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Colloidal nanoparticles (NPs) have become versatile building blocks in a wide variety of

fields. Here, we discuss the state-of-the-art, current hot topics, and future directions based on the

following aspects: narrow size-distribution NPs can exhibit protein-like properties; monodispersity of NPs

is not always required; assembled NPs can exhibit collective behavior; NPs can be assembled one by one;

there is more to be connected with NPs; NPs can be designed to be smart; surface-modified NPs can directly

reach the cytosols of living cells.

he still young field of nanoscience has

already undergone major advances

and breakthroughs. Important dis-
coveries have been made and many ques-
tions have been answered. Synthetic pro-
tocols for precisely tuning the size, shape,
and properties of colloidal nanoparticles
(NPs) are now well established. This fine
control in the fabrication of NPs has pro-
vided researchers with new opportunities
for their use as functional building blocks,
bringing the properties displayed by NPs on
par with those of atoms and molecules.
Many NP superstructures with new proper-
ties and applications have been developed,
mimicking the behavior of efficient natural
machines (e.g., enzymes, proteins, biopoly-
mers, or viruses). This idea has had signifi-
cant impact on several major fields, such
as energy and biology. The question that
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remains is which direction is nanoscience
(based on NPs) heading? In this Nano Focus
article, we will highlight the state-of-the-art
topics and discuss possible future directions
of NP-based nanoscience.

Nanoparticles Can Exhibit Protein-Like Proper-
ties. Inorganic NPs, with size ranges of
1—100 nm, exhibit size- and composition-
dependent properties. For instance, semi-
conductor NPs and metal clusters exhibit
size-dependent absorption and emission
features due to size confinement of their
electronic states, while larger metal NPs,
which contain much larger numbers of
electrons, exhibit size- and shape-depen-
dent plasmonic properties. Similarly, NPs
made of magnetic materials show size-
dependent magnetization. Owing to their
discrete electronic states, semiconductor
NPs, also referred to as quantum dots (QDs),
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have often been termed as “artificial
atoms”. When NPs are brought in
close proximity to one another their
electronic states can couple, which can
further alter their individual properties.
They can exhibit molecule-like beha-
vior, which leads to the use of the term
“artificial molecules” to describe them.'
Similar considerations can be made
for metal NPs, where surface plasmon
modes couple and hybridize?

Narrow size-
distribution
nanoparticles can
exhibit protein-like

properties.

Besides the similarity of NPs and
their assemblies to atoms and mol-
ecules based on electronic states,
we can draw further similarities
between water-soluble NPs and pro-
teins when considering their inter-
actions with similarly sized macro-
molecules and their ability to produce
complex structural arrangements.?
Specific proteins can be assigned
to an exact chemical formula and
thus a precisely defined molecular
weight (leaving aside the fact that
some of their groups can be chemi-
cally modified and statistically pro-
tonated/deprotonated). Intramole-
cular forces between different parts
of the protein drive globular pro-
teins into defined structural confor-
mations. Conformations are not rigid,
though, as there are temperature-
dependent internal modes of fluctua-
tions (protein dynamics). Because of
their precise chemical formula and
well-defined structural conformation
(which can depend on temperature
and environment), many proteins can
self-assemble and form larger-scale
“particles” with long-range order. De-
pending on the crystallization proce-
dure, the number of proteins per unit
cell and the crystal lattice may vary.
How do NPs compare to this?® First
of all, water-soluble NPs and proteins
share similar nanoscale dimensions
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(see Figure 1a,b) and interfacial
chemistry. However, there is also a
substantial structural difference be-
tween them. Although some small
clusters exist that are composed of
an exactly defined number of atoms,*
NPs of one species in general will
have some variation in the numbers
of atoms in their core, and also
some variation in the numbers of
attached surfactant molecules on
their surfaces.’ Thus, NPs of one spe-
cies are usually not identical in their
atomic compositions, which distin-
guishes them from proteins. However,
modern synthesis techniques enable
preparations of NPs with extremely
narrow size distributions® Although
this is not absolutely required for
successful replication of protein prop-
erties, this can certainly help in mi-
micking their well-defined structure.
Concerning their assembly, the
types of forces that determine the
interactions of NPs with each other
and with their surroundings are the
same as those governing proteins.
These include van der Waals inter-
actions, dipolar attractions, electrostatic
repulsions,” and hydrogen bonding.
Computer simulations of NP interac-
tions can be built using previous
models developed for proteins?®
The manifestation of the similarity
between these interactions and the
nanoscale dimensions of NPs can be
seen in the self-organization of NPs
into superstructures reminiscent of
those observed for proteins (see
Figure 1c—e).7'9’10 Without narrow NP
size distributions, such superstructures
would not form lattices. Also, the issue
of the numbers and distributions of
capping molecules (surfactants) has
a particular relevance in the case of
anisotropic NPs, since curvature may
vary strongly from one part of the
NP to another, and the presence of
different crystalline facets may also
determine varying adsorption ener-
gies. This has been shown to affect
the assembly of gold nanorods, to-
ward both forming chains'' and in-
ducing side-to-side organization.'?
As an indication of interesting
future directions, there are growing
numbers of observations of functional
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similarities between NPs and pro-
teins,”> ' although the structural
variability of NPs makes their biolo-
gical function less specific. This dis-
advantage could be offset by the ther-
mal stability of the NP inorganic cores,
which can provide technological ad-
vantages in biotechnology and other
areas. Understanding where the struc-
tural and functional properties are
similar and where they are different
represents an important fundamental
aspect of the concept of NP—protein
analogies. Naturally, in our analogy
with proteins, solubility of NPs and
their colloidal stability is an important
issue, which will be discussed below.

