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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
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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),!!] nitroxide-mediated polymer-
ization (NMP),3] and reversible addition—fragmentation
transfer polymerization (RAFT).[*] 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,[>%] N,N-acrylaminoacids acids,!”"]
epoxides,[1-12] and acetylene,[!>14] which have shown high
fidelity in esterification, amination, and “click reactions’,[%]
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[!®] or reversible
bonds, such as hydrogen bonds!' 711 or disulfide bridges,*]
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!?!~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,[*>! micelles,2627] reversed
micelles,!?%2] and layers.’%3!] These rather labile but very
precise structures are preserved by units that crosslink,
either of a permanent or reversible nature,3>=3 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.[3¢]
Their semiconducting and luminescent properties have been
the stimulus for the development of ‘plastic’ optoelec-
tronic devices,37-38! sophisticated electronic circuits,B%!
and chemical sensors.[*>#!] 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.[*?] Often, strong electronic
couplings between the delocalized portions of the poly-
mer’s backbone give rise to detrimental emission quenching
and low quantum yields.*3! 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**! (Fig. 1), as well as site isolation using
branched, dendritic,[*] and linear polymer side chains.[46-43]
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.[47°%] 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.!*4!

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
morphologiest>!! that can be controlled to be a sphere,[>?]
cylinder,[*3] lamellae,[234-3%] or bicontinuous phase depend-
ing on the length, macroscopic shape, and the ratio
of each block.’”l 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]
From the same strategy di- and triblock copolymers contain-
ing poly(alkylthiophene) or fluorene moieties were prepared
through ATRP% 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®®! to well-defined nanowires with a 30-40 nm
lateral spacing that is equivalent to the fully extended
block length.[®!] Other microporous structures originate, for
example, from micelle formations of poly(phenylquinoline)-
block-poly(styrene).[?]

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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of successful strategies to build nanostructures from the
bottom-up. It will be obvious that the key criteria in this
assembly process must be:

(a) The precise selection of the linear building blocks based
upon their constitution and functionality.

(b) The selection of synthetic tools and conditions to arrange
the linear building blocks into a three-dimensional
conformation. This will be accomplished partly either
through incorporated permanent or reversible crosslink-
ing units, or through entities known to respond to
physicochemical stimulus in the form of intra- and inter-
chain hydrogen bond formation, yielding bioinspired
architectures corresponding to proteins or vesicles. On
the other hand, other synthetic tools can drive the assem-
bly, such as adding crosslinking units to linear copoly-
mers and block polymers derived from LFRP procedures.
These polymers will be joined together randomly and
will form, depending on the nature of the crosslinker,
degradable or non-degradable star polymer architec-
tures, crosslinked nano-objects, or micelles. Further-
more, linear building blocks can be attached or grafted
to three-dimensional features engaged in the polymer-
ization process as macroinitiators. The core can include
features of biological nature, for example proteins, or
artificial structures, such as organic hyperbranched cores
or metallic particles.

(c) Enabling sequential attachments of units in a top-down
approach which will define the technological niche and
fine-tune its properties toward the end application. This
key criterion addresses the ability to modify functionali-
ties or conjugate other building blocks to the assembled
nanostructure and emphasizes the necessity of integrated
multifunctional units for sequential attachment of rele-
vant moieties. Hence, a careful assessment of the targeted
utilization leads to precisely planned incorporation of
tailored functionalities in the backbones of polymeric
building blocks with previously described facets. Orthog-
onal protecting groups and conjugation conditions cho-
sen to be compatible with functionalities and already
previously conjugated units are a key concern to cre-
ate specialized structures. Excellent review articles(3-:64]
cover the increasing influence of organic chemistries into
polymer chemistries and feature examples of polymeric
materials such as macromolecules from intramolecular
chain collapse processes and crosslinked micelles from
tailored block copolymers (Scheme 1). We will focus in
our review on recent reports of implementation strategies
with nanovectors for imaging or detection and bioin-
spired nanostructures with multifunctional features and
applications in the life sciences.

