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6.1 INTRODUCTION

Modern functional materials aim at combining different compounds in order
to exploit synergistic effects or even trigger the emergence of novel properties,
which neither of the compounds in pure form possesses. Typically, this requires
hierarchical organization of nano-/microscale building blocks along the lines of
rational design concepts, rather than simple blending of compounds. In fact, in
many ways, artificial functional materials approach biological systems, though still
far from their complexity [1–3]. Typical examples of such materials by design are
optical or mechanical metamaterials [4–7], but also modern photovoltaic [8, 9] and
optoelectronic devices [10], and nanocomposites [11–15].

In this context, macromolecules play a key role in different perspectives: First, they
cover a broad range of length scales between a few nanometers up to several hundred
nanometers. As illustrated in Figure 6.1, the critical distances for several important
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Figure 6.1 Schematic overview showing the correlation of different spacer sizes and physical
processes covering the length scales from 0.1 to 1000 nm.

optical and electronic processes fall within this regime. Second, they offer a rich vari-
ety of ways for controlling mesostructure formation, for example, as microphase sep-
aration for block-copolymer systems [16] or stimuli-responsive assemblies (fibers)
for structural protein systems [17–21]. Finally, polymers can be sensitive to a broad
range of stimuli such as solvent quality, temperature, pH, salt-concentration, and
redox potential [22–25].

In this chapter, we focus on decorating nanoparticles with synthetic as well as
biomacromolecules for controlling interparticle distances and relative orientations in
assemblies. We introduce synthetic approaches toward core/shell architectures and
show how macromolecular ligands allow controlling order in 2D and 3D assemblies.
We also illustrate how symmetries can be broken in order to advance from simple
hexagonally close-packed assemblies to systems of higher complexity. We put special
emphasis on core/gel-shell nanoparticles as a versatile class allowing for large inter-
particle separations and on protein-modified nanoparticles that are particularly well
suited for achieving complex symmetries in particle assemblies. Finally, we point out
several examples for functionality, not with the aim of completely covering a specific
field of applications but rather for the sake of illustrating the underlying concepts for
functional material design.

6.2 GUIDING ASSEMBLY BY DECORATION WITH ARTIFICIAL
MACROMOLECULES

The state-of-the-art synthesis routes for macromolecular building blocks provide
us with excellent structural and compositional control. Parameters relevant for
guiding assembly such as molecular weight, wettability/solvent compatibility, steric
properties, and conformation can be controlled to a large degree. In this section,
we will introduce an overview over the different strategies for coupling macro-
molecules to nanoparticles in a well-defined fashion, covering both crosslinked and
non-crosslinked polymeric coatings. In the following, we will illustrate, how these
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coatings can be employed for controlling assembly in two and three dimensions,
starting from hexagonal structures up to linear assemblies.

6.2.1 Decoration of Nanoparticles

Nearly all types of nanoparticles feature an organic low-molecular-weight ligand
shell, which is inevitable for their synthesis and ensures colloidal stability. The most
prominent stabilizers comprise citrate, fatty acids, and other surfactant molecules.
Usually these stabilizing molecules are present in huge excess in the as-prepared
nanoparticle dispersions. For assembly purposes, this excess concentration has to
be reduced by purification procedures such as centrifugation/redispersion, precip-
itation/redispersion, dialysis, and filtration. Due to the low molecular weight of
these stabilizers, only short interparticle distances are achievable in assemblies of
the respective nanoparticles. Therefore, for better interparticle distance control, the
original stabilizing agents have to be replaced by macromolecules. By controlling
the polymer size and architecture, interparticle distances in 2D and 3D assemblies
can be finely tuned (Figure 6.1).

The main challenge in decorating nanoparticles with polymers is to anchor
the polymer onto the nanoparticle surface. Depending on the surface chemistry
of the nanoparticles, different anchoring groups can be employed to attach the
polymer robustly onto the nanoparticle surface. In order to remove the initial
low-molecular-weight ligand from the surface and bind polymers strongly to the
particle surface, these anchoring groups are required to exhibit a larger binding
affinity toward the particle surface (large binding constant K) [26]. In general, for
metal nanoparticles such as gold or silver nanoparticles, sulfurous groups such as
thiols, disulfides, and amine groups are commonly used as anchor groups [27].
For metal oxide nanoparticles, carboxylates, phosphonates, and catechol groups
can be employed for attaching polymers to the particle surface [28]. In particular,
catechol groups show a high binding affinity toward iron oxide surfaces, even
in aqueous dispersion [29–31]. For silica particles, silane chemistry offers a vast
library of molecules such as mono-, di-, and trialkoxy or halogenated silanes, thus
enabling many different synthetic procedures to anchor organic macromolecules
very robustly onto the silica surfaces [32–34]. For organic particles and surfaces,
organic coupling reactions can be employed to covalently couple macromolecules on
them. Some prominent examples are amide bond coupling (carboxylate + amine),
thiol-ene coupling reaction (thiol + unsaturated species) [35, 36], urea-reaction
(iso(thio)cyanate+ amine), acetal and hemiacetal reactions (ketone or aldehyde +
alcohol), imine reaction (ketone or aldehyde + amine), and other click-chemistry
approaches (e.g., azide + alkyne) [37–41].

Also multiple anchoring groups, as present in diblock copolymers, yield a robust
and permanent attachment of the desired polymer to the particle surface. For more
detailed information, the reader is referred to the reviews cited here [42, 43]. Once
the right anchoring group has been identified, the polymer chemistry offers many
synthetic strategies to functionalize nanoparticles with polymers [41]. With the aid
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of various living polymerization techniques developed thus far, a plethora of polymers
can be anchored on various types of nanoparticles.

Figure 6.2 gives a schematic representation of available pathways to decorate
nanoparticles with macromolecules. Depending on the strategy, different architec-
tures and thicknesses of the polymer layer can be realized. Thus complex polymer
coronas have been achieved, such as brush-like architectures with end-tethered chains
or gel-like structures with a crosslinked polymer matrix surrounding the nanoparticle
cores. The major strategies for the polymer decoration of particles are direct poly-
mer ligand exchange, surface-initiated polymer grafting, and gel-encapsulation upon
crosslinking, which will be discussed below in detail.

The first strategy involves the anchoring of pre-synthesized polymer chains
(1), which bear specific anchoring/coordination groups for the nanoparticle (see
Figure 6.2). When the anchoring group is presented on a terminal position of
a polymer chain, the polymer can be tethered onto nanoparticles with one end,
yielding brush-type polymer architectures [42]. Hence, this grafting-onto technique
starts with the design and synthesis of polymeric ligands, with only one terminal
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Figure 6.2 Decoration of nanoparticles with polymers with increasing level of complex-
ity (left to right): As-synthetized nanoparticles are decorated with linear polymer chains by
either (1) direct polymer ligand exchange or by (2) functionalization with reactive ligands
and subsequent (3) polymer grafting (from/onto) to form brush-type core/shell nanoparti-
cles. Hydrogel-encapsulation can be achieved by (4) crosslinking of brush-type core/shell
nanoparticles, (5) grafting-from polymerization with crosslinker, or directly via (6) precip-
itation polymerization of functionalized nanoparticles. (A for anchoring and R for reactive
functional group).



�

� �

�

GUIDING ASSEMBLY BY DECORATION WITH ARTIFICIAL MACROMOLECULES 163

group serving as the anchoring group. Controlled living polymerization techniques,
in particular, the atom-transfer radical polymerization (ATRP) [44], ring-opening
metathesis polymerization (ROMP) [45, 46], nitroxide-mediated living radical
polymerization (NMP) [47], and reversible addition-fragmentation chain transfer
(RAFT) polymerization [48, 49] have proved to be very useful, since the polymer-
ization initiator molecule can be selected such that it bears both functionalities, that
is, the polymerization initiating moiety as well as the surface anchoring moiety on
the same molecule.