We conclude that NP synthesis
is already an established field; NPs
of extremely high quality in terms
of size and shape are readily avail-
able for many types of materials,
rendering them as flexible building
blocks with several advantageous
properties that are in many ways
analogous to proteins.

Monodispersity of nanoparticles is not
always required. Having stated above
that almost perfectly monodisperse
NPs can now be routinely synthe-
sized, one may ask the question: is
monodispersity always advantageous?
Nature is complex and accommodates
both monodisperse as well as poly-
disperse “molecules”. Naturally syn-
thesized proteins are in general
monodisperse (as discussed above),
because they are composed of ex-
actly the same number of amino acids,
although the structure can vary due to
fluctuations and can be controlled by
post-translational modification. Mo-
lecular identity originates from the
way proteins are generated in cells.
Specific DNA sequences for corre-
sponding proteins are expressed via
protein biosynthesis. As each protein
of one type is built according to a well-
defined genetic code (ie, the same
DNA-based master plan) it has
the same sequence of amino acids.
Although single-molecule experi-
ments indicate that proteins behave
as individual entities (e.g., due to local
fluctuations imposed by changes in
their nanoenvironments),'® each pro-
tein of one type is designed to fulfill
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Figure 1. (a) Atomic simulation of the core structure of a tetrahedral CdS NP (SPARTAN software). (b) Molecular structure of the protein
human serum albumin (JMOL software, RCSB Protein Data Bank, 1A06). (c) Monodisperse NPs can behave like proteins, for example, in
forming 2D lattices. (d) Two-dimensional lattice of 13.4 nm Fe,O5 and 2.5 nm PbSe NPs. The scale bar corresponds to 50 nm. Image
reproduced from ref 85. Copyright 2009 American Chemical Society. (e) Two-dimensional lattice of Bacillus stearothermophilus NRS
2004/3a/V2 (outer face). The scale bar corresponds to 10 nm. Image reproduced with permission from ref 58. Copyright 1999 Wiley.

the same function, such as enzymatic
activity.

Nonetheless, many other types
of molecules are polydisperse, such
as biopolymers with a distributed
number of monomeric motives. Cel-
lulose fibers, for example, provide
structural strength, for which the
exact length is not critical. Multi-
meric proteins composed of variable
numbers of monomers are thus poly-
disperse. F-actin and tubulin proteins
also do not require a single well-de-
fined length to perform their function
as rails for molecular transport. How-
ever, the multimeric protein titin is
monodisperse, despite its large size.
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Titin acts as a ruler for the assembly
of the sarcomere with all of the mo-
lecular motors in exactly the correct
position, and thus, defined length
and monodispersity are required.
Generally, many molecular assem-
blies vary their composition according
to actual needs. The number of ribo-
somes translating RNA and the num-
ber of stator molecules in the rotary
motors of bacteria are just a few
examples. Thus, monodispersity of
biological molecules is not always
required and depends on the respec-
tive natural function of the molecule.

