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The number and diversity of techniques to create well-defined polymeric architectures has set the foundation to
reinvent macromolecular chemistry’s tenor. This development offers the chance to build refined structures with
multifaceted, cross-disciplinary applications. We discuss a few advances in the design and development of selected
nanoobjects with far-reaching potential. Herein, well-defined building blocks and introduced methods to establish
three-dimensional architectures will be presented. Sequential attachment strategies and tools taken from biological
chemistries achieve new levels of specificity.
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Introduction

Rich chemistries for the modification and design of macro-
molecules allow us to create polymeric building blocks,
combine and modify them in ways to carve out niches,
and to mimic the sophistication and diversity of biologi-
cal materials. In general, we find a few main directions for
the implementation of novel techniques, leading to highly
specialized nanostructures. Several concepts for applications
in biological systems, such as delivery scaffolds mimick-
ing encapsulation, release, and recognition strategies, are
taken from cells, viruses, and bacteria. Thereby structural
fidelity, compatible with bioconjugation, is a focus in the
design of the polymer topology. The importance of imaging
and efficacy testing of drug carriers has opened up a new
area for polymeric architectures, meeting the high demand
and requirements for precise preclinical evaluation. As a
result, encapsulation of imaging reagents or chromophores,
especially in three dimensions, also vitalized the investiga-
tion of electronic properties through site isolation effects of
electroactive entities in well-defined nanoobjects.

We will examine several highlights of the most active and
trend-setting areas, underlining the fundamentals, tools and
techniques, and various levels of modification for turning a
simple polymer into a specialized product.

Linear Building Blocks

Biological systems such as proteins, three-dimensional
macromolecules derived from linear polypeptides, are per-
fect examples to demonstrate the influence of the building
block in both their assembly and their final implementation.
The importance of the chemical and physical nature of linear

building blocks has given advanced polymer chemistries a
basis to reach similar sophistication in structure and design.

Well-controlled linear polymers with a variety of func-
tional groups can be prepared with living free radical
polymerization (LFRP) procedures such as atom-transfer rad-
ical polymerization (ATRP),[1] nitroxide-mediated polymer-
ization (NMP),[2,3] and reversible addition–fragmentation
transfer polymerization (RAFT).[4] While all of these meth-
ods create non-degradable vinyl backbones, the individual
polarity and functionality can be controlled by the nature
of the participating acrylate and methacrylate derivatives,
respectively. Whereas in the last decade the focus of liv-
ing polymerization techniques has been the investigation of
mechanisms, it is now directed more towards their evalua-
tion to establish concepts for forming polymers with multiple
functionalities and cross-disciplinary applications.

Included functionalities are the key to achieve differ-
ent levels of macromolecular utilization, and two main
classes can be distinguished. The first group allows the
attachment of moieties in a mild and orthogonal approach,
thereby enabling sequential attachment strategies for enti-
ties which determines the ultimate application. Popular
functionalities are derived from monomers such as N,N-
acryloxysuccinimide,[5,6] N,N-acrylaminoacids acids,[7–9]

epoxides,[10–12] and acetylene,[13,14] which have shown high
fidelity in esterification, amination, and ‘click reactions’,[15]

among others. The second group of embedded function-
alities provokes a conformational change of the linear
polymeric precursors and locks the linear polymer into a
three-dimensional conformation via covalent[16] or reversible
bonds, such as hydrogen bonds[17–19] or disulfide bridges,[20]

and leads to helical or collapsed structures. In this vein, linear
random copolymers can be programmed through the smart
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selection of monomer units that offer functionalization con-
cepts derived from nature to achieve materials with their own
niche.

