incorporation into a polyisoprene matrix 290

Silica NP PAA-b-poly(St) Proton conductive membrane 291

and
292
Silica NP Poly(NIPAM-b-spirooxazine acryloyl-b-DMAEA) Multi-responsiveness towards UV-vis light, pH, 293

LA into thiols. They used a grafting-to approach to immobilize
poly(MPC-co-HEMA-DHLA) onto AuNRs. Notably, the ligand
exchange of the polymer with CTAB on AuNRs is challenging
due to the dense protection provided by the original ligand:
the CTAB excess must be removed carefully. Here, the multi-
ply-anchoring moieties could have promoted the ligand
exchange process. The poly(MPC-co-HEMA-DHLA)-capped
AuNRs demonstrated exceptionally high stability against chal-
lenging conditions. The polymer shell even offers the resis-
tance against cyanide ion etching for AuNRs. This structure
was shown to be non-cytotoxic and demonstrated antifouling
properties.'"

Davis and co-workers have reported the synthesis of super-
paramagnetic iron oxide NPs coated with dibromomaleimide
(DBM)-terminated BCPs consisting of PEG acrylate and phos-
phonate acrylate (PA) monomers (Fig. 6C). The PA block serves
as a multiply-binding anchor for the iron oxide surface provid-
ing a stable grafting performance. The poly(oligoethylene
glycol) methyl ether acrylate (POEGA) block offers biocompat-
ibility. The DBM group was integrated in the R-group of the
RAFT agent and remains at the brush termini after polymeriz-
ation which allows for covalent conjugation with biomolecules
via chemoselective reactions with both thiol and amino-term-
inal molecules. Using DBM moieties, they demonstrated the
conjugation with an NIR dye and peptides. This work impress-
ively demonstrated the possibility to introduce the highly

6210 | Polym. Chem., 2021, 12, 6198-6229

temperature

favored bio-targeting and fluorescence tracking function to
iron oxide NPs including high colloidal stability and anti-
fouling character with only one type of RAFT polymer. The
combination of all these features created an all-around nano-
structure for cancer treatment."*"

We have seen that both random and BCP design with
hydrophilic monomers are used for enhancement of colloidal
stability. An interesting study was published recently by
Dunlap et al.,, who compared the relative stability between
block and random copolymers consisting of PEG and imid-
azole-containing (QD-anchoring) monomers. They found that
BCPs have a more stable interaction with QDs than random
copolymers against r-glutathione. Also, higher molecular
weights contributed to higher colloidal stability of QDs for
both types of polymers.'®’

3.1.2. Thermoresponsive polymer shells. RAFT polymeriz-
ation is a very universal tool to introduce stimuli-responsive
properties to nanomaterials. Among all the stimuli factors,
thermal responsiveness is one of the most useful and widely
studied abilities. In general, the solubility of such a stimuli-
responsive polymer will transitionally change with temperature
and induce a solution-cloud transition. This thermoresponsive
transition is a combination of enthalpic and entropic effects.
The mechanism and recent development on this type of
polymer are reviewed in detail elsewhere.">?°®*°” The solubi-
lity transition often comes with a release of solvent molecules,

This journal is © The Royal Society of Chemistry 2021
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e.g., water, and shrinkage of the polymer chain. This property
makes thermoresponsive polymers useful candidates for drug-
delivery applications since the release of a drug can be accom-
plished simultaneously.*®

By anchoring the thermoresponsive polymer onto the
surface of NPs, the cloud transition or aggregation can be
effectively transferred to the nanostructure.*®® This approach
was employed successfully for a wide range of applications
especially in the biomedical field including drug delivery,
tissue engineering, bioimaging and hyperthermia.?%?2'9-313
The convenient temperature-dependent reversible dispersibil-
ity also finds its applications in catalysis®***"® and
sensing.’*®'® Furthermore, combining the thermoresponsive-
ness with other types of stimuli-responsive polymers can
create multi-responsive properties.®'®**°

Although the temperature-triggered aggregation of thermo-
responsive polymer-capped NPs is a very useful function, the
origin of these transitions is the release of solvent molecules
attached to the polymer chain. As an example, the widely used
poly(N-isopropylacrylamide) (PNIPAM) collapses above its
lower critical solution temperature (LCST) due to a loss of
most of its attached water molecules in the fully hydrated
chain.?®' Jones et al. have recently demonstrated the impor-
tance of residual free PNIPAM in the LCST-triggered aggrega-

This journal is © The Royal Society of Chemistry 2021

tion of PNIPAM capped AuNPs. They have used five centrifu-
gation cycles to completely remove unbound PNIPAM.
Interestingly, only with the absence of free polymer, the
polymer-capped AuNPs do not aggregate above the LCST.** If
the LCST-induced aggregation can be avoided, the LCST tran-
sition of the polymer can be applied as colloidal actuator to
switch the length of the polymer in the hierarchical core-satel-
lite nanostructures.'**1%17117¢ pyrthermore, the switch of the
surface property can also trigger colloidal self-assembly of NPs
into ordered structures.’*>*** Polymer possessing upper criti-
cal solution temperature (UCST) behavior*°®*>® is also a topic
of interest for nano-applications.**® Especially polymer simul-
taneously possesses both LCST and UCST (e.g., using block-
copolymer approach) offers very interesting dual-responsive-
ness: (I) LCST < UCST (insoluable temperature window).>*” (II)
LCST > UCST (soluble window).""*?*® Section 3.2.3 will give
some detailed examples for the stimuli-responsive hybrid
nanocomposites.