The resulting end-functionalized polymers can be tethered to the particle surface,
replacing the original stabilizing agent from the surface in a ligand exchange process.
The exchange of the ligand can be driven by concentration effects when the new poly-
mer ligand is presented in huge excess and/or making use of the higher binding affin-
ity of the anchor groups of the new ligand. This approach yields polymer-decorated
nanoparticles. Depending on the exchange protocol including the type of macro-
molecular ligand and the particle purification, a complete exchange can be achieved
[50]. The direct polymer ligand exchange method is rather simple and allows for the
precise control of the layer thickness simply by adjusting the molecular weight of the
polymer during the polymer synthesis step [30, 51–54].

Brush-like polymer decoration of nanoparticles can also be achieved by grow-
ing polymers directly from the particle’s surface [55]. As depicted in Figure 6.2,
this grafting-from approach starts with the attachment of reactive molecules onto the
nanoparticle surface (2). This reactive group can then be used in the subsequent poly-
merization of monomers (3). Such a surface-initiated polymerization yields polymer
brushes of higher grafting densities with polymer chains extending outward from
the nanoparticle surface. The most common polymerization techniques applied for
this are again living radical polymerization techniques such as ATRP, RAFT, ROMP,
and NMP, owed to their versatility toward monomers and uniform polymer growth.
However, the control over the polymer chain lengths is rather difficult in compari-
son to grafting-onto method, due to the increased rate of chain growth termination
caused by the high steric crowding on the particle surface. The main advantage of
this technique is the facile purification of the final polymer-decorated nanoparticles
via centrifugation steps [55].

The achievable interparticle distances from such polymer-encapsulated nanopar-
ticles with brush-like polymer shells range from a few nanometers to a few tens of
nanometers. Larger shell thicknesses, and hence particle separations, are accessible
by gel-like polymer shells. Such gel encapsulations enable particle-to-particle
separations up to hundreds of nanometers. The most prominent example for such gel
networks are hydrogels, which consist of hydrophilic, crosslinked polymer networks
swollen with water. The degree of swelling of a hydrogel can be enormous (>95%),
and thus leads to the unique viscoelastic properties of hydrogels. In contrast to
the rather small polymer brushes, the introduction of a hydrogel shell significantly
increases the effective particle volume. This can be of particular interest for 3D
assembly, since larger volume fractions can be achieved as compared to as-prepared
nanoparticles without a thick hydrogel coating. Figure 6.2 illustrates the schemat-
ically different synthetic strategies used to obtain gel-like polymer architectures
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around the particle cores. In general, grafting-from and grafting-onto approaches
typically lead to core/shell particles with nanoparticle cores and brush-type polymer
shells (3). If such brush-type shells are crosslinked, polymer network shells can be
obtained (4). In a grafting-from approach, crosslinked shells can be grown directly
onto the particles, simply by the addition of a bi- or multifunctional crosslinker
as a comonomer in the polymerization (5). Besides these two approaches, another
common approach to generate core/shell particles with hydrogel shells is based on
precipitation polymerization (Figure 6.2). In this case the polymer shell is built up by
precipitation of growing oligomer and polymer chains onto the nanoparticle surface
(6). Reactive groups on the nanoparticle surface can chemically help to anchor the
growing hydrogel to the nanoparticle. These examples only highlight the different
concepts applicable to encapsulate nanoparticles by hydrogels. Additional routes
may be suited for this task, for example, as in the mini-emulsion polymerization and
microfluidic approaches.

The encapsulation of nanoparticles into hydrogel shells has been shown for many
nanoparticle compositions, sizes, and even shapes. Already in 1994 Makino et al.
coated poly(styrene-co-N-isopropylacrylamide) (PS-co-PNIPAm) latex particles
with temperature-responsive shells of crosslinked poly(N-isopropylacrylamide)
(PNIPAm) [56]. These authors synthesized the copolymer cores in a first step using a
soap-free emulsion polymerization of styrene with 10 wt-% N-isopropylacrylamide
(NIPAm) as water-soluble comonomer. The resulting latex spheres were then coated
by crosslinked hydrogel shells using a seeded polymerization procedure with NIPAm
and the crosslinker N,N′-methylenebisacrylamide. The final core/shell particles had
single latex cores and thermo-responsive hydrogel shells homogeneously encapsu-
lating the cores. In a very similar fashion Okubo et al. have synthesized core/shell
particles with polystyrene (PS) and PS-co-PNIPAm cores, and copolymer shells
composed of dimethylaminoethyl methacrylate and ethylene glycol dimethacrylate,
as well as NIPAm and N,N′-methylenebisacrylamide [57]. In this work, the authors
have used seeded emulsion polymerization to encapsulate the pre-synthesized latex
cores. This two-step protocol resulted in core/shell particles with single nanoparticle
cores and homogeneous polymer shells. Dingenouts et al. studied the volume phase
transition behavior and the form factor of such core/shell particles using small-angle
X-ray scattering (SAXS) [58]. In this particular case polystyrene core particles with
hydrogel shells composed of chemically crosslinked PNIPAm were analyzed. The
scattering data revealed liquid-like local concentration fluctuations of the hydrogel
shell. In addition, the authors found that the linking of the hydrogel shell to the
latex cores reduces the swelling capacity of the shell. At the same time, a full chain
collapse at high temperatures is also prevented.

Extending the concept of seeded polymerization, Zha et al. have used silica
nanoparticles as seed particles to yield inorganic/organic core/shell particles [59].
To guarantee a covalent attachment of the polymerizing hydrogel network onto
the silica cores, these cores were functionalized with 3-(trimethoxysilyl)propyl
methacrylate. This functionalization led to the formation of terminal double
bonds on the nanoparticle surface. These double bonds could then be used to
bind the hydrogel shell obtained by copolymerizing NIPAm with the crosslinker
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N,N′-methylenebisacrylamide in the presence of the seed particles. The resulting
core/shell particles showed the expected volume phase transition behavior of
NIPAm-based hydrogels as determined by dynamic light scattering (DLS). Fur-
thermore, the authors could show that dissolution of the silica cores allows for
the preparation of hollow hydrogel shells. Following the protocol by Zha et al.,
silica cores of a broad range of sizes were incorporated into crosslinked hydrogel
shells by Karg et al. [60–62]. These authors studied the inorganic/organic core/shell
particles by different scattering techniques to investigate the swelling properties and
network structure of the hydrogel shells as well as the form factor of the silica cores.
Particles with a defined core/shell structure and core sizes up to 170 nm in diameter
could be successfully synthesized. In all cases, the hydrogel shells showed the
typical volume phase transition behavior of PNIPAm. In order to achieve core/shell
particles with metal nanoparticle cores bearing a much higher refractive index than
silica, the same authors have used silica-coated gold nanoparticles as core material
[60]. Due to the silica coating on the gold particles, the same surface chemistry
as for functionalization of pure silica nanoparticles could be applied. This way,
gold/silica/PNIPAm core/shell/shell particles with thermo-responsive outer shells
could be realized.