Also for NPs, the question of
whether monodispersity is required
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or not depends on the targeted
application, that is, if the required
functionality depends on size. This
point is nicely illustrated by consid-
ering some optical effects of NPs.
Titanium dioxide NPs (employed in
sunscreen) are used to absorb harm-
ful UV light and to convert it into
harmless heat. Although bigger NPs
have higher absorption cross sec-
tions per NP and thus may provide
more effective protection, monodis-
persity would not necessarily improve
protection from UV exposure, as smal-
ler NPs also exhibit sizable absorption.
In contrast, the wavelength of emis-
sion of QDs strongly depends on size,
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and thus, for applications where
high color purity is desired (ie.,
light-emitting QD-based devices),
substantially reduced size dispersity
is necessary; reduced size dispersity
also prevents detrimental reabsorp-
tion. In a variety of applications
where light-harvesting properties
of semiconductor QDs are impor-
tant, and, in particular, in those ap-
plications related to energy transfer
with QDs,'” size tunability and the
precise adjustment of the emission
spectrum of the donor toward the
absorption spectrum of the accep-
tor are important.’®2* Whereas
monodispersity is important in the
case of devices composed of unan-
nealed NPs such as in the aforemen-
tioned QD-based light emitting
devices (LEDs),** with sintered de-
vices where the NPs are further
grown after deposition, such as so-
lution-processed sintered CdTe QD
solar cells, increased size polydisper-
sity is less of a concern.?
Monodispersity of QDs as fluo-
rescence labels is essential when
multiplexed analyses of several tar-
gets, such as different mutants or
bacteria, are required.?® For poten-
tial medical in vivo applications,
monodispersity is desirable under
certain circumstances. Several or-
gans of the human body act as
size-selective filters,”” exemplified,
for instance, by the kidneys and, in
particular, by the glomerular base-
ment membranes.?®%° Small NPs
(<5—15 nm) are rapidly and effi-
ciently excreted through the kid-
neys by renal filtration and are thus
eliminated from the body.3°~%’
However, large NPs (>200 nm) are
easily detected by the immune sys-
tem, removed from the blood, and
delivered to the liver and the spleen,
and, to a lesser degree, bone. 34
Thus, monodispersity helps to con-
trol biodistribution*' and guide de-
livery. At the same time, without
having well-defined NP sizes, size-
dependent cytotoxic effects cannot
be properly investigated.’ In con-
trast, several commercial NP-based
products, such as the aforemen-
tioned sunscreen, are not made of
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monodisperse NPs, and this limits
our ability to access cytotoxic effects
of these samples based solely on
their physicochemical properties.
Self-organized systems of NPs
are examples for which NP “mono-
dispersity” can be desirable but is
not strictly necessary. Interestingly,
highly polydisperse NPs can give
rise to monodisperse assemblies as
represented by supraparticles (see
Figure 2a).*? These superstructures
represent dynamic NP systems in
equilibrium (see Figure 2b,c).** The
balance between the electrostatic
repulsion and various weaker attrac-
tive interactions results in the for-
mation of equally sized spheres and
core—shells from 200—300 individual
NPs even though the “building blocks”
display wide variations in size.*> The
simplicity of supraparticle assemblies,
their multifunctionality, structural ver-
satility, and similarity with viral parti-
cles represent interesting directions
for future research in nanostructures.

The simplicity of
supraparticle
assemblies, their
multifunctionality,
structural versatility,
and similarity with viral
particles represent
interesting directions
for future research in

nanostructures.

We conclude that monodispersity is
only required if at least one of the
desired functions of the NPs is related
to size or to the need for periodic
architectures, which ultimately de-
pends on the desired application.
Assembled nanoparticles can do more
than single nanoparticles. The func-
tional properties of different types
of NPs (made from different materi-
als, sizes, and shapes), such as fluor-
escent, plasmonic,44 magnetic,45
biological,*® and catalytic NPs, have
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been reviewed extensively.*’ ~° How-
ever, besides making use of the indi-
vidual functionality of the NPs, they
can also be self-assembled. As dis-
cussed above, supraparticles are one
example of such assemblies.*? Similar
to viruses (which they resemble struc-
turally), supraparticles possess a mod-
ular structure in which one can com-
bine the functionalities of different
building blocks such as semiconductor
and plasmonic NPs (see Figure 3a—d).
Colloidal crystals are examples of
assemblies of NPs that can exhibit
novel and better properties in com-
parison to individual NPs. The basis
of colloidal crystals is that NPs have
predominantly isotropic interparti-
cle interactions. Owing to extremely
narrow size distributions, self-as-
sembled colloidal crystals can reach
three-dimensional (3D) lattices with
millimeter-scale dimensions (i.e.,
macroscopic, see Figure 3e). An-
other type of self-assembly is based
on anisotropic NP interactions, mostly
characteristic of water-soluble NPs.
They do not have to be mono-
disperse, yet they self-assemble
into a large variety of superstruc-
tures based on the preferential pat-
terns of NP attachments to each
other. Initially, researchers demon-
strated the assembly of NPs in
chains and nanowires,” and subse-
quently, a family of NPs self-
assembled into sheets,” and more
complex 3D superstructures exem-
plified by gels®' and twisted nano-
ribbons were reported.’ Besides
the cases of assembly under the
influence of external forces, the
self-organization of NPs can also be
induced by forces from other mol-
ecules, as in excluded volume
interactions,”? which can be used
for fine-tuning the patterns and di-
mensions of assembled structures.
One way to control the interpar-
ticle spacing in these assemblies is
the use of a spacer such as a polymer
or microgel. For example, core—
shell microgels have well-defined
structures that consist of a single
NP core with a polymer shell. The
effective particle volume thus in-
creases, providing a spacer between
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Figure 2. (a) Nanoparticles with broad size distributions can assemble into quasi-monodisperse particles. (b) Assembly of core/
shell supraparticles from CdSe and Au NPs. The scale bars correspond to 50 nm. Images are reproduced with permission from

ref 42. Copyright 2011 Nature.