The synergies of thermoresponsive polymer brushes with
its nanocore opened up possibilities to induce temperature
change not only by simple heating, but also through other
stimuli. Recent works have used nanocores to produce heat
from e.g., NIR light,'***6%1¢7:283 maonetic fields,"®” and ultra-
sound.””” The highlight in these works includes the simul-
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taneous drug release from the polymer shell: upon application
of these external stimuli, the thermal therapy and drug
therapy can be induced simultaneously.

3.1.3. pH-Responsive polymer shells. In drug delivery
applications, pH-responsiveness has been frequently intro-
duced to the drug carrier due to the change in pH in diverse
environments. The bloodstream has a pH of 7.4, while the
extracellular regions of a tumor have a value of 6.4-6.8. The pH
value even dops below 5 in lysosomal organelles.**® This
change of pH can be used as biological stimulus to achieve tar-
geted drug release. There are two popular approaches to intro-
duce pH-responsiveness in the polymer chain. One is introdu-
cing ionizable groups, typically acid or base groups. Among
them, the tertiary amine is particularly popular for its simple
preparation and tunable pK, value for flexible application scen-
arios.>*® The other option is adding pH-responsive (e.g., acid-
labile) linkages between polymer and the drugs."*®2°® The fab-
rication principle and modern development of pH-responsive-
ness including its special detailed design for a wide range of
biomedical applications have been reviewed recently in detail
elsewhere.'®?31332

RAFT polymerization technique also offers effective designs
for creating pH-responsive polymer-functionalized core-shell
nanostructures. Pourjavadi et al. demonstrated a very good
example of the combination of pH and thermal dual respon-
sive magnetic drug-delivery nanohybrids. They fabricated a
copolymer of NIPAM and glycidyl methacrylate (GMA) mono-
mers on the surface of silica coated Fe;O, NPs via surface-
initiated RAFT polymerization and introduced acid-labile
hydrazine moieties on the epoxide ring of the GMA monomer.
Doxorubicin (DOX) is then bound onto the hydrazine moieties

View Article Online
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which will be released at lower pH values (<5.4). The advantage
of the double responsiveness is that the LCST transition of
PNIPAM at higher temperatures helps to further “squeeze out”
the remaining DOX on the GMA units and accomplishes a
high drug release in a short time.*®

Sahoo et al. also introduced pH and thermal dual respon-
sive polymer shells onto Fe;0, NPs. They first synthesized a
BCP of PNIPAM and polyacrylic acid (PAA) block. The polymer
is immobilized on the surface of amine-functionalized Fe;O,
NPs using carboxyl groups from the PAA block. DOX is then
introduced onto the polymer shell using the charge interaction
between positively charged DOX and negatively charged PAA.
At a lower pH value (<5.0), the PAA block gets protonated
causing the release of DOX and the LCST transition of the
PNIPAM block at higher temperatures further induces a more
complete drug release performance.>®

3.1.4. Light-switchable polymer shells. Photo-switchable
molecules allow for reversible isomerization between different
structural isomers upon irradiation with light of different
wavelengths. This is often accompanied by a change in pro-
perties such as dipole moment or color. The most commonly
studied photoswitches are azobenzenes and spiropyrans. Their
switching mechanisms are illustrated in Fig. 7. The UV light-
induced isomerization of azobenzene has a low polar (1.2 D)
trans state and a high polar (4.9 D) cis state and the back-
switch can be reversibly achieved by irradiation with visible
light and heating.**® This significant change in the dipole
moment leads to a strong shift in the hydrophobicity (Fig. 7A).
Spiropyran derivatives can be photoswitched between a spiro-
cyclic form (colorless) and a merocyanine form (colored) with
a break of the C-O bond. The merocyanine form has a conju-
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Fig. 7

(A) The light-switchable cis-to-trans transition of azobenzene molecules. (B) The photon-switching mechanism of spiropyran derivatives

between its spiropyran form and merocyanine form, as well as the attractive interaction between two merocyanine units. (C) Cis and trans azo-
benzene monomer and the light-switchable aggregation of AUNPs mediated by azobenzene-containing RAFT polymer. Adapted with permission

from ref. 166. Copyright 2016 Elsevier Ltd.
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gated m system and possesses a zwitterionic mesomere: this
structure offers a strong attractive interaction between two
merocyanine units by a combination of n-r stacking and
electrostatic attraction (Fig. 7B). In this way, the attractive
interaction between spiropyrans can be switched by light
irradiation.***