The direct encapsulation of gold nanoparticles of 17 nm in diameter into respon-
sive hydrogel shells has been presented by Kim et al. [63]. These authors used
surface-initiated ATRP to polymerize PNIPAm shells on gold nanoparticles. This
was achieved by attaching a disulfide containing ATRP initiator on the gold nanopar-
ticle surface. Using NIPAm as monomer and ethylene diacrylate as crosslinking
comonomer, the authors were also able to produce core/shell particles with a
crosslinked shell apart from brush-type core/shell particles with a non-crosslinked
shell. Larger gold nanoparticle cores of 67 nm in diameter were encapsulated by
shells of PNIPAm with different degrees of crosslinking by Contreras-Cáceres et al.
[64]. In their protocol the authors used cetyltrimethylammonium bromide (CTAB)
stabilized gold nanoparticles prepared in a seeded-growth fashion, and they poly-
merized a first layer of PS crosslinked with divinylbenzene around these cores. This
first polymer layer improved the colloidal stability of the gold particles and made
their surface compatible for the precipitation polymerization of NIPAm with the
crosslinker N,N′-methylenebisacrylamide. The latter precipitation polymerization
led to core/shell particles with thermo-responsive hydrogel shells. Furthermore, the
authors demonstrated that the porous hydrogel shell allows chemical overgrowth
of the gold cores. Applying different amounts of the stabilizer CTAB in the
seeded-growth of the gold cores larger cores of around 90 nm in diameter with
either a spherical or a star-like shape could be prepared. The same authors have also
shown that the concentration of the monomer NIPAm during the polymerization
can be used to realize different shell thicknesses and different crosslinking densities
[65]. These parameters could be used to tune the response behavior of the core/shell
particles.

A more general approach for the encapsulation of metal nanoparticles was intro-
duced by Fernández-López et al. [66] These authors used a layer-by-layer strategy
to coat CTAB-stabilized gold nanoparticles by an allyl-containing poly(acrylic acid).
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The incorporated allyl groups could then be employed for the attachment of a hydro-
gel shell formed by precipitation polymerization. In this manner, the authors were
able to encapsulate spherical, decahedral, and star-shaped nanoparticles into PNIPAm
hydrogel shells.

Recently, Karg et al. have shown that gold nanoparticles of 14 nm in diameter can
be homogeneously encapsulated by PNIPAm-based hydrogels without the need of
an intermediate polymer coating [67, 68]. These authors have directly functionalized
as-prepared gold nanoparticles with 3-butenylamine and then performed a precipi-
tation polymerization of NIPAm with the crosslinker N,N′-methylenebisacrylamide
in presence of the functionalized gold nanoparticles. Tuning the monomer feed con-
centration in the polymerization step and varying the crosslinker amount and addition
procedure, core/shell particles with various shell thicknesses, shell morphologies, and
swelling capacities were achieved.

Most examples in the literature so far employed hydrogel shells composed of
NIPAm with the crosslinker N,N′-methylenebisacrylamide prepared via precipita-
tion polymerization. Hence the resulting core/shell particles show the typical vol-
ume phase transition behavior of PNIPAm in water. This is an interesting aspect
for assembly of such core/shell particles because the shell thickness becomes con-
trollable by temperature. Also a response to pH and ionic strength can be easily
programmed in the polymer shell by introducing chargeable functionalities such as
carboxyl or amine groups. These groups can be introduced, for example, by copoly-
merization with respective comonomers. Thus, depending on the chemical compo-
sition, the physical properties of the polymer shell can be a function of external
parameters such as temperature, pH, and ionic strength among others such as electric
field and light. The responsiveness of such core/shell particles has led to an enormous
interest in the last decades due to their potential in applications such as sensing, actu-
ation, smart membranes, and as drug delivery systems. Since the main interest in
this book chapter lies on the self-assembly of polymer-encapsulated nanoparticles,
the reader is referred to these excellent review articles for further information on
responsive core/shell materials and their potential applications [69–74].

6.2.2 Distance Control in 2D and 3D

As depicted in Figure 6.1, for several optical and electronic phenomena, interparti-
cle distances in particle assemblies have to match certain well-defined length scales.
Therefore, it is crucial to control the interparticle distances or pitch of nanoparticle
lattices on surfaces or in bulk matrices. Molecular and macromolecular ligands allow
for covering interparticle spacings between 1 nanometer and several 100 nanometers
(see Figure 6.3A). Here the main parameter in order to control the distance in 2D and
3D assemblies is the thickness of the macromolecular corona.

Directly from synthesis, small-molecule stabilizers such as citrate yield interparti-
cle distances of only 1 nm. Figure 6.3B shows a colloidal monolayer of 14 nm-sized
gold nanoparticles crystallized into hexagonally close-packed lattices [75]. The spac-
ing corresponds well with the size of two overlapping citrate molecules in-between
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Figure 6.3 Distance control in 2D assemblies: (A) Length scale of interparticle spacings
with corresponding examples of macromolecular ligands: citrate (from synthesis), short chain
oligomers/surfactants, surfactant–polymer hybrids, linear polymers of different molecular
weights, and hydrogel shells. (B) As-synthesized citrate-stabilized gold nanoparticles. Adapted
with permission from [75]. Copyright 1993 ACS. (C) Fe3O4 nanoparticles with oleic acid
and modified with PS ligands. Adapted with permission from [26]. Copyright 2014 ACS. (D)
Gold nanoparticles with shells of linear PNIPAm ligands. Adapted with permission from [76].
Copyright 2013 ACS. (E) Ordered arrays of gold nanoparticles with crosslinked PNIPAm
shells assembled at the air/water interface at different (transfer) surface pressures. Surface
pressure-area isotherm and corresponding monolayer assemblies after transfer to solid sub-
strates. Adapted with permission from [77]. Copyright 2012 ACS .

two particles separated by steric repulsion, if all three carboxyl groups are coordinated
toward the surface [75].

To increase the spacing, the original ligand shell can be substituted for oligomeric
ligands, which are surfactants with chain lengths of up to twenty carbons. Conse-
quently interparticle separations with oligomeric ligands are inherently limited by
their short persistence length and their inherent tendency to intercalate when situated
in close contact. Especially in the longer alkyl chains with coordination groups of
moderate binding affinity, some interpenetration of contacting ligands may occur,
leading to a decrease in the interparticle spacing. Thus surfactants can provide
spacings up to about 4 nm [78]. The interparticle separation increases linearly
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with the number of CH2 groups, though the size of the head group and of the
methyl-terminating group should be taken into account [75]. The surfactant-oligomer
hybrids, composed of a short oligomeric anchoring chain (HS-C11H22-) and a small
number of repeating units of poly(ethylene glycol) (-PEG6-COOH), can only provide
for about 4–6 nm of spacing [79]. Larger separations inherently require a transition
from oligomers to polymers.

Figure 6.3C shows the application of PS ligands to widen the interparticle gaps
in a colloidal 2D assembly of 5 nm-sized Fe3O4 nanoparticles [26]. The first TEM
image shows the iron oxide particles with their original oleic acid corona, as received
from synthesis. The next images show assemblies of the same core particles but
with PS ligands of different molecular weights (Mn = 1000, 3450, and 8450 g/mol)
introduced by direct polymer ligand exchange using poly(ethyleneimine) anchors.
Here the shortest PS spacer with merely 1000 g/mol, which corresponds to about 10
repeating units, shows an even smaller particle spacing (7.2 nm) than the original sta-
bilizing corona of oleic acid. Only when the ligands become significantly longer, 30
and 80 repeating units, the 2D spacing increases to about 8–10 nm [26]. In order to
yield well-defined and controllable distances, the ligand corona has to be dense and
homogeneous [26, 80].

Another example of molecular-weight-dependent changes in spacing is shown
in Figure 6.3D. Ebeling and Vana prepared 14 nm-sized gold nanoparticles with
linear PNIPAm chains prepared by RAFT polymerization [76]. The resulting
self-assembled lattices of gold cores show interparticle spacings from 11 to 41
nm, depending on the molecular weight of the ligand. The authors indicated that
the spacing does not increase strictly linear with increasing molecular weight of
the PNIPAm ligand (see Figure 6.3D, plot to the right). The observed deviation
from the model is due to imperfections of the (partially coiled) polymer brush and
variations in the grafting density. Besides the end-tethered ligands, the authors
presented also ligand motifs resulting in more complex (e.g., crosslinked) binding
scenarios [76].