the NP cores that becomes important
for controlling nearest-neighbor dis-
tances in the self-assembly.>>>* Espe-
cially useful are responsive microgels
where the volume can be tuned
through external stimuli such as pH,
temperature, or ionic strength. This
then provides two ways of controlling
particle distances: first by controlling
the size of the spacer through syn-
thesis, and second through the use of
external stimuli. Discrete NP assem-
blies analogous to regular molecules
can also be made with great precision
using DNA connectors.>>>®

While the previous examples
considered direct self-assembly of
NPs both with and without specific
interparticle linkers, self-assembled
templates can also be used, to which
the NPs are subsequently bound.>”
A classic set of templates are two-
dimensional (2D) crystals of S-layer
proteins, which, depending on the
experimental conditions, can be
formed with different lattice types.”®
Nanoparticles can later be attached
to periodic structures and thus

PELAZ ET AL.

periodically assembled.”® Another
example of 2D protein crystals are
chaperonin templates. Engineering
the pore size of the barrel-like pro-
tein structure enables the assembly
of NPs with different sizes.*® Use of
DNA bridging offers even more flex-
ibility for designing one-dimen-
sional (1D), 2D, and 3D templates.®’
Beyond lattices, more sophisticated
structures are possible. For example,
single-stranded DNA, which exhibits
predesigned complementarity, self-
assembles into 2D sheets that roll
over into single DNA tubes of con-
trollable diameters, similar to the
formation of carbon nanotubes
(CNTs) from graphitic sheets. By
using “sticky” ends protruding from
the DNA lattice (i.e., by the modifica-
tion of the DNA subunits with pro-
truding nucleic acid tethers), NPs
can be attached.’*®® For example,
Au NPs could be hybridized with the
subunits of the tubes to form “honey-
comb” NP/DNA tube nanostructures.®
These concepts ultimately lead to
the development of DNA-origami

VOL.6 = NO.10 = 8468-8483 = 2012 W&)

WWww.acsnhano.org

templates, which are not necessarily
bound to surfaces.’®> These can be
used as templates that enable NP
assembly in 3D.%°

While the direct self-assembly of
NP lattices (without linkers) offers
only a limited degree of freedom
concerning the spacing between
the individual NPs and the composi-
tion of the lattice out of different
types of NPs, attachment of NPs
to self-assembled templates ena-
bles convenient tuning of inter-NP
distances. This strategy has been
employed for measuring distance-
dependent quenching effects.®’
However, because of their intrinsic
size, templates cannot provide the
same small distances between NPs
as are possible in directly self-as-
sembled NP structures. Therefore,
depending on the application, one
or both approaches can be selected.

Controlled NP assembilies lead to
materials with novel properties, due
to coupling effects exhibited by NPs
in close proximity. In the case of fluo-
rescent, semiconducting, plasmonic,
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Figure 3. Transmission electron microscopy images of (a) self-assembled monodis-
persed supraparticles of CdS (shell) and Au (core). The scale bar corresponds to
50 nm.** (b) Herpes simplex virus magnification ca. 40000x, with remarkable
structural similarity to the supraparticles as shown in image a. Micrograph from F. A.
Murphy, School of Veterinary Medicine, University of California, Davis. (c) Composite
NPs made out of a CdSe (shell) and Au nanorods (core). The scale bar corresponds to
100 nm.*? (d) Rabies virus. Magnification ca. 40000, with similar structure to the
composite NPs shown in image c. Micrograph from F. A. Murphy, School of Veterinary
Medicine, University of California, Davis. (e) Nanoparticles can be assembled into
periodic structures, such as 2D lattices. (f) If plasmonic NPs are brought into proximity,
an incident electromagnetic field can be amplified between the NPs, at so-called hot
spots (as depicted in red). The distribution of the electric field between the Au NPs is
shown. Image adapted with permission from ref 48. Copyright 2011 RSC Publishing.