The light-switchable solubility and interaction can be intro-
duced onto the surface of the NPs via small molecules contain-
ing these light-switchable units. Upon irradiation, these NPs
tend to self-assembly into aggregates with controlled size
(“supraspheres”) in suitable solvent conditions. The disassem-
bly of these aggregates can be achieved via the switch-back
process with the NPs returning to their dispersed state.?*>?%¢

The photoswitching property can be introduced to poly-
mers, e.g., our group has demonstrated the fabrication of
AuNPs covered with photoresponsive polymer shells made by
azeobenzene-contanining methacrylic monomers using RAFT
polymerization. In toluene, the light-induced cis-to-trans tran-
sition varied the interaction between polymer-capped AuNPs
and induces the controlled aggregation of AuNPs. The tunable
chain length of grafted polymer brush brought the advantage
to control the interparticle-distance in a very straightforward
manner (Fig. 7C).*¢°

Zhang et al. synthesized AuNPs covered with spiropyran-
containing polymers by surface-initiated ATRP polymerization.
These nanostructures also self-assemble into AuNP oligomers
upon light irradiation. Since these AuNPs are brought in very
close range, their surface plasmonic coupling provides a
strong surface-enhanced Raman (SER) signal in the oligomer
state.*””

3.1.5. Fluorescence energy transfer controlled by surface-
bound polymer brushes. The interaction of nanomaterials
with fluorescent events can result in a very sensitive change of
fluorescent performance and thus be used for sensor appli-
cations. Both significant enhancement and complete quench-
ing can be achieved by controlling the energy transfer between
fluorophore and nanomaterial. There are varieties of energy
transfer processes, such as Forster resonance energy transfer
(FRET),****° nanometal surface energy transfer (NSET),>*'>**
and plasmon resonance energy transfer (PRET),****** which
are widely used for tuning the fluorescence performance and
building sensor applications.*****® Although the detailed
physical process behind these energy transfer processes are
different, the principle for building the donor-acceptor pair
for energy transfer is very similar.

The first requirement here is the overlap between donor
emission and acceptor absorption. In general, materials with
tunable and broad absorption and emission spectra are good
candidates for energy transfer-based applications. Nobel metal
nanocrystals, e.g., gold and silver nanocrystals, have broad
plasmonic bands which are tunable by changing their size and
aspect ratio, and thus can be used as super quenching unit.**”
The unique electronic properties of graphene and MoS, also
make them perfect quenching materials.**®3*%73°° The fluo-
rescent NPs including semiconductor QDs, graphene QDs
(GQDs) and UCNPs have strong, broad and tunable absor-

This journal is © The Royal Society of Chemistry 2021
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bance and luminance, which make them good candidates as
both donors®**®3*! and acceptors.?>>?33

The energy transfers process between the donor and accep-
tor is strongly dependent on their distance. In case of FRET,
an efficient energy transfer only takes place when the distance
between donor and acceptor is smaller than 10 nm.*** This
makes nanomaterial-induced energy transfer perfect candi-
dates as sensors to indicate near-field changes.

Smart polymers have the ability to change their size
towards certain stimuli, for example, PNIPAM has a signifi-
cantly shrunken size above its LCST. These stimuli-responsive
polymers can be built between the donor and acceptor mole-
cules, using their transition to switch on and off the fluo-
rescence. Kim and coworkers have demonstrated a series of
smart fluorescent nanosensors using diverse nanomaterials
based on fluorescence energy transfer. These nanosensors are
capable to detect thermal,''®*®¥3*  photothermal,"**
pH,*®”?%8and metal ion®*® changes due to a stimuli-responsive
RAFT polymer linker.

In their recent publication, they used MoS, as acceptor
(strong FRET quencher) and a RAFT BCP containing a thermo-
responsive PNIPAM block and a fluorescent poly(7-(4-(acryloy-
loxy)butoxy)coumarin) block (P7AC, emits blue light at
~392 nm) as donor (Fig. 8). After RAFT polymerization, dithiol-
sulfide moieties were introduced to the BCPs on their chain
ends (R-group), which provide strong anchoring on the surface
of ultrathin MoS, nanosheets. The BCP brush-capped MoS,
was then fabricated by a simple grafting-to experiment with
the PNIPAM block positioned between the MoS, nanosheet
and the fluorescent block. MoS, has very high absorption
coefficient for both the visible and NIR region. Upon NIR
irradiation, the photothermal ability of MoS, induces the LCST
transition of the PNIPAM block. After LCST transition, the
PNIPAM block contracts and pulls the P7AC block close to
MoS, causing FRET quenching (reduced fluorescence inten-
sity). They then dispersed BCP-MoS, nanohybrids in a hydro-
gel and demonstrated the high-resolution (sub-micrometer)
fluorescence  thermal mapping during photothermal
treatment.''*