One might expect that the step toward even wider spacings can be simply
done by further increasing the size of the polymeric ligands. However, at high
molecular weights the binding strength of only one anchoring group may not
suffice to keep the polymer chain tethered to the particle surface [81]. Pletsch
et al. reported on Ag particles modified by direct polymer ligand exchange of the
original poly(vinylpyrrolidone) (PVP) shell for thiol-terminated PS chains with six
different molecular weights between 21,200 to 217,200 g/mol [82]. Especially for
higher molecular weights, a tendency toward aggregation was found even though
the NMR results and elementary analysis indicated a quantitative ligand exchange.
This colloidal instability may result from the irreversible desorption of the polymer
ligand from the particle surface, owed to the imbalance of ligand size and anchoring
strength (Au-thiol binding) above a threshold molecular weight.

In order to achieve homogeneous particle arrays of larger spacing, this colloidal
instability needs to be avoided. As already discussed in the previous section, one
measure to counteract such instabilities is to crosslink the ligand shell forming a
stable core/shell particle. Karg et al. have shown that monolayer of gold/PNIPAm
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core/shell particles can be prepared by different methods such as spin-coating [83].
Using hydrogel shells of two different thicknesses, the authors show that the surface
coverage of gold nanoparticles can be tuned. The monolayers were characterized by
imaging as well as by spectroscopic techniques. The optical properties of the mono-
layer studied by ellipsometry revealed a larger area fraction of gold particles for the
monolayer prepared from core/shell particles with thinner hydrogel shells. Hence, it
could be shown that the hydrogel shell allows adjustment of the interparticle separa-
tion of the nanoparticle cores.

Capitalizing on the soft properties of hydrogels Vogel et al. achieved a
gold nanoparticle monolayer with different interparticle distances using a
Langmuir–Blodget approach [77]. These authors used gold cores of 60 nm in
diameter homogeneously encapsulated in a soft PNIPAm hydrogel shell by
precipitation polymerization. Figure 6.3E shows ordered 2D assemblies of the
Au@PNIPAm gel particles, which were assembled at the air/water interface and
transferred onto solid substrates. Due to the deformability of the soft hydrogel shell,
spacings of 650–300 nm, controlled by the surface pressure, could be obtained. The
hexagonal ordering is preserved throughout the isotherm and even after transfer
of the monolayer onto substrates allowing for precise tuning of the interparticle
distances.

Recently, Clara-Rahola et al. have shown that the temperature sensitivity of PNI-
PAm can be used to tune the surface coverage of 2D arrays of PNIPAm-encapsulated
gold nanoparticles [84]. In this work the particle arrays were prepared by drop-casting
and drying the dilute particle dispersions on indium tin oxide (ITO)-coated glass
substrates at different temperatures. The authors showed that the polymer shells
can be removed by post-treatment of the particle arrays with plasma etching, hence
allowing the preparation of a metal nanoparticle monolayer with tunable interparticle
separation.

The effect of surface charge on the assembly of core/shell particles with PS cores
was investigated by Lu et al. [85]. Core/shell particles with positive and negative
surface charge were prepared by simply changing the type of radical initiator used
in the polymerization of the hydrogel shell. Ordered structures were obtained for
assemblies of charged particles on oppositely charged substrates; however, the degree
of order was significantly lower for substrates with an equal sign of charge.

Apart from distance control in two dimensions, the self-assembly can be extended
to 3D organizations [87]. Due to the relatively large dimensions of hydrogel shells
employed for encapsulating nanoparticle cores, the effective particle volume is
strongly increased. This significantly lowers the amount of material needed to
achieve volume fractions, which are above the crystallization threshold. Karg et al.
have studied the phase behavior of gold nanoparticles with PNIPAm hydrogel
shell and identified a large range of concentrations where crystalline samples are
found [86].

Figure 6.4A shows a self-organized colloidal crystal of such core/shell parti-
cles. The hexagonal packing and high degree of order can be depicted from the
shown electron micrograph. For studying the crystal structure of 3D assembled
polymer-encapsulated nanoparticles, small angle scattering experiments are ideally
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Figure 6.4 Distance control in 3D assemblies: (A) SEM image of a colloidal crystal of gold
nanoparticles with shells of crosslinked PNIPAm prepared by precipitation polymerization
[Karg et al., unpublished data]. (B) 2D detector image from small-angle neutron scattering
of a crystalline Au/PNIPAm core/shell sample measured on the D11 instrument of the Insti-
tute Laue–Langevin at a sample-to-detector distance of 28 m [Karg et al., unpublished data].
(C) The pronounced Bragg peaks can be attributed to a face-centered cubic structure [86].
(D) Photographs of the crystalline samples under different angles of illumination [86]. The
strong Bragg diffraction can be seen with the naked eye. (E) UV/vis extinction spectrum of
a photonic crystal of gold/PNIPAm core/shell particles showing the typical localized surface
plasmon resonance of spherical gold nanoparticles and a diffraction peak [86]. (C–E) Adapted
with permission from [86]. Copyright 2011 Wiley. (See color insert for color representation
of this figure).

suited. Figure 6.4B shows a 2D detector image obtained from small angle neutron
scattering (SANS) investigation of a colloidal crystal of hydrogel encapsulated gold
nanoparticles. The detector image shows strong Bragg peaks, indicating the high
degree of order in the colloidal crystal. In this particular case, the Bragg peaks
correlate well with a face-centered cubic lattice (Figure 6.4C). For sufficiently
large lattice constants, achieved by large hydrogel shell thicknesses, such crystals
are characterized by strong and narrow diffraction peaks, which are located in the
visible wavelength range. As shown in Figure 6.4D, the crystalline sample exhibits
a strong purple iridescence upon top illumination (90∘), whereas at an incident
angle of 45∘ the reflection appears deep red. The UV/vis extinction spectra reveal
the typical localized surface plasmon resonance of the gold cores (519 nm) and the
lattice diffraction (560 nm). Increasing the volume fraction led to a blue shift of the
diffraction peak due to a decreasing lattice constant [86]. Furthermore, the authors
have shown that temperature can be used to melt and anneal the crystals, due to the
volume phase transition behavior of the thermo-responsive PNIPAm shell.

The examples in this section have illustrated that polymer decoration of nanopar-
ticles enables the preparation of 2D and 3D assemblies where the polymer shell
thickness can be employed to control the interparticle distance. Furthermore, it
was shown that the soft and deformable properties of polymers allow for the
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reduction of the interparticle separation when for example the volume fraction is
increased. The control of the particle gap is prerequisite for the development of
optically functional materials that show, for example, strong coupling to external
electromagnetic fields as a consequence of collective plasmonic oscillations [87].
As a result, frequency-selective responses of high spectral quality are achievable.
Such features increase the potential of colloidal crystals as well as other examples
of 3D assemblies like composite and inverse opals to open up new pathways to
sophisticated photonic applications [88].

6.2.3 Breaking the Symmetry

After the discussion of macromolecule-guided self-assembly to fabricate
close-packed structures in 2D and 3D, the following section will focus on the
controlled formation of linear assemblies. The means by which the aggregation of
nanoparticles can be directed toward the formation of chains and rings is by breaking
the symmetry.

Figure 6.5A introduces the concept of employing the reversibility of surface coor-
dination for controlled aggregation. Ehlert et al. showed that reduction of the ligand
excess in the direct polymer exchange may result in formation of short multiplet
chains and percolated networks from 4 nm CdSe particles stabilized by PS ligands
[26]. Following the mass action law, the substitution of ligands is determined by
the ligands’ binding affinities (equilibrium-binding constant K) and the available lig-
and concentrations at the particle surface and in solution. Therefore the stability of
polymer-stabilized nanoparticles can be reduced in a controlled fashion by using lig-
ands with lower binding strength and/or reducing the excess of the polymer ligands in
the ligand exchange [26]. An alternative approach is the application of a competing
ligand with higher binding affinity in order to reduce the brush density at the particle
surface and thus its colloidal stability.