In the past, di- and tri-block copolymers with hydrophilic
and hydrophobic characteristics have been prepared with
great finesse with the intention of forming discrete architec-
tures with interesting morphologies and patterning abilities.
While block copolymers in general require a more rigid syn-
thesis regime and the choice of monomers is limited, ATRP
and RAFT polymerization methods[21–24] in particular have
been shown to be very effective in creating symmetrical
AB, ABA, and amphiphilic ABC type block copolymers.
The functionalities in block copolymers can be extended
by the sequential addition of crosslinking units and entities
for molecular imprinting. These modified block copolymers
are poised to react to a variety of physicochemical stim-
uli and assemble into vesicles,[25] micelles,[26,27] reversed
micelles,[28,29] and layers.[30,31] These rather labile but very
precise structures are preserved by units that crosslink,
either of a permanent or reversible nature,[32–35] and will be
discussed in the second part of this review.

Other linear structures which continue to gain importance
as building blocks, are conjugated and metallic polymers.[36]

Their semiconducting and luminescent properties have been
the stimulus for the development of ‘plastic’ optoelec-
tronic devices,[37,38] sophisticated electronic circuits,[39]

and chemical sensors.[40,41] However, despite advantageous
characteristics for device fabrication and a large number
of photophysical studies conducted, the nature of inter-
chain excited states in polymers such as poly(para-phenylene
vinylene) remain controversial.[42] Often, strong electronic
couplings between the delocalized portions of the poly-
mer’s backbone give rise to detrimental emission quenching
and low quantum yields.[43] Furthermore, the tendency of
conjugated backbones to aggregate in solution leads both
to rendering the material insoluble and the appearance of
a new absorption band in films of these materials that is
red-shifted relative to that in solution. Several strategies
to discourage these interactions include the introduction of
solubilizing bulky hydrophobic or hydrophilic substituents
or additives[44] (Fig. 1), as well as site isolation using
branched, dendritic,[45] and linear polymer side chains.[46–48]

The improvement in luminescence in such materials is usu-
ally offset by poorer charge transport and remains a key
challenge in the optimization of electroluminescent devices.
On the other hand, fluorescence spectroscopy has become
an increasingly powerful tool to trace individual molecules
in living systems or targeted drug delivery vectors in con-
juction with imaging and localization of specific tissues.
Thereby linear, conjugated polymeric backbones such as
poly(para-phenylene ethynylene) substituted with branched
poly(ethylene oxide) side chains lead to non-ionic, non-protic
amphiliphilic derivatives that display both respectable solu-
bility and exceptionally high fluorescence quantum yields in
water.[49,50] These are promising sensory materials for bio-
logically relevant analytes. Apart from the spectral properties
of a fluorescent probe in aqueous media, chemical stabil-
ity with respect to the cell metabolism and low toxicity are
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Fig. 1. Cyclodextrin-threaded conjugated polyrotaxanes.[44]

crucial criteria for meaningful experiments in vivo. In con-
trast to conventional fluorescent dyes, conjugated polymers
show improved photostability and enable sophisticated pho-
tophysical investigations.

Block copolymers containing conjugated rod blocks
together with nonconjugated coil blocks have been
investigated to produce ordered microphase-separated
morphologies[51] that can be controlled to be a sphere,[52]

cylinder,[53] lamellae,[52,54–56] or bicontinuous phase depend-
ing on the length, macroscopic shape, and the ratio
of each block.[57] Procedures including LFRP have
been studied initially from macroinitiators (PPV-TEMPO)
with polystyrene grown from the TEMPO functional-
ity as the flexible block (TEMPO: 2,2,6,6-tetramethyl-1-
piperidinoxyl; PPV: poly(para-phenylene vinylene)).[58,59]

From the same strategy di- and triblock copolymers contain-
ing poly(alkylthiophene) or fluorene moieties were prepared
through ATRP[60] or NMP of styrene at the end-functional
group of the poly(alkylthiophene) or fluorene block, respec-
tively. The resulting microphase morphology ranges from
honeycomb[59] to well-defined nanowires with a 30–40 nm
lateral spacing that is equivalent to the fully extended
block length.[61] Other microporous structures originate, for
example, from micelle formations of poly(phenylquinoline)-
block-poly(styrene).[62]

Implementation of Building Blocks and Assembly
of Three-Dimensional Nanostructures

The second part of this review focusses on the success-
ful implementation of the linear building blocks to form
three-dimensional architectures, and we will give evidence
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