In another example, they have introduced three types of
BCPs with blue, green, or red fluorescent polymer blocks
(donor) onto the surface of graphene (acceptor/quencher) via
pyrene anchoring groups (by a strong n-n stacking interaction)
(Fig. 9). The three different fluorophore blocks are copolymer-
ized with three thermal responsive polymer blocks with
different LCSTs, respectively. The LCST of the thermo-
responsive block was tuned to be 27, 32 and 39 °C for blue,
green, red, respectively. The precise adjustment of LCST for
PNIPAM is achieved by copolymerizing PNIPAM with different
monomers. After the BCP is anchored to the surface of gra-
phene, the PNIPAM block acts as thermoresponsive spacer
between fluorophore donor and acceptor: by increasing temp-
erature, the LCST is surpassed, resulting in PNIPAM block
shrinkage, bringing the fluorescent block close to graphene
and causing fluorescence quenching. In this way, the intensity
of the three fluorescent colors represents three different LCSTs

Polym. Chem., 2021, 12, 6198-6229 | 6213
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Fig. 8 (A and B) Schematic illustration of the BCP-functionalized MoS, nanosheets in hydrogel and the on/off transition controlled by NIR laser

irradiation. Upon NIR irradiation, the PNIPAM block collapses due to the rise of local temperature, and the fluorescence of the P7AC block is
quenched by MoS,. (C) Structure of P7AC-b-PNIPAM and MoS,. (D) The change of photoluminescence spectra of BCP-MoS, nanocomposites by
NIR light-induced heating. (E) Illustration of BCP-MoS,-film upon NIR irradiation through a photomask. (F) Optical microscope image of the
BCP-MoS,-film visualized using the photomask. (G) Fluorescence image of selective local heating by NIR irradiation. (H) Recovered fluorescence
image at 2 min after laser shutdown. Adapted with permission from ref. 114. Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA.

and offers sensing within a wide range of temperature between
25 to 45 °C."?

Furthermore, they exchanged the quenching GO nanosheet
with green emitting GQDs. They used surface-initiated RAFT
polymerization and synthesized PNIPAM-b-P7AC copolymers
on GQDs. The GQD serves as the acceptor for the blue emitting
P7AC block. If the temperature is above the LCST, the PNIPAM
block collapses and the P7AC blocks enter suitable FRET
ranges. As the result, the blue intensity drops distinctly while
the green emission increases.”®®

RAFT polymers with pH-responsive conformation change,
i.e., PAA and poly(2-vinylpyridine), can also be used as a
responsive spacer in energy transfer systems. Kim and co-
workers demonstrated multiple colorimetric pH sensors based
on QDs (donor) and GO (quencher) with two types of QDs
linked to the surface of GO using RAFT polymer linkers with
distinct pH-responsiveness.*®”

Plasmonic noble metal NPs can also be used as quencher
in energy transfer processes like NSET. Li et al'®® and Qiu
et al."*® have both fabricated AgNPs decorated with RAFT copo-
lymers carrying a block binding drug molecules via a UV or
pH-cleavable bond. Furthermore, these drugs are fluorescent
and both interact with AgNPs via NSET when they are attached
to the surface-bound polymer, causing fluorescence quench-
ing. After drug release upon UV or pH stimuli, the fluorescent
drug recovers its fluorescent emission, enabling real-time
monitoring of the drug release process.

6214 | Polym. Chem., 2021, 12, 6198-6229

In summary, we can clearly see the flexible role of stimuli-
responsive RAFT polymers as tunable soft nanospacers and
molecule carriers for energy transfer-related applications. The
precise structural design and anchoring group positioning
make RAFT polymers a perfect tool for connecting and adjust-
ing the interaction between diverse energy donors and accep-
tors in a smart and dynamic manner.

3.2. Creating precise nanoassemblies using RAFT polymers

Recent advances are being made in the development of novel
polymer-functionalized nanomaterials with the aim beyond
the conventional definition of functions. The introduction of
asymmetry, chirality, and interaction between each nanocom-
ponent has triggered a very intriguing self-assembly process
according to the corresponding properties. Transferring these
symmetrical and directional codes from functional polymers
(molecular level) to the assembly of NPs (nanoscale) requires
innovations in the polymer design and a deep understanding
of the colloidal interactions between polymers, solvent and
nanosurfaces.

Using RAFT polymers as structured linkers, well-defined
hierarchical core-satellite nanoassemblies can also be created
with tunable interparticle distance and interaction. The flex-
ible polymerization technique and topological design enable
the fabrication of polymer-capped core NPs with a strong
ability to capture colloidal nanosatellite particles. By building

This journal is © The Royal Society of Chemistry 2021
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(D) Reversibility of the thermoresponsive photoluminescent behavior at three different wavelengths of the BCP-GO nanostructure. Adapted with

permission from ref. 110. Copyright 2016 American Chemical Society.

stimuli-responsiveness into the polymer linker, the core-satel-
lite NPs can smartly switch their structure and properties.