Kumacheva et al. reported on the assembly behavior of bifunctional nanoparti-
cles site-specifically functionalized with low- or high-molecular-weight ligands [89].
Figure 6.5B shows gold nanorods with a surfactant bilayer of CTAB at the longitudi-
nal side and PS end-caps at both ends. The end-caps consist of thiol-terminated linear
PS chains of 12,000 g/mol, which were attached by partial ligand exchange based on
different crystallographic facets of gold [89]. Upon aggregation in a selective sol-
vent mixture, such amphiphilic nanoparticles form linear aggregates by end-to-end
aggregation. However, bifunctionality is not mandatory to break the symmetry in
nanoparticle self-assemblies, and also nanoparticles with an isotropic/uniform macro-
molecule form linear end-to-end assemblies.

Figure 6.5C shows the solution-based self-assembly of silver nanocubes and
spheres into dimers and linear oligomers [90]. The 50 nm-sized nanoparticles were
stabilized by thiol-terminated PS ligands of 5,000 g/mol attached by ligand exchange.
The self-assembly upon controlled aggregation was triggered by the reduction of
the solvent quality for PS. Surprisingly, predominantly linear aggregation takes
place. End-on attachment was explained as due to attractive hydrophobic/poor
solvency forces and repulsive electrostatic forces of charged nanoparticles in a
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Figure 6.5 Controlled aggregation of polymer-decorated nanoparticles into linear assem-
blies: (A) Controlled aggregation of CdSe nanoparticles decorated with PS brushes forming
short chain multiplets and percolating branched networks. Adapted with permission from [26].
Copyright 2014 ACS. (B) Self-assembled rings and chains of PS end-capped CTAB-stabilized
gold nanorods in selective solvents. Adapted with permission from [89]. Copyright 2007 NPG.
(C) TEM images of self-assembled dimers and linear chains of nanocubes and nanospheres
with PS ligands. The schematic depictions show the contact situation and define the contacting
angle α for cubes and β for sphere assemblies. Adapted with permission from [90]. Copyright
2014 ACS.

solvent with a high dielectric constant. In comparison to nanospheres, nanocube
assemblies exhibited significantly higher collinearity because of the preferential
face-to-face configuration that allows for larger contact areas and/or overlap volumes
of two ligand shells in contact (see Figure 6.5C). The authors found that 75% of
neighboring cubes show a junction angle 𝛼, the angle between the faces of the
adjacent cubes, of less than 10∘. Face-to-face orientation provides the maximum
screening of interactions of PS with the poor solvent. By reducing the particle size
to 25 nm but using the same PS ligand, the junction angle is increased significantly
(only 30% with α < 10∘) and thus reduced face-to-face orientation. Regarding longer
nanoparticle oligomers, this trend translates to a high collinearity for nanocube
assemblies (70%, β > 160∘). Consequently, nanosphere assemblies suffer from the
small contact area/overlap volume and show higher tendency to bend or form kinks
(45%, β > 160∘) independent of the particle-to-shell size ratio [90].
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6.3 GUIDING ASSEMBLY BY DECORATION WITH
BIOMACROMOLECULES

While we have focused on nanoparticle modification by artificial macromolecules
in the previous chapter, we will now turn our attention toward biomacromolecules,
which are of particular interest for further increasing structural, chemical, and bio-
logical complexities. Biological molecules exhibit extremely well-defined molecular
structures, shapes, and chemical activity as a result of the defined placement of spe-
cific functional groups in space and in time. Consequently, hierarchical 3D structures
from molecular scale to macroscale and complex enzymatic cascade reactions are
achieved. These features have motivated many researchers of different scientific com-
munities to take advantage of the complexity already present in these materials and
manipulate them for directing the formation of intricate nanostructures. Thereby, the
physicochemical interactions in these biological macromolecules that give rise to the
structural and functional diversity in nature are adopted for guiding the self-assembly
of colloidal nanoparticles because of their specificity and programmable nature [91].
The two main classes of such biological macromolecules are the polynucleic acids
(DNA and RNA) and polypeptides (proteins, enzymes). In the following, we will
discuss the strategies to show how nanoparticles can be decorated with such biopoly-
mers to subsequently induce self-assembly into sophisticated nanostructures in 2D
and 3D.

6.3.1 DNA-Assisted Assembly

DNA-assisted assembly has opened a wide field of well-defined nanostructures due
to the unique properties of DNA, in particular its specific base-pairing interactions
known as the Watson–Crick base-pairing [92]. Figure 6.6A shows a schematic repre-
sentation of an unfolded paired strand of DNA coordinated by the local interactions
of its four building blocks (adenine, thymine, guanine, and cytosine) that are trans-
lated into the characteristic double helical structure and folding. Here the nucleic base
adenine pairs exclusively with thymine, and guanine pairs with cytosine via inter-
molecular hydrogen bonds (see Figure 6.6B), allowing for highly specific recognition
and reversible bonding [92, 93].

Seeman [93] was one of the first researchers in the DNA technology field who
suggested DNA as a structural material for self-assembly using base-pairing interac-
tions [92]. By programming structural design in the DNA and using them as DNA
scaffolds or site-recognition entities, complex DNA-assisted nanoassemblies can be
obtained [96–102]. The basic concept for DNA-assisted assembly of nanoparticles
comprises of attaching a DNA single strand orthogonally to a nanoparticle surface and
hybridizing it with a complementary strand, which is attached to another particle or
surface [103]. In 1996, Mirkin et al. and Alivisatos et al. were the first researchers who
used DNA-hybridization to assemble nanoparticles into nanoparticle arrays [94] and
distinct dimers and trimers [95]. They applied thiol-functionalized complementary
strands of DNA and attached them to different gold nanoparticles, owed to the thio-
philic character of gold (see Figure 6.6C). In this respect, DNA strands with terminal
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Figure 6.6 Principles of DNA ligation and hybridization as schematic representations: (A)
Helical segment of double-stranded DNA with (B) Watson–Crick base-pairing. (C) Decoration
of nanoparticles by ligands with terminal thiols of disulfides. (D) Hybridization strategies uti-
lizing single-stranded DNA: direct linking of complementary ligands versus hybridization of
noncomplementary ligands via a linker segment. (E) Simplified transition of hairpin segments
into extended DNA ligands [94, 95].

thiol or disulfide proved to be the most applicable for ligation on gold nanoparticles.
Consequently, the nanoparticles with the complementary strands could be assem-
bled upon the hybridization of the DNA strands (see Figure 6.6D). In general, two
hybridization strategies found application: (1) nanoparticle decoration with comple-
mentary strands for selective but immediate coupling (Figure 6.6C); and (2) nanopar-
ticle decoration with noncomplementary strands, which require an additional linker
strand with the respective inverse motifs as a mediator (Figure 6.6D). The latter strat-
egy, upon application of distinct linker agents, allows for highly selective addressing
of specific nanoparticles based on their ligation. Hairpin segments bring additional
functionality for structural control. Hairpin loop segments arise from back folding
a single strand of DNA, owing to intrastrand base-pairing of complementary base
regions. The resulting loop structure is a key feature in the folding of RNA secondary
structures. Upon unpairing, such hairpin loops allow for the subsequent extension of
ligand-coordinated assemblies, yielding variations of interparticle separations (see
Figure 6.6E) [94, 95].