and magnetic NPs, excited electronic
states and magnetic moments couple
to one another. By using assembled
QDs with different wavelengths, fluo-
rescence resonance energy transfer
(FRET) between adjacent QDs can be
used to funnel light from high to low
energies.®®~7° With the recent intro-
duction of compact ligands that pro-
mote strong interparticle coupling
and methods to dope QDs,”'~”3 NP
assemblies integrated into field-effect
transistors have shown high-carrier
mobilities exceeding 15 cm?/(V s)
and the benchmarks of conven-
tional thin film amorphous silicon
transistors.”*” In the case of plasmonic
NPs, plasmons of adjacent NPs can
couple, leading to enhanced plasmonic
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heating”®”” or hot spots for surface

enhanced Raman scattering (SERS)
and fluorescence’®”® enhancement
(see Figure 3f).2%8! Coupling of mag-
netic moments between adjacent
NPs can lead to changes in their
collective relaxivity.2#* Thus, in all
cases, the coupling of NPs changes
their properties. Other interesting
directions originating from changing
the properties of NPs through their
arrangement is the concept behind
chiral NPs®* and their assemblies 2>#°
which were observed only recently.
Here, 3D assembly of NPs can lead to
chirality, a property that is not speci-
fically controlled in the NP building
blocks.5%8778% |n this case, though,
there is no coupling between the

ACR T A RN
VOL.6 = NO.10 = 8468-8483 = 2012 A@@L%{\)

WWW.acsnano.org

assembled NPs: it is the interaction
of light with the NP assembly that
alters the assemblies’ properties to be
distinct from those of individual NPs.
Understanding the origins of the chir-
al properties of NPs and their relation
to those of typical carbon-based
structures® for both semiconductor
and metallic nanostructures is likely to
generate much interest in the future.

Cluster-assembled materials re-
present a limit of precise assembly
and controlled coupling.®’ In this
case, precisely stoichiometrically de-
fined clusters (e.g., As; or Auy,) are
held together by ionic, covalent, or
other well-defined linkers. As the
clusters are relatively distant, their
coupling is not strong and the cal-
culated and measured bands are
relatively flat. Nonetheless, by vary-
ing the linkers for a specific cluster,
the material properties, such as the
band gap, can vary dramatically.>%*

We conclude that the integration
of individual NPs into larger, sub-
micrometer-, micrometer-, or milli-
meter-sized objects can provide
new functionality, not exhibited by
individual NPs. Integrative struc-
tures can be assembled massively
in parallel structure. In addition to
random assembly, both directed
assembly and the use of self-
assembled molecular structures as
templates are possible, thus enabling
creation of functional materials from
existing NP building blocks.

The integration of
individual NPs into
larger, submicrometer-,
micrometer-, or
millimeter-sized
objects can provide new
functionality not
exhibited by individual
NPs.

Nanoparticles can be assembled one-by-
one. While for some applications dis-
persed NPs in solution are required,
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Figure 4. (a) Nanoparticles can be assembled one by one on surfaces. (b) Pattern of fluorescent NPs assembled by AFM. Image
reproduced from ref 99. Copyright 2008 American Chemical Society. (c) Pattern of plasmonic NPs assembled by laser
deposition. Image reproduced from ref 101. Copyright 2010 American Chemical Society.

such as in vivo delivery, for other
applications, such as molecular elec-
tronics, NPs need to be assembled on
surfaces (see Figure 4a). Although NPs
can serve as individual functional
building blocks, as for single QD
transistors,>* for the creation of func-
tional devices, NP components need
to be positioned and connected. Par-
allel assembly was described in the
sections above for the creation of
ordered, periodic structures, or ran-
domly assembled NPs, but some ap-
plications require higher degrees of
control over the pattern formation.
Ultimately, one-by-one assembly of
NPs on surfaces may be desired. There
has been much discussion centered
on the idea of assembling structures
atom-by-atom.”>~%8 Even though the
assembly of free-standing 3D struc-
tures may have intrinsic limitations,
there have been several instances
where assembly of 2D structures on
surfaces has been successfully de-
monstrated. This work started with
advances in scanning probe micro-
scopy. These microscopy techniques
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were initially developed to image sur-
face structures; more recently, inter-
actions between the probe tip and
the target sample/specimen have also
been manipulated. With the probe tip
of a scanning tunneling microscope
(STM), individual atoms can be moved
to a designated location on the surface.