3.2.1. Chiral self-assembly of NPs induced by RAFT
polymer shells. Plasmonic nanoassemblies with chirality have
been of special interest for their exceptionally strong chiropti-
cal properties.>*>?>® These properties have very high potential
in bioanalytical applications, for example, biosensing®”®?*’
and medical diagnosis.’*>® The preparation of these chiral
nanostructures was dominated by biomolecular linkers like
amino acids,*® peptides,*>® and DNA***?%°3%* due to their
inherent chirality. Fabricating similar structures using non-
biological polymers is a more systematic and flexible strategy,
bringing access to all the functions and advantages synthetic
polymers can offer.

The challenge for manipulating the chirality of nanoassem-
blies is to create the chiral interaction between NPs. On this
point, Cheng et al. impressively demonstrated a method to
endow AuNRs with chirality utilizing the RAFT polymers poly
(methacrylate hydroxyethyl-3-indole propionate) (PIPEMA) and
PHEMA (Fig. 10A)."°> Both polymers exhibit preferred-handed
helical conformation, which could induce Au NRs to self-

This journal is © The Royal Society of Chemistry 2021

assemble into a left-handed rotating side-by-side structure
(Fig. 10B and C) at high pH conditions. The chiral nano-
assembly of AuNRs showed strong circular dichroism signals
in the Vis-NIR region. Notably, both monomers are achiral and
no chiral reagents are involved in the polymerization process,
the chirality is originated from the preferred-handed helical
conformation of the polymer main chain caused by their high
syndiotacticity and their bulky pendant side groups as demon-
strated by MD simulation.

3.2.2. Directional self-assembly of NPs with RAFT BCPs.
For the colloidal self-assembly process, BCPs have shown very
flexible abilities for creating ordered nanostructures by tuning
the structure of the polymer block and its interaction with the
solvent.>***%® Combining these features on the surface of
single NPs can bring their self-assembly to the next level. The
surface-bound morphological change of BCPs often induces
inhomogeneous distribution of polymer brushes and the
occurrence  of  attractive  surface  polymer regions
(patches)."®*'9%3%¢ These surface-patterned polymer patches
bring ordered anisotropic character to the surface of NPs
which can be used as a template to guide directional self-

Polym. Chem., 2021, 12, 6198-6229 | 6215
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assembly processes. Furthermore, they have added some intri-
guing advantages in drug-delivery systems owing to their
unique impact on the performance of nanocarriers.*®” The for-
mation of surface polymer patches is controlled by thermo-
dynamics: by reducing the solvent quality, the surface grafted
polymer shell segregates into surface-pinned polymer patches.

On this topic, Rossner et al. reported an approach for fabri-
cating patchy polymer shell-capped AuNPs using unfavorable
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solvent interaction (1% stimulus) and subsequent self-assembly
of these asymmetrical NPs via their functional polymer
patches upon application of a 2" stimulus ([Cu,(OAc),]
complex). The two-step orthogonal stimuli-responsiveness

requires sophisticated design of the BCP (Fig. 11A). AuNPs
were capped with RAFT poly(styrene-block-(4-vinylbenzoic
acid)) [ poly(St-b-4VBA)], with poly(St) as NP-adjacent block and
poly(4VBA) as NP-remote block. Upon reducing solvent quality,
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mer ligands. (B) TEM images of AuNPs capped with BCP (a, b, distinct chain length) and poly(St) (c). a', b’ and ¢’ are the corresponding patchy NPs
yielded from the poorer solvent condition. (C) Self-assembly of patchy NPs after 2" stimulus with a statistic of the number of NPs in each cluster.
Adapted with permission from ref. 169. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA.
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the Poly(St) block segregated to patches on the AuNP surface
to minimize unfavorable polymer-solvent interaction, while
the solvated Poly(4VBA) block stabilized the patchy NPs
against aggregation. The subsequent self-assembly of these
NPs is triggered by adding Cu®" precursor complexes to the col-
loids: junction of patchy NPs was mediated via coordination of
Cu,*" dimetal-ions by Poly(4VBA) blocks.>*® Moreover, the size
and shape of the self-assembled nanocluster are highly depen-
dent on the BCP design: the short Poly(4VBA) block leads to a
small, well-defined cluster containing 3-4 NPs (Fig. 11C(a));
while longer Poly(4VBA) blocks form rather large irregularly
shaped assemblies (Fig. 11C(c))."*

Yi et al. have impressively demonstrated the fabrication of a
series of directional core-satellite-like NP assemblies utilizing
the charge interaction on the grafted BCP."”° In their work,
gold, silver, and magnetite (Fe;O,) were used as building
blocks for diverse nanoassemblies. Both RAFT and ATRP
polymerization were applied to fabricate the BCPs used to
form dense polymer shells on the NPs: thiol-terminated BCPs
synthesized from RAFT polymerization were grafted onto gold
and silver surfaces via simply mixing them under sonication.
For anchoring polymers onto Fe;O4, phosphonate-terminated
BCP was synthesized from ATRP polymerization.