Since then, a huge number of different approaches for the fabrication of nanostruc-
tures by DNA self-assembly were developed [96–102]. Simple as well as complex
2D and 3D nanostructures such as oligomeric nanoparticle chains [104], chains of
nanoparticle pairs (tetramers and hexamers) [105], 3D networks, nanoparticle assem-
blies in triangular [106], square [106], hexagonal [107], and chiral configurations
[108] have been reported. In addition, particle assemblies in core/satellite nanostruc-
tures consisting of a central nanoparticle linked to satellite nanoparticles were also
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achieved by DNA-hybridization approaches. Here the core and the satellite parti-
cles can be varied in their material composition such as by semiconductor quantum
dots [109] or metals such as gold or silver nanoparticles [110, 111], and in shape
such as isotropic and anisotropic [112, 113]. For the DNA decoration of the various
nanoparticles, ligation strategies vary from single thiol and dithiol bonds for metal
and semiconductor particles and classical amide bonds using amine and activated
carboxylic groups [103]. The combination of the nanoparticle building blocks can be
performed in dispersion or on functionalized substrates. For example, core/satellite
nanostructures consisting of a gold core and gold satellites [114, 115], silver core and
gold satellites [110, 116], and semiconductor quantum dot core with gold satellites
were obtained in dispersion, using DNA [109].

Besides the configurational and compositional variations, also switchable and
reconfigurable assemblies can be achieved using sophisticated DNA designs
and combinations. Using hairpin-structured DNA, reconfigurable and switchable
Au-core/Au-satellite nanoclusters are obtained, where the interparticle distance
between the core and the satellite nanoparticles can be changed. The DNA-tether
between the particles was designed to assemble in a compact (hairpin) state and
to reconfigure to an extended state by activated strand substitution. These types of
nanoassemblies can be used as molecularly driven plasmonic switches [110, 115].

Interparticle distances in DNA assisted assemblies can also be tuned by using DNA
of various lengths. For example, Cheng et al. have employed such a DNA-based route
to create freestanding nanoparticle superlattices (see Figure 6.7A) [117]. The authors
have capped gold nanoparticles of 13 nm in diameter with single-stranded DNA using
thiol-linkers and were able to prepare freestanding nanoparticle films trough dewet-
ting on a microhole substrate. Using DNA strands of different lengths, the authors
were also able to tune interparticle distance within the nanoparticle sheets. Although
DNA is solely used as a ligand here and base-pairing was not involved in the lattice
formation, this example nicely shows how DNA can be used as a versatile capping
agent to achieve homogeneous, ordered nanoparticle structures with large dimensions
[117].

Figure 6.7B shows the pH-responsive core/satellite assemblies for use in living
cell plasmonic imaging. These nanostructures/clusters are assembled from a com-
plementary recognition of binary gold nanoparticles. The coupling of 50 nm cores
carrying a guanidine-rich motif ligand and the satellites (14 nm in diameter) with the
inverse motif (see Figure 6.7B, bottom left) was archived avoiding the formation of
macroscopic aggregates (core : satellite = 1:200, at pH 8) [118]. Upon assembly, a
red shift of the LSPR of 14 nm relative to that of the initial Au core nanoparticle
dispersion was observed. Upon changing the pH to 5.0, the LSPR band showed a
sharp blue shift, indicating the release of satellite nanoparticles (disassembly). The
pH-triggered assembly and disassembly was also monitored by measuring scattering
spectra from single nanoclusters [118].

The DNA-assisted approach was also used to combine different shaped nanopar-
ticle building blocks. Core/satellite nanoclusters consisting of a triangular Au
nanoprism core and spherical Au satellites were reported [112]. Asymmetric gold
Janus nanoclusters were synthesized by a stepwise surface-encoding protocol. The
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Figure 6.7 Examples of DNA-mediated assembly of nanoparticles upon DNA hybridization:
(A) Distance control in freestanding superlattices of gold nanoparticles capped with DNA
linker of variable length. Adapted with permission from [117]. Copyright 2009 NPG. (B)
core/satellite structures of particles functionalized with complementary DNA ligands. TEM
image show the dense population of satellites around the core particles. Adapted with permis-
sion from [118]. Copyright 2013 RSC. (C) Chiral pyramids of DNA-nanocrystal conjugates.
TEM images show that the assembled enantiomers exhibit different chirality (left R, right
S). Adapted with permission from [108]. Copyright 2009 ACS. (D) DNA-guided amorphous
aggregation and subsequent reorganization into nanoparticle crystals. Adapted with permission
from [119]. Copyright 2008 NPG.

predominant penta-valent core/satellite structures were obtained after different
immobilization (on functionalized substrate), hybridization, and release steps using
different sized DNA-encoded Au nanoparticles [111, 120].

Figure 6.7C shows chiral pyramids of DNA-nanoparticle conjugates using gold
nanoparticles. Initially, when nanoparticles of equal sizes join, pyramidal assemblies
are formed. The pyramidal geometry was confirmed by SAXS. The use of specific
DNA ligands allows for control over the spatial position and order of these nanoparti-
cles. Consequently, by joining tetraeders of nanoparticles that all differ in size, chiral
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nanostructures are feasible. The corresponding TEM images show the successful
assembly of enantiomers of different chirality (left R, right S) [108].

Figure 6.7D shows the DNA-guided crystallization of binary nanoparticles into
aggregates of variable long-range order. Gold nanoparticles with complementary
DNA decorations were assembled by hybridization into mesoscale aggregates. At
room temperature, an initially amorphous phase of DNA-linked aggregates is formed
upon recognition. At elevated temperatures, a melting-induced disassembly of the
amorphous aggregates may be induced. Upon subsequent cooling, the system either
falls back to its unordered amorphous phase or experiences spontaneous crystalliza-
tion. This suggests a coexistence of reorganized densely packed particles, which
may act as nuclei for crystal growth, and unassembled particles. By thermal cycling,
crystalline aggregates with remarkable long-range order could be produced. This
temperature-triggered reversible hybridization/dehybridization of DNA allows 3D
networks of nanoparticles to be modulated and reconfigured. Reversible aggregation
can provide for structural and compositional control in ordered 3D nanoassemblies
[119].

In conclusion, DNA-assisted self-assembly is highly selective and offers the pos-
sibility to fabricate well-defined nanoparticle assemblies of variable interparticle dis-
tances in a variety of complex structures. Moreover, the possibility to use reconfig-
urable or stimuli-responsive DNA-based linkers makes this method interesting for
several applications. However, this assembly method is poorly scalable and requires
high cost synthesis routes, making this method less feasible in applications.

6.3.2 Protein-Assisted Assembly

In comparison to DNA and RNA, proteins are another class of biopolymers that are
highly diverse and embed hierarchically many layers of molecular and structural
organization. Proteins are macromolecules consisting of 21 different monomers,
namely amino acids with hydrophilic and hydrophobic residues bond into a polypep-
tide chain. In order to minimize the conformational energy of individual amino
acid residues in the chain, to maximize hydrogen bonding of polar groups, and to
bury hydrophobic residues away from the aqueous environment, these chains fold
and organize into highly ordered 3D architectures. The folded proteins can further
self-assemble upon molecular recognition to protein superstructures and protein
complexes, giving rise to unique functional entities such as transmembrane pumps
and molecular motors [121].

Hence proteins and protein structures have been widely employed to assemble
colloidal nanoparticles, and used either as scaffolds or recognition entities (Fischer’s
key–lock principle) [122] for guiding nanoparticle assemblies. In the following, we
will discuss different strategies and requirements for decorating colloidal particles
with proteins that can be used in their 2D and 3D assemblies. In general, there are
three main principles for the protein decoration of nanoparticles that find application
in protein-assisted assembly of nanoparticles: covalent binding (Figure 6.8A), peptide
affinity binding (Figure 6.8B), and physisorption (Figure 6.8C).
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Figure 6.8 Principles of protein decoration of nanoparticles as schematic representations:
(A) Chemisorption upon covalent bonding. (B) Metal-histidine coordination of proteins with
polyhistidine tags. (C) Electrostatic adsorption and physisorption of proteins.