Nanovectors for Imaging and Detection

The increasing significance of the early detection of cancer,
for example by means of precancerous and malignant lesions
in biological fluids, provides means to bio-nanotechnological
approaches.[%] Highly fluorescent nanoparticles, such as
inorganic semiconducting quantum dots,[%%%7)  quantum
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Scheme 1. Nanoparticle formation via intramolecular chain

collapsel'®l and covalent crosslinking of micelles.[>¥]

dot-doped silica colloids, dye-doped silica colloids,!%%**land
dye-doped latex spheres,!’%] posses high brightness and show
improved photostability to conventional fluorescent dyes.[”!]
The utilization of such nanoparticles in ultrasensitive assays
and live cell imaging[®] is primarily dependent on their
capacity for subsequent conjugation and thereby nanoparticle
assembly. Whereas dye-loaded silica particles are previously
well studied, the encapsulation of w-conjugated polymers is
largely unexplored. Recently, conjugated polymer loaded sil-
ica particles were described as a successor over dye-loaded
particles.’>73] These beads are more than 30nm larger
and contain limited dye-loading concentration due to self-
quenching. The silica shell, encapsulating the conjugating
polymer, reduces the rate of photooxidation and improves
the photostability and extinction coefficients so that adequate
quantum Yyields, comparable to those of quantum dots, are
observed.[7] However, nanoparticles which display site iso-
lation of individual linear conjugated polymers remain largely
unexplored and will be important subjects of future investi-
gation. In particular, entirely organic structures are desirable,
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mainly due to the possibility of engaging multiple function-
alities and implementing other versatile building blocks as
described above.

In general the non-toxic feature of polymeric nanoparti-
cles offers advantages over traditional quantum dot in vivo
imaging and early detection of invasive cell types or
plaques, tumours, and necroses. Furthermore, co-registration
of tissues with different imaging modalities can give com-
plementary information that improves disease diagnostics.
In addition to the optical methods, medical diagnostic
imaging procedures currently in use are based on nuclear
medicine (y-ray scintigraphy), positron emission tomogra-
phy, and magnetic resonance imaging techniques.!”>] The
quantity of reporter compound to be accumulated in the
area of interest strongly varies between these imaging
techniques. Monomolecular gadolinium-based multimodal
imaging reagents, for example, must incorporate multiple
paramagnetic gadolinium chelates per moiety to compen-
sate for the relative low sensitivity of the magnetic resonance
methods. In order to reach the required local concentration of
contrast reagents of paramagnetic complexes, macromolecu-
lar architectures ranging from micelles,[’67%! dendrimers, 3]
linear polymers,[8182] to proteins®:83] are being investi-
gated. Hereby, the macromolecular architectures can influ-
ence the relaxivity of the paramagnetic complexes to a
high degree and are capable of reducing the concentra-
tion of the reporter compound necessary. Mixed micellular
aggregates with gadolinium diethylene triamine pentaacetate
(DPTA) complexes as end-functionalities and crosslinked
micelles (‘shell-crosslinked knedels’, SCK) with incor-
porated 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid units have been shown to be promising candidates.[”]
These examples emphasize the advantages of building blocks
that can be arranged into nanosized objects addressing the
needs of multimodal imaging reagents. However, the inher-
ent problems with large molecules, including low diffusion
rate into diseased tissue and rapid uptake by the liver, will
have to be solved by smaller and densely packed systems or
fine-tuned degradable materials.

The coexistence of fluorophores and metal particles in
nanostructures for imaging applications and detection assays
may find its counterpart in nanoparticles for electronic appli-
cations in optoelectronic devices. It has been long known
that lanthanide emission can be sensitized via the ‘antenna
effect’ by using complexes with ligands that absorb in the
UV-visible region.[3*83] Recently, it has been shown that this
effect can be extended to conjugated polymer systems by
blending the lanthanide complex into a luminescent host.[¢]
However, as noted by several authors,[87-38] phase segrega-
tion becomes problematic when constructing efficient thin
film optoelectronic devices. Some efforts have now been cen-
tered on directly connecting the inorganic components to the
conjugated polymer ligands.[#*] These novel nanostructures
have provided evidence of enhanced energy transfer between
the conjugated polymer and in this case quantum dot compo-
nents, resulting in dramatically different photoluminescence
spectra relative to blended films accompanied by a suppres-
sion of blinking.[°]