To simultaneously introduce complementary reactive
bonding between core and satellite NPs and the repulsive
interaction between the charged polymer patches bonds, an
acid-base neutralization reaction between two types of NPs
carrying polymer brushes with opposite acid-base groups was
applied. Those acid/base functionalities are tuned with the
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build-in moieties in the BCP using acrylic acid (AA) as acid
and N,N-dimethylaminoethyl methacrylate (DMAEMA) as the
base monomer. The molecular design of these acid/base poly-
mers is illustrated in Fig. 12A, which is comprised of two
blocks: the first polymer block consists of a statistic copolymer
of acid/base and styrene monomers, the ratio of both mono-
mers in this block was kept constant (~30%) while the chain
length is varied to adjust the content of the acid/base moieties
in the polymer shell. The second PEO block is acting as a
steric stabilizer of the NPs.

Once the acid copolymer-capped NPs are mixed with the
base copolymer-capped NPs, the interparticle neutralization
reaction takes place. The neutralization yields a strong ionic
attractive interaction which provides a powerful binding effect
between the two types of NPs, resulting in “colloidal mole-
cules” nanoassemblies (Fig. 12B). The charged polymer
regimes also confer a repulsing interaction between the
polymer brushes of adjacent satellite NPs, thus leading to a
highly ordered geometry (Fig. 12C and D). Here, the Coulomb
repulsion can be analogously compared with the valence elec-
tron pair model which can predict the geometry of simple
molecules in AB, form. Now the same principles and rules can
be applied to the “colloidal molecules” nanoassemblies. To
adjust the number of satellite NPs in each nanostructure, they
varied the chain length of the polymer shell of the satellite.
Since the ratio of the DMAEMA is kept the same in the
polymer chain, a shorter polymer brush chain contains fewer
base groups which resulted in a smaller neutralization capacity
of the satellites, which then allowed the acid core NP to catch

sp* hybric
._orbitals

repulsion . ;e'"q -
"

Fig. 12 (A) Molecular structure of the BCPs used for surface modification of AuNPs and AgNPs. (B) Schematic illustration of an sp2-hybridized BFs
molecule. lllustration of directional bonding of NP-A and NP-B and the formation of an AB3 structure by the stoichiometric reaction between the
complementary reactive polymer shells. (C) SEM images of AB, nanoclusters formed from diverse types of NPs, scale bar = 100 nm. (D) SEM images
of AB, structures (x = 1 to 6) assembled from 36 nm AuNPs (A) and 20 nm AuNPs (B). The change in the number and geometry of the satellite NPs is
controlled by increasing the chain length of the poly(DMAEMA-r-St) block. Adapted with permission from ref. 196. Copyright 2020 American

Association for the Advancement of Science.
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more satellite NPs. As a result of the interaction brought by the
reactive polymer shell, the 3D structure of the nano “colloidal
molecules” including the arrangement and the number of the
satellite particles can be precisely tuned by only engineering
the chain length of the surface BCP brush.

3.2.3. Core-satellite nanoassemblies by RAFT polymer
linkers. Core-satellite (or planet-satellite) nanostructures have
attracted enormous research interest in material science: sim-
ultaneously integrating distinct nanomaterials into one well-
defined nanostructure often gives unique hybrid character-
istics for novel applications in different fields including multi-
modal bioimaging,>*>?*’° cancer treatment,>***’! SER
spectroscopy,”®”*”? fluorescence enhancement,?”* etc. To build
such structures, planet and satellite NPs must be bound with a
proper linker to form a colloidally stable nanostructure. For
the task of accomplishing a precise assembly of the planet-sat-
ellite nanostructure, various synthetic approaches based on
small molecular linkers,?”*737¢
linkers, 0 "1%1°4168:175207 and  DNA conjugation
have made significant progress recently.

Choosing appropriately designed synthetic polymers as a
linker brings multiple advantages such as enforced colloidal
stability owing to the steric shielding of a polymer shell (as we
have seen in section 3.1), the tunable interparticle distance
between planet-satellite,'*'°®'”> and last but not least, its
high efficiency and low cost to produce. As a linker for nano-
materials, the design flexibility in the macromolecular struc-
ture including topology, end-group functionality and the
choice of monomers/BCPs offers very open access for creating
hierarchical nanostructures with desired functions.
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In general, the number of free anchoring end groups for
satellite particles on the polymer-capped core NP surface is the
key for the self-assembly process. For the case that both core
and satellite are noble metal NPs, the multi-arm polymer with
anchoring groups at each chain termini is a widely used
approach. Dey et al. demonstrated a practical example to
increase the free end groups using hyperbranched polymers
carrying multiple anchoring RAFT and alkyne end groups
(Fig. 13).°” The nanostructure made of AuNPs presents a well-
defined structural arrangement with a tunable number of sat-
ellite NPs. Due to both the structural nature of the hyper-
branched polymer and its low molecular weight (~10 kg
mol™"), the interparticle distance between core and satellites
was very short. This close distance between the NPs induced a
strong SER effect which can be easily tuned by the number of
attached satellite AuNPs (Fig. 13D).