For attaching proteins covalently to nanoparticles (Figure 6.8A), the nanoparticle
has to be first decorated with chemical functionalities such as carboxylates, amines,
alcohols, and thiols that enable protein attachment via organic coupling reactions,
yielding chemical bonds such as amides, esters, thioethers, and disulfide bonds,
respectively, between the particle coating and the protein [123, 124]. However, due
to the colloidal instability issues related to nanoparticles and the protein denaturation
problems under reaction conditions that are beyond the ideal conditions for proteins,
only few coupling reactions can be employed. The most applied reaction is the amide
coupling reaction, where primary amine group (-NH2) reacts with an activated car-
boxylic acid (-COOH) group in aqueous media. For the activation of the carboxylic
acid group carbodiimide compounds provide the most popular and versatile method.
The most readily available and commonly used carbodiimides are the water-soluble
EDC (1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride) for aque-
ous crosslinking and the water-insoluble DCC (N′,N′-dicyclohexylcarbodiimide)
for nonaqueous organic synthesis methods. N-hydroxysuccinimide (NHS) or its
water-soluble analogue (sulfo-NHS) is often included in carbodiimide coupling
protocols to improve efficiency or create dry-stable (amine-reactive) intermediates.
The amine coupling reaction is highly versatile in regard to proteins and particles
types, since proteins bear both amine and carboxylic groups and nanoparticles can be
easily decorated with amine or carboxylic functionalities. Besides amine-coupling
reactions, sulfhydryl-reactive chemical groups such as maleimides, haloacetyls, and
pyridyl disulfides (Figure 6.8A, bottom) can be used for attaching proteins cova-
lently to nanoparticles. The proteins are then covalently attached to nanoparticles
via thioether or disulfide bonds, respectively [124].

The second most applied strategy for decorating particles with proteins or peptides
makes use of metal affinity binding entities such oligohistidine tags (His-tags), which
have a high binding affinity toward metal surfaces (Figure 6.8B) [124]. Such His-tags
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are engineered biotechnologically or genetically into the protein sequence. Peptide
synthesizers (solid phase) or the above-mentioned coupling reactions (liquid phase)
can also be used to add a His-tag to peptide sequences. Finally, such His-tag-labeled
proteins attach to nanoparticles, with the His-tag attaching preferentially to the parti-
cle surface. The nanoparticles that can be employed are usually metal nanoparticles,
due to the high affinity of His-tags toward metals. However, the method is costly
and yields a very low amount of labeled proteins, owed to the multiple and arduous
protein engineering steps.

The third method of decorating nanoparticles with proteins comprises simply the
physisorption of proteins onto nanoparticles using electrostatic and van der Waals
forces (Figure 6.8C). Proteins readily adsorb onto nanoparticles forming an unde-
fined protein layer, the so-called protein corona on any type of nanoparticle system.
However, if metal nanoparticles are employed, the protein layer adsorbs strongly onto
the metal surface, yielding a robust protein coating [125–128].

Once immobilized onto nanoparticle surfaces, such protein-decorated nanoparti-
cles can be guided to self-assemble into complex structures via their inherent specific
interactions. One of the prominent specific interactions of proteins is based on the
bio-recognition principle, where the host protein binds a guest molecule or another
protein or peptide with high specificity. This binding principle is often referred
to host–guest or key–lock principle [122]. Figure 6.9 shows some of the widely
applied systems, including biotin–streptavidin (Figure 6.9A) [129], enzyme-inhibitor
(protein–protein) (Figure 6.9B) [130], aptamer–thrombin (oligopeptide–protein)
(Figure 6.9C) [131], and carbohydrate–lectin (carbohydrate–protein) (Figure 6.9D)
interactions [132]. Figure 6.9A and C show examples of gold nanorods functional-
ized with end-thiolated biotin or aptamer molecules at the nanorod tips, respectively.
Upon addition of the multivalent host protein streptavidin or thrombin, respectively,
the gold nanorods assemble tip-to-tip in longer particle chains. By attaching the
guest and host molecules on different particle types, multi-component assemblies
can be achieved. Figure 6.9B shows an example where a host protein (Barnase) is
attached to magnetic nanoparticles and the guest protein (Barstar) to a quantum dot.
Upon adding the Barstar-decorated quantum dots in excess to the Barnase-decorated
nanoparticles, the quantum dots arrange on the magnetic nanoparticles in a
core/satellite structure. It is worth noting that the decoration of nanoparticles with
proteins and their assembly can also be achieved, via immobilizing the guest
molecules (biotin, inhibitor protein, aptamer, carbohydrate; see Figure 6.9A–D)
onto the nanoparticles and then locking the host protein onto the immobilized guest
molecule. By adjusting the molecular ratio of the immobilized guest and free host
molecules, protein decoration or particle assembly can be achieved for low or high
ratios, respectively. Figure 6.9D shows an example for the latter case. Here the
nanoparticles are decorated with 𝛼-D-mannosyl or 𝛼-D-glucosyl residues (guest
molecule), and upon adding the host protein concanavalin A (ConA) at relative low
ratios, the particles assemble into 3D nanoparticle networks.

For the colloidal assembly of nanoparticles in dispersion (3D) and on substrates
(2D), it is critical that the functional coatings are robust and comply with such pre-
requisites as high colloidal stability, high concentration, tunable surface wettability,
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Figure 6.9 Examples of protein-mediated assembly of nanoparticles: (A) End-to-end assem-
bly (linear aggregation) of gold nanorods tip-functionalized by biotin disulfide with strep-
tavidin as linker. TEM images showing tip-to-tip aggregation of nanorod chains. Adapted
with permission from [129]. Copyright 2003 ACS. (B) Superstructure of a magnetic core par-
ticle (MP), quantum dots (QD), and superfacial tags (4D5scFv-Bn) utilizing the key–lock
type bio-recognition of two proteins (Barstar/Barnase). Bright-field (left) and fluorescence
microscopy images (right) showing trifunctional nanoparticle assemblies. Adapted with per-
mission from [130]. Copyright 2010 PNAS. (C) End-to-end assembly of gold nanorods
tip-functionalized with a thiolatedaptamer with thrombin as linker. TEM image with selected
tip-to-tip distances. Adapted with permission from [131]. Copyright 2009 ACS. (D) Mixed
monolayer assembly by aggregation of glyco-decorated nanoparticles using a protein (ConA)
as linker. UV/vis extinction before and after the addition of ConA. Adapted with permission
from [132]. Copyright 2013 RSC. (See color insert for color representation of this figure).

and stimuli-responsiveness. Defined protein coatings on metal nanoparticles have
revealed a facility to fulfill most of these requirements, thus enabling controlled mod-
ular assemblies [133] in dispersion and highly ordered, macroscopically scaled par-
ticle assemblies on substrates, for example, as shown recently by Hanske et al. [128]
for nanospheres and Tebbe et al. [134, 135] for nanorods.
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6.4 APPLICATION OF ASSEMBLIES

The previous sections provide scientists with a set of tools for gaining control over
structural features of nanoparticle assemblies. As highlighted in Figure 6.1, optical
and electronic properties correlate strongly with interparticle distances. In the fol-
lowing we will illustrate, with some selected examples for the case of plasmonic
nanoparticles, how optical properties can be tuned in the assemblies.

In particular, plasmonic coupling between nanoparticles is highly sensitive to vari-
ations in particle spacing, orientation, and material composition. Thus, applications
of macromolecular ligands as agents to direct the assembly of clusters or arrays of
plasmonic nanoparticles are already found in optical sensing and nonlinear nanopho-
tonics.