E. Harth and T. A. Croce

Bioinspired Nanostructures with Multifunctional
Features for Further Utilization

Tubular and globular three-dimensional structural motifs
are constructed from of one or multiple linear building
blocks. Novel synthetic architectures, inspired to a great
extent by biological structures, are governed through non-
covalent interactions such as hydrogen bonding and m—m
or arene—arene interactions. The resulting structures are
strongly dependent on the strength of the non-covalent inter-
action between the incorporated monomer units and their
individual location in the polymer backbone.®’~3] The
tailoring of monomeric units to control and define a dom-
inant direction of the interactions between chains to govern
a specific macromolecular architecture give initial design
rules for their construction. For example, telechelic poly-
mers possessing ureidopyrimidione end groups form very
stable supramolecular linear polymers, in solution as well
in bulk. The quadrupole hydrogen-bond has high associa-
tion constants and results in polymers and networks with
mechanical properties strongly dependent on temperature,
giving rise to polyolefins with thermoelastic properties.[*4%%]
The reversible nature of the hydrogen bonds is an attrac-
tive feature for the development of self-healing materi-
als that can reassemble to the thermodynamically most
favorable state. Other hydrogen-bonding interactions of
complementary diaminopyridine (DAP) and thymine (Thy)
functionalized polymers in nonpolar media results in the
formation of giant vesicular polymersomes (Fig. 2).[°°! Dis-
crete microspheres with an average diameter of 10 um are
observed with self-complementary DAP-containing poly-
mers and can be transformed into vesicles via addition of a
polymer functionalized with another complementary recog-
nition partner such as thymine. Arene—arene interactions
are exploited in linear amphilic self-assembled polythio-
phenes. It was found that the stability of the assemblies is
related to the m-conjugation length and right-handed helices
are formed in septithiophenes.”7"°! In this vein, related
tubular structures have been constructed with amphiphilc
hexabenzocoronenenes via columnar phase ordering of the
disk-shaped hexabenzocoronene.[!9%:191] These architectures
are discussed in applications as organic nanowires, and the
self-assembly behavior provides the means for any putative
utilization of these systems.['%!] In general, these examples
demonstrate the organization of supramolecular structures
through thoughtful selection of functional groups implement-
ing non-covalent interactions.

Other attractive approaches to form tubular structures
include the stiffening of linear polymers by grafting bulky
groups onto the linear backbone.['92103] In a novel strat-
egy, the bulky side groups such as dendrons are grown in an
iterative, divergent approach and they lead to an increase in
molecular weight in an order of a magnitude.!'%* In contrast
to linear polymers, where functional groups are limited by the
monomer, the number of peripheral moieties can be increased
exponentially. In this way, specific functionalities or conju-
gated groups could be protected on the interior of the tubular
layered nanovectors and the outer functionalities engaged in
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Fig. 2. Reversible morphology control using noncovalent interactions.[¢!

recognition and targeting. The same strategy of forming a
distinct periphery and providing protected inner cores can
be observed in research efforts in the utilization of globular
three-dimensional nanostructures as drug delivery systems or
novel electro-optic materials.l!'®>~113] In particular, the last
decade has been very innovative in the creation of a vari-
ety of synthetic bioinspired three-dimensional nanostructures
derived from virall!14-116] and cellular models.[!!7-118] One
of the most prominent systems are self-assembled micelles
and crosslinked micelles (SCK) which have been studied
extensively.l’* The crosslinking of self-assembled, well-
defined block copolymers preserves the micellar structures
of 20-200 nm in size and opens up the possibility of mul-
tiple top-down manipulation strategies.>*] Recent advances
in LFRP processes and the implementation of ‘click chem-
istry’ in polymer science allows the preparation of linear
building blocks with an extended number of functionalities
and enable efficient and sequential conjugation of bio-
active compounds.[!'%] The interplay of architectural features
and incorporated functionalities will give the opportunity
to specifically modify sub-locations in three-dimensional
architectures.