To form a connection between two NPs, at least two end
groups are required. However, if both end groups have
attached to the surface of the core NP, the linking effect
becomes unavailable: linear bi-end-functionalized polymers
have shown diminished performance of forming core-satellite
nanostructures compared with star polymers containing more
than three arms.’”® Gooding and coworkers have reported a
method to first saturate the planet AuNPs with thiol end-func-
tionalized polymers carrying a carboxylic acid group on the
other terminus.'**'*® An additional step was applied to
convert the outer carboxylic acid group into thiol groups which
allows for self-assembly of additional satellite AuNPs.

Our group has reported a method to prepare noble metal
core-satellite nanostructures based on multi-arm star PNIPAM
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(A) Structural design of hyperbranched polymer. (B) Schematic illustration of the fabrication strategy of core—satellite nanostructures using

hyperbranched polymer linkers. (C) TEMicrograph of core—satellite nanostructure with a satellite/core ratio of 10. Scale bar = 50 nm. (D) Increasing
SER scattering intensity with growing number of satellites per core. Adapted with permission from ref. 207. Copyright 2014 The Royal Society of

Chemistry.
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(A) Synthetic strategy (left) and TEMicrograph of gold-planet—gold-satellite nanostructures. Adapted with permission from ref. 109.

Copyright 2014 WILEY-VCH Verlag GmbH & Co. KGaA. (B) Structure of star and linear RAFT agents, synthetic scheme, and TEMicrograph of gold-
planet-silver-satellite nanostructures. Adapted with permission from ref. 175. Copyright 2016 American Chemical Society.

with RAFT end groups as linkers (Fig. 14).'°'”> The planet is
constructed by self-assembly of star RAFT polymers onto
citrate-capped AuNPs using the grafting-to approach. The free
(not surface-bound) polymer arms of the grafted polymer can
capture satellite NPs.>”® The same planet nanostructure is able
to capture both gold (Fig. 14A)'°° and silver (Fig. 14B)"”° satel-
lite NPs. Notably, the well-defined structure of the star polymer
offers full control over the arrangement of the satellite nano-
components: the average distance between planet satellites
NPs can be precisely tuned between approximately 3 to 20 nm
by varying the molecular weight of the linker.
Sulfur-terminated polymers with suitable topological
designs have been proven to be a powerful platform for the
self-assembly of hierarchical nanostructures made from noble-
metal nanomaterials. However, for constructing structures
with non-metal NPs, other approaches are inevitably required.
As building material for hierarchical nanostructures, silica
brings very intriguing potential owing to the intensively
studied silica coating methods which allow almost every nano-
material to be introduced as a planet. To bring polymer
brushes onto the silica surface, the well-established silane

This journal is © The Royal Society of Chemistry 2021

chemistry offers a great variety of protocols.**>**' However,

creating well-defined silica planets with a dense polymer shell
requires an effective route and careful treatment of silica NPs
for their tendency to form aggregation. For this task, the
surface-initiated RAFT polymerization via grafting-from has
been proven to be suitable.”>?®?%* By designing the surface-
initiated RAFT polymerization using an R-approach, the RAFT
moieties will be positioned at the outer termini of the polymer
shell which are capable for attaching to satellite NPs. Based on
this principle, Wu et al. and Tian et al. have both reported pro-
tocols for fabricating AuNPs decorated silica-RAFT PNIPAM
core-satellite nanostructures (Fig. 15)."*'°® The nanoassem-
blies showed a well-defined structure with full control over the
number of satellite NPs'** and interparticle distance."®® Tian
et al. also demonstrated the access of introducing further
Fe;0, NPs in the core position using the silica coating tech-
nique."®® These complicated nanostructures can be fabricated
using a simple synthetic method and a very efficient route.
Due to the close distance between the NPs brought by the
polymer linker, the nanostructure often shows a strong surface
plasmonic coupling between noble metal NPs, which has the

Polym. Chem., 2021,12, 6198-6229 | 6219
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(A) Temperature dependence of the hydrodynamic diameter of PNIPAM-functionalized silica-core—gold-satellite nanoassemblies and

PNIPAM-capped silica NPs (core). (B) TEMicrograph of silica-core—gold-satellite nanoassemblies. (Scale bar = 500 nm) (C) UV-vis spectra of silica-
core—gold-satellite nanostructures at different temperatures. The structure for the right spectrum has a higher gold/silica ratio. The additional
absorption originates from the surface plasmonic coupling in the shrunken state. A—C: Adapted with permission from ref. 154. Copyright 2017
WILEY-VCH Verlag GmbH & Co. KGaA. (D) Schematic illustration of the fabrication strategy of FesO4NP@silica—PNIPAM—AuUNPs nanostructures. (E)
TEMicrograh of FesO4NP@silica—PNIPAM—-AuNPs nanostructure with increasing molecular weight of the PNIPAM linker. D—E: Adapted with per-

mission from ref. 168. Copyright 2019 American Chemical Society.

potential to be used for SER applications."***°” Moreover, a

stimuli-responsive polymer linker, e.g., PNIPAM, also brings its
ability to these core-satellite nanostructures as a thermo-
responsive colloidal actuator reversibly switching the structure
between hydrated and shrunken state.''>'>*'”" The tempera-
ture-triggered switch of the interparticle distance in the nano-
structure also induces a shift in the optical properties of the
colloid, which may render them as flexible candidates for
nanosensors.