In general, in STM manipulation
the greatest problem is not moving
the building blocks with the probe
tip, but rather releasing them once
the desired position has been
reached.’® Forces initially have to
be adjusted so that the adhesive
force between the probe and the
object is larger than that between
the object and its underlying sub-
strate. For release at the target loca-
tion, the situation needs to be
reversed in order for the object to
adhere more strongly onto the sub-
strate. For transporting atoms with
the tip of an STM, the interaction
between probe tip and object can
be tuned by adjusting the electric
potential applied to the STM tip. The
same concept is more difficult for

VOL.6 = NO.10 = 8468-8483 = 2012 W@L@Mi{\

larger objects, such as NPs.”® How-
ever, with the application of hier-
archical forces, bigger objects, such
as biological molecules or NPs, can
be assembled one-by-one into pre-
designed patterns using an atomic
force microscope (AFM, see Figure 4b).
The strategy here uses molecular
linkers of different binding strengths
that are attached to the building
block. Pulling on a chain ultimately
breaks the weakest link. Oligonucleo-
tides are convenient linkers, as their
binding strengths to DNA depend on
the length of the strand and on the
orientation of the applied force.'®

Bigger objects, such as
biological molecules or
NPs, can be assembled
one-by-one into

predesigned patterns.

Interactions of NPs with light
present a conceptually different

)
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approach, in which NPs are trapped
in a focused light beam and pushed
to a surface. Recent experiments on
laser printing have opened new
perspectives for patterning surfaces
with metal NPs (see Figure 4c). %'
Tuning the wavelength of the trap-
ping laser into resonance with the
plasmon frequency of gold NPs
leads to repulsive scattering forces
dominating trapping gradient forces.
As a consequence, single gold NPs
can be pushed by light in the forward
(light propagation) direction.'" In the
vicinity of a charged surface, this leads
to light-controlled printing of single
NPs with a precision of several tens
of nanometers.’®' This serial optical
printing technique can be extended
to parallel printing by introducing
2D spatially segmented liquid-crys-
tal modulation of the expanded
beam and by applying the appropri-
ate spatial modulation patterns.'®?
Such novel printing strategies will
become a versatile and cost-effective
tool for future fabrication of nanoplas-
monic device structures.

Arrangements may also be com-
posed of a combination of different
NPs with functional biomolecules
like proteins or aptamers. The com-
bination of enzymes with catalytic
NPs promises novel synergetic ef-
fects arising not only from the cho-
sen composition but even more so
from the precise spatial arrange-
ment of the components. Designer
cellulosomes'® are envisioned where
the bacterial multicomponent en-
zyme machinery, which degrades
lignocellulose with unparalleled ef-
ficiency, is mimicked in a synthetic
biology approach in the sense of
“learning by building”, with poten-
tial applications in renewable en-
ergy. In contrast to parallel assembly,
sequential arrangement of NPs en-
ables full flexibility in arranging them.
The main drawback is the slow speed
of assembly.

We conclude that complex ob-
jects such as NPs can be sequentially
assembled one-by-one on surfaces to
form 2D patterns. Writing 2D struc-
tures with NPs is possible and will find
use in basic and applied research.
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There is more to be connected with
nanoparticles. NPs need to be inter-
faced with the environment. In the
field of energy, NPs often have to be
embedded into a polymer matrix in
order to form a device. In particular,
in solar-cell applications,’®* interac-
tions of QDs with the surrounding
matrix have important effects that
can be used to adjust energy transfer
with charge separation in the compo-
site structure,'®>'% to serve as com-
ponents in conducting windows,'”’
and to improve the performance of
the resulting devices.'®®

In the popular field of biorelated
applications, NPs are preferentially
dispersed in biological fluids (such
as blood). Colloidal stability and spe-
cific interactions with the environ-
ment (such as targeting) are typically
provided by conjugation of molecular
ligands and biological molecules
(e.g., enzymes or antibodies) to the
surfaces of the NPs. Strategies for
providing their colloidal stability can
be grouped into two categories: en-
capsulation and ligand exchange.'®®
Encapsulation within block copoly-
mer shells and phospholipid micelles
exploits the natural ability of a variety
of bifunctional amphiphilic molecules
(including block copolymers and
phospholipid micelles) that present
chemically distinct segments in their
structures, one being hydrophobic
while the other is hydrophilic.''°~""*
To minimize their energy, these mol-
ecules line up at the interfaces be-
tween hydrophobic and hydrophilic
media. This interfacing manifests it-
self at the nanoscale and is suitable
for the assembly of colloidal NPs,
such as semiconductor QDs, and
magnetic and plasmonic NPs. For
instance, when mixed with hydro-
phobic NPs, the hydrophobic seg-
ments preferentially interact with
the native ligands (creating strong
entropy-driven association), while
the strong affinity of the hydrophilic
segments to water molecules pro-
motes the dispersion of the NPs in
buffer media. Some of the com-
mon means to promote compatibil-
ity with water are based on inserting
charged groups (such as amine or
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carboxyl groups) and/or poly(ethylene
glycol) (PEG) chains within the hydro-
philic segments. In several instances,
these polymers are prepared by sub-
stituting some of the carboxyl groups
with alkyl chains to balance the hy-
drophobic and hydrophilic blocks
within the polymer chains."'"''® Such
balance is critical for the stabiliza-
tion of the polymer coating on the
hydrophobic ligands and for the
promotion of water solubility of
the resulting NPs.