Bioinspired protein architectures can be prepared from
linear polymers through the intra-molecular chain collapse

process. It has been found that a highly efficient crosslinking
chemistry is crucial for the successful formation of col-
lapsed nanoparticles via intra-molecular chain collapse to
give nanoparticle of ~4—10nm in size.l'®! The crosslinking
mechanism is based on the thermal activation of ortho-
chinodimethane precursors, which form cycloaddition prod-
ucts maintaining the nanoparticle architecture derived from
one linear polymer. The copolymerization with various
degrees of crosslinking opens up the possibility of obtaining
particles with adjustable porosity and density.[1®12%-121] High
temperatures required during the collapse process have so far
limited the use of a broader range of functional copolymers
and block copolymers. Thus the further development of low-
temperature crosslinkers would enhance the implementation
of these materials in drug delivery and novel electro-optic
systems with site-isolated electroactive reagents.

Another technique to utilize linear polymers derived from
LFRP processes is the star formation, in which a small
molecule crosslinker drives the assembly on the living, dor-
mant, chain end of the polymer.['?27124] The ideal ratio of
each critical parameter such as crosslinker, solvent, and lin-
ear polymer was precisely investigated with polymers derived
from NMP techniques and combinatorial methods.[12>:1261 So
far, water-soluble star polymers from vinyl polymers are more
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difficult to obtain and recent interests in biological materials
have intensified the research efforts to find methods to create
hydrophilic and degradable nanoscopic architectures.!27-129]
Future applications of these core—shell structures will be
directed through syntheses involving sophisticated divinyl
crosslinking compounds with incorporated functionalities,
interesting physicochemical and electro-optical features, as
well as the nature of the linear polymers involved.!!30-134]
In particular, the macromolecular architecture promotes the
enhancement of local proton relaxation processes of the water
molecules in the presence of a contrast reagent. The investiga-
tion of these structures in providing longer circulation times
will lead to bimodal imaging reagents with the potential for
active targeting.

Degradable polymeric star architectures for biological
applications with larger cores!!33] are being synthesized
stepwise from hyperbranched polymers using ring open-
ing polymerization methods and function as macroinitia-
tors (Scheme 2).[136] Degradable linear polymers can be
grown directly with ring opening polymerization or using
LFRP procedures after an initiator is conjugated to three-
dimensional cores of up to 150kDa. In a similar fashion,
natural proteins like albumin and lysozyme have been used as
three-dimensional macroinitiators to form protein—polymer
conjugates.['37] This approach involves the modification of
the protein with initiation sites, and the polymerization takes
place at specific domains to form well-defined nanostruc-
tures. Controlled growth of the polymer at site-specific
domains reflects on the biological properties and ensures that
the protein’s bioactivity stays intact and biorecognition sites
are available. It has been shown that ATRP and RAFT meth-
ods proved to be especially successful in governing controlled
polymerization compatible with biological structures. 138!

Chemical strategies to further fine-tune the targeted appli-
cation are programmed through the degree and nature of the
introduced functional groups. Thereby, for the attachment of
biological groups such as targeting units, including various
formulations to target o, B3 integrin[!3-140] and translocation
domains, 4! reaction conditions have to be mild and orthog-
onal to the other groups in the macromolecule.[®] In this way,
small molecules, such as sugars and folic acid, linear poly-
mers, and dendrons can further specify the function of the
nanostructure. The presented strategies open up diverse pos-
sibilities to precisely integrate entities into sublocations of
macromolecules and will advance the intended exploitation
of microenvironments in properties of materials.

Conclusions

These research facets presented emphasize the role of recent
accomplishments in polymer science in the realization of
multiplex macromolecules. We are aware that the creativity
in this area is vivid and that we left out other interest-
ing approaches that could not be covered entirely in this
short review. However, less-stringent limitations in the syn-
theses, aiming for even higher degrees of accuracy and
functional versatility in the building blocks, will be the
defining features for future breakthroughs in areas such
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as bio-nanotechnology procedures. At this time, imaging
and recognition devices including the development of tech-
nologies for biomarkers and targeted delivery of multiple
therapeutic reagents are two of the most challenging and
exciting areas in macromolecular research.
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