Notably, the versatile silica-coating technique enables a
wide choice of nanomaterials for the role of the core and
makes this strategy a general protocol to fabricate core-satel-
lite nanostructures with tunable distance and interactions.

4. Conclusions and outlook

It was demonstrated that RAFT polymers can nicely be used to
decorate and/or connect nanoparticles of different nature in
order to arrive at complex and functional nanocomposites.

6220 | Polym. Chem., 2021, 12, 6198-6229

The success of RAFT polymerization in this field is clearly due
to the great versatility in terms of polymerization reaction con-
ditions as well as in terms of polymer-to-surface grafting strat-
egies. It has for instance been shown that RAFT polymer with
its thiocarbonylthio-moeties as reactive end-groups can often
directly be used in grafting-to approaches without preceding
end-group transformation. This clearly simplifies nanoengi-
neering with these reactive building blocks. Another great
advantage of RAFT is its good tolerance against water-based
systems, which is key for bio-related applications.

While we observe that RAFT polymers and the nano-
composites formed from them are constantly finding new
fields of application, the question arises as to what the next
big goals are in order to achieve a higher level in quality and
function. While we can’t see into the future, we think the fol-
lowing goals will be relevant and hopefully solved in the near
future:

1. The combination of different types of polymers and
different types of particles within one nanocomposite will
become important. Some first initial work into this direction

This journal is © The Royal Society of Chemistry 2021
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has been performed, but increasing the control over different
types of nanocomponents will enhance the functionality. By
tuning the interplay of components, e.g., via different stimulus
sensitivity and or via orthogonal (surface) chemistry, the func-
tionality of such nanohybrids can be greatly enhanced and
more than one function, e.g., imaging and disease treatment
at the same time, may become possible.

2. In the early days of this scientific field, polymer was
mainly applied to the surface of inorganic materials using
grafting-from methods. However, progress in surface chemistry
using polymers has shown that similarly good end results can
be achieved with grafting-to methods, while the synthetic
effort is greatly reduced. With this synthetic simplification,
however, the complexity of the overall system can be increased
at the same time while the overall expenditure remains the
same. These functional nanohybrids, after all, need to remain
accessible in short times and with an acceptable spending of
resources. Efforts must therefore be made to further simplify
the grafting-to methods for a large number of surfaces, includ-
ing those that are less reactive. An effective grafting-to method
for silica surfaces would, e.g., be a huge step forward.

3. Most of the studies so far have addressed the action of
these functional nanocomposites in solution, where they have
been formed. Little is known so far about the behavior of these
nanoarchitectures when cast to a surface or how their function
can be exploited in a dry bulk material state. Ordering behav-
ior and regularity control in the dry state will be future chal-
lenges to exploit these nanohybrids in the design of novel
functional materials.

It is fascinating to see, how RAFT polymerization evolved
during the last years from a chain-transfer effect that is
capable of controlling radical polymerization to a powerful
tool for constructing functional nanocomposites. It is very
likely, that this is not the end of the story and that many excit-
ing new developments using RAFT polymers will emerge.

Abbreviations

AA Acrylic acid

ATRP Atom transfer radical polymerization

BCP Block copolymer

CNT Carbon nanotube

CSIRO Commonwealth scientific and industrial research
organization

CTA Chain transfer agent

CTAB Cetyltrimethylammonium bromide

DBM Dibromomaleimide

DMAEMA N,N-Dimethylaminoethyl methacrylate

DOX Doxorubicin

FRET Forster resonance energy transfer

GMA Glycidyl methacrylate

GO Graphene oxide

GQD Graphene quantum dot

IONP Iron oxid nanoparticle

LA-HEMA Lipoic acid-substituted hydroxyethyl methacrylate
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LCST Lower critical solution temperature
MPC Methacrylamide phosphorylcholine
NHS N-Hydroxysuccinimide
NIR Near-infrared
NP Nanoparticle
NR Nanorod
NSET Nanometal surface energy transfe
P7AC Poly(7-(4-(acryloyloxy)butoxy)coumarin)
PA Phosphonate acrylate
PAA Polyacrylic acid
PEG Polyethylene glycol
PHEMA  Poly(2-hydroxyethyl methacrylate)
PIPEMA  Poly(methacrylate hydroxyethyl-3-indole
propionate)
PNIPAM  Poly(N-isopropylacrylamide)
POEGA Poly(oligoethylene glycol) methyl ether acrylate
Poly Poly(4-vinylbenzoic acid)
(4VBA)
Poly(St) Poly(styrene)
PRET Plasmon resonance energy transfer
PVP Polyvinylpyrrolidone
QD Quantum dot
RAFT Reversible addition—-fragmentation chain-transfer
RDRP Reversible deactivation radical polymerization
SER Surface-enhanced Raman
TEOS Tetraethylorthosilicate
TOAB Tetraoctylammonium bromide
UCNP Upconverting nanoparticle
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