Ligand exchange, on the other
hand, involves the substitution of
the native surface cap with hydro-
philic bifunctional molecules and
oligomers (ligands).'"®~"% The mol-
ecules present anchoring group(s)
at one end that coordinate the NP
(Lewis-base interactions, typically
thiol, carboxy, and amine groups)
and hydrophilic groups at the other
end (e.g., carboxylic acids, amino
acids, PEGs); the latter promote affi-
nity to buffer media. Some early
examples of this strategy included
the use of mercaptoundecanoic
acid, dihydrolipoic acid, thiol-ap-
pended dendrons, and small cy-
steine ligands."'®"1%124125 The yse
of thiol—alkyl—carboxylic acid li-
gands to promote the transfer of
NPs to water is simple to implement.
However, the long-term stability of
the resulting NPs is strongly depen-
dent on the affinity of the anchoring
groups to the NP surfaces.'?® The
introduction of modular ligand struc-
tures, containing one or more dihy-
drolipoic acid (DHLA) groups at one
end of the PEG chain for strong
anchoring onto the QD surface,
and a biocompatible group at the
other end of the PEG, substantially
improves the colloidal stability of
these materials. These surface mod-
ifications have enabled straightfor-
ward access to biological molecules
through avidin—biotin binding or
1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) coupling. While
several well-established approaches
for providing NPs with excellent colloi-
dal stability in biological liquids are
available,'* routine conjugation to bio-
logical molecules remains challenging.
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Figure 5. Photograph of water-based material with shape memory. Image adapted
with permission from ref 127. Copyright 2010 Nature.

These fascinating materials have
thus far been scarcely explored in
the context of NPs. One example is
water-based materials (see Figure 5).
For the realization of a sustainable
society, one may consider water as a
source for plastic materials. In parti-
cular, as alternatives to polymers,
ultralow-organic-content hydrogels,
consisting mostly of water, are at-
tractive if they are sufficiently strong
and can be processed into any
shape. The first example of such
water-based materials, reported in
2010, makes use of clay nanosheets
in combination with an organic bin-
der for constructing 3D networks
leading to hydrogelation.'? This de-
sign strategy may allow incorpora-
tion of a variety of functional nano-
scale motifs such as NPs, nanorods,
and even enzymes for a wide range
of applications.

We conclude that although NPs
have been combined with many
different materials for forming com-
posite materials within the last two
decades, as Feynman said, “There is
plenty of room at the bottom,” and
exploration of novel combinations
lies ahead of us.

Nanoparticles can be designed to be
smart. It can be argued whether
some NPs can be defined as “smart”.
In this section, recent developments
in NPs for biological applications will
be discussed, followed by arguments
regarding what makes the NPs smart.
Again, a key requirement for NPs in
the context of biological applica-
tions is colloidal stability and appro-
priate interfacing with the biological
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environment, which is typically
achieved via conjugation to func-
tional biological molecules.

One possible criterion for ar-
guing that a NP is smart entails that,
in addition to providing a platform for
arraying several types of functional
molecules, the physical and/or chemi-
cal property intrinsic to the NP can be
altered or modulated by the environ-
ment. A simple case involves the use
of fluorescent NPs for the purpose of
imaging or tracking. Locations of the
NPs can provide a visualization vehi-
cle (via fluorescence), which is used in
cellular immunostaining,128 delivery,
in vivo contrast,'* and tracking of
membrane surface receptors.’*° The
NP then becomes “smart” when its
emission becomes dependent on its
microenvironment. In sensing, several
“smart” NP architectures have been
introduced. For instance, pH-sensitive
QD-bioconjugates can effectively re-
port on pH changes in solution,
within the cytoplasm of fixed cells
or intracellular compartments (see
Figure 6a,b)."*'~"** The local pH can
vary significantly between different
cellular compartments or different
organs. NPs experience a strongly
acidic environment inside endo-
somes/lysosomes of live cells, whereas
NPs in extracellular fluids or inside the
cytosol essentially experience neutral
pH. Thus, the fact that fluorescence
depends on the pH can provide in-
formation about the location of the
NPs. This could provide a convenient
tool for investigating the pathways
involved in the NP uptake by live cells,
as NPs that are directly delivered to
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the cytoplasm experience neutral
pH, while those endocytosed experi-
ence more acidic environments.'"*
Likewise, chemically modified QDs
can follow intracellular metabolism
by turning on the fluorescence of
the NPs in response to cell-generated
1,4-dihydro-nicotinamide adenine di-
nucleotide (NADH). Implementation
of such “smart” NPs for intracellular
anticancer drug screening was re-
cently demonstrated.'

Integrated sensors can also help
to monitor the function of NPs. En-
zyme-modified NPs can be used for
locally processing respective sub-
strate molecules. Protons are a by-
product of many enzymatic reactions.
Thus, by integrating pH-sensitive fluo-
rescence into enzyme-conjugated NPs,
substrate turnover upon enzymatic
processing can be monitored by NP
fluorescence (see Figure 6c)."**'*® The
growth of metal NPs on metallic
catalytic seeds by enzymatic trans-
formation has been demonstrated,
and the plasmonic absorbance of
the resulting NPs was extensively
used to sense different analytes,
such as glucose, neurotransmitters,
or the NADH cofactor.”*”'*8 The in-
corporation of Au NPs into cancer
cells and the intracellular NADH-
mediated growth of core—shell Au/
Cu NPs enabled optical probing of
intracellular metabolic pathways via
resonance Rayleigh scattering, using
dark-field microscopy.

Metal NP/enzyme hybrids can
impact other areas in nanobiotech-
nology beyond sensing. Metal NP/
enzyme hybrids have been used as
“smart” inks for dip-pen nanolitho-
graphy patterning of surfaces.'®®
The biocatalytic growth of the NPs
on the biomolecular templates gen-
erated micrometer-long metallic na-
nowires. In contrast to electroless
synthesis of nanowires, proceeding
in a noncontrolled process, the bio-
catalytic growth of the nanowires
includes a self-inhibiting growth
mechanism, leading to nanowires
controlled by the enzyme-template
dimensions. By applying different
enzymes, the orthogonal deposition
of different compositions of nanowires
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Figure 6. (a) Charge-transfer interactions between fluorescent QDs and redox-active dopamine lead to pH-dependent
quenching of QD fluorescence by dopamine. (b) This effect can be used as a pH sensor. Image reproduced from ref 134.
Copyright 2012 American Chemical Society. (c) Similar pH-sensitive QDs can be used for detecting enzymatic reactions. Smart
enzyme-modified QDs are used to detect enzymatic reactions, triggered by sensing the surrounding pH. Image reproduced
from ref 136. Copyright 2010 American Chemical Society.

was demonstrated. Thus, “smart”
nanoparticles can be programmed
to control their nanowire assembly.

Smart NPs can exploit magnetic
relaxation switching effects, where
analytes shuttle NPs between agglo-
merated or dispersed states, chan-
ging in the measured relaxation
rates. In particular, the clustering of
superparamagnetic NPs induces a
reduction in the measured T,.2 To
give an example, Concanavalin A, a
specific lectin against glucose, has
been detected and quantified up to
microgram levels."*® Concanavalin
A is a multimeric protein, which,
when incubated with glucose-deri-
vatized NPs, can induce the agglom-
eration of the NPs. The concen-
tration of Concanavalin A could be
easily monitored by variation in T,
due to NP clustering. The level of
agglomeration is sensitive to glu-
cose density on the surface of NPs.
High concentrations decrease ag-
glomeration, presumably due to
steric hindrance. Going further,
these NPs could also provide infor-
mation about the quaternary struc-
ture of the lectin. It was observed
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that the variation of T, with increas-
ing Concanavalin A concentration
was higher at pH 7 than at pH 4.
These changes were attributed to
different quaternary structures of
Concanavalin A at different pH. For
instance, Concanavalin A is a dimer
at pH 4 but evolves into a tetramer at
pH 7, explaining the higher tendency
to agglomerate at higher pH. Beyond
biomolecule assays in vitro, 84142
magnetic NPs have been used to mea-
sure levels of analytes in vivo.'*'**
Magnetic NPs have served as plat-
forms for the design of enzyme-acti-
vated fluorescent  probes.'* 148
Recently, the attachment of DNA-bind-
ing fluorochromes to NP surfaces have
provided a new approach for the de-
tection of PCR-generated DNA and
monitoring the PCR reaction.'*
Apart from sensing, there are
many applications for “smart” NPs
in delivery. The primary function of
the NPs in this case is as delivery
vehicles for attached pharmaceuti-
cal agents."*® Nanoparticles can be
designed in such a way that they
change their properties depending
on local stimuli during delivery.
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Changes in properties may involve
variations in size, porosity, and bind-
ing affinity of the transported phar-
maceutical agent. These properties
may affect uptake of the NPs by
cells/organs, as this is often