Pazos-Perez et al. have prepared highly symmetric plasmonic nanoparticle clusters
with coordination numbers (CN) up to 7 (see Figure 6.10A), and these clusters were
separated by density gradient centrifugation [136]. The authors used a macromolec-
ular linker of poly(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene oxide)
(PEO-b-PPO-b-PEO) introduced by direct polymer ligand exchange to substitute the
original surfactant shell of CTAB. The clusters were formed by gradual evaporation
of toluene from emulsion droplets of aqueous nanoparticle dispersions with toluene
[138]. The decrease in volume yields highly symmetric assemblies of closely assem-
bled nanoparticles with interparticle separations of about 2 nm. Compared to DNA or
other organic linkers, polymers exhibit lower Raman cross sections [139]. Therefore
polymer linkers are preferable for assemblies for SERS application because analytes
can be concentrated within close proximity of the particle surface while vibrational
signal contamination is avoided [136]. Confocal SERS and dark-field microscopy was
performed at the same positions and compared to electromagnetic modeling, reveal-
ing that the enhancement factor is proportional to the number of gaps in each cluster
(see Figure 6.10A).

Another factor for functional devices is the control of orientation of anisotropic
nanoparticles in their self-assemblies. Figure 6.10B shows an example of a 3D
self-assembled standing array of gold nanorods on micropatterned gold/glass
substrates using macromolecular ligands as directing agents [79]. The anisotropic
building blocks were modified with a thiol-terminated ligands consisting of
oligoethylene and oligo(ethylene glycol) blocks. Upon capillary and convective
assembly, vertically aligned and hexagonally close-packed multilayer colloidal
crystals are formed. The interparticle gaps of 5 ± 1 nm were determined by SAXS
[79] and are consistent with the proposed thickness of the ligand shell [140]. Both
the high spatial ordering and the small interparticle distances increase the hot spot
density, and therefore their Raman activity. The 3D nanorod arrays exhibited a 36
times enhancement compared to a commercial SERS substrate [79].

Apart from controlling the interparticle distances also the option to perform
post-modification of self-assembled particle arrays opens new pathways to control-
ling optical properties of nanoparticles. Müller et al. have shown that hexagonally
close-packed monolayers of gold nanoparticles can be prepared on macroscopic
substrates by spin-coating of Au/PNIPAm core/shell particles [137]. In addition,
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Figure 6.10 Application examples of assemblies of macromolecule-decorated nanoparticles:
(A) Organized plasmonic nanoclusters assembled from gold nanoparticles with block copoly-
mer shell. SEM images show clusters of discrete coordination numbers (CN), separated by
density gradient centrifugation. Dark-field single-particle optical spectroscopy next to the cor-
responding clusters; SERS enhancement as a function of CNs normalize to the enhancement of
a single particle. (Adapted with permission from [136]. Copyright 2012 Wiley.) (B) 3D arrays
of standing gold nanorods, modified with thiol-PEO-carboxyl ligands assembled into micropat-
terned substrates. SEM images show top and side view of the hexagonally close packing of
nanorods with interparticle gaps of 5 nm as evaluated from the transmission SAXS pattern (see
inset). SERS enhancement was studied for benzenethiol (see spectrum). (Adapted with permis-
sion from [79]. Copyright 2012 Wiley.) (C) Plasmonic library based on substrate-supported
gradiential plasmonic arrays with well-defined interparticle spacing: size distributions and
SEM images of gold nanoparticle arrays on a macroscopic glass slide (see photograph). The
gradual color change from nearly transparent to almost purple indicates the increasing parti-
cle sizes from top (9 nm) to bottom (57 nm) of the substrate. The monolayer assembly was
achieved by spin-coating Au/PNIPAm core/shell colloids onto the substrate and subsequent
overgrowth of the gold cores. (Adapted with permission from [137]. Copyright 2014 ACS.)
(See color insert for color representation of this figure).
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the authors have shown that these substrates can be used for the preparation of
nanoparticle arrays with a continuous gradient in particle sizes from 9 to 57 nm (see
Figure 6.10C). Consequently, this translates to a gradient in optical properties due to
the size-dependent plasmonic properties of the gold particles. The gradient array was
realized by immersion of a substrate-supported particle monolayer into a growing
solution containing CTAB, gold ions, and a mild reducing agent (ascorbic acid).
Due to the soft and porous character of the hydrogel shell of the adsorbed core/shell
particles, the reactants could diffuse into the shell and allow for autocatalytic
overgrowth of the gold cores. A dip-coating protocol with controlled immersion
time was used to achieve a continuous gradient in particle size. Hence, the particle
size became a function of the local position of the macroscopic substrate. The large
separation of the gold particles, which results from the rather thick hydrogel shells,
allowed avoiding aggregation and interparticle coupling of the plasmonic properties.
The combination of distance control and post-modification yields a plasmonic
library in form of particle arrays on macroscopic areas (see the photograph of a glass
slide in Figure 6.10C) [137].

6.5 CONCLUSIONS AND OUTLOOK

This chapter gave an overview of the tools that macromolecules provide for con-
trolling nanoparticle assemblies. At present, we can choose from a rich variety of
methods for ligand exchange/coupling of both artificial and biomacromolecules. In
turn, we can gain control over interparticle distances in close-packed assemblies in
two and three dimensions. Linear assemblies are feasible exploiting heterogeneities
in surface modification with artificial macromolecules and biomacromolecules offer-
ing access to even higher levels of complexity. Indeed structural control has already
been exploited for various applications like the examples in plasmonics mentioned in
the final section. Many other fields are currently emerging, such as photovoltaics [9]
and biosensing [141]. Given the diversity of approaches and potential applications,
it is, of course, difficult to speculate on the future of the field. Nevertheless, we want
to address two remaining challenges. Exploiting responsiveness of macromolecular
building blocks for creating tunable nanoassemblies is a logical next step after mas-
tering equilibrium situations. Indeed macromolecules are or can be made sensitive to
a whole range of external parameters such as solvent composition (including pH and
salt concentration), temperature, and electrochemical or biochemical stimuli. Conse-
quently the conformation/shape of nanoparticle coatings react toward those stimuli
and influence the structure of nanoparticle assemblies and their structure dependent
optical and electronic properties. A few works have demonstrated already the proof
of concept that the responsiveness of polymer coatings can be applied to control
assembly structures of nanoparticles in 2D and 3D [84, 86]. Mechanical deformation
of the typically elastic soft polymeric coatings offers another option. While widely
used for sensing and dynamic structural coloring on the scale of several hundreds of
nanometers, these effects have so far been relatively little used for nanoscale
distances, despite the great potential for adjusting properties. An interesting aspect
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is also that the electronic/optical effects that are linked to the desired structure can
be directly used as a structure guiding stimulus.

Dissipative assembly offers an exciting perspective for adaptive materials [86].
There are, of course, classic examples for artificial systems that illustrate the poten-
tial of shear-induced structure formation [142]. But beyond that, there are many
further options for influencing structure formation by dissipative processes. Espe-
cially for biological systems, structures are usually a result of equilibrium between
a structure-forming and a structure-breaking process. A typical example is the con-
stant polymerization and depolmerization of actin [143] and other fibrillar proteins as
well as the constant process of bone construction/deconstruction by osteoblasts and
osteoclasts [144, 145]. This dynamic equilibrium character of biological structures is
crucial for their adaptivity. Indeed supramolecular chemistry provides access to sim-
ilar designs, which could lead to living materials that are truly adaptive and not just
self-healing. Of course, biomacromolecules could as well be directly used for such
approaches.

These are just some examples for the broad range of options that macromolecular
design in combination with colloidal building blocks offers. Indeed, the chances are
very high that the macromolecular route will develop into a cornerstone of the next
generation of materials by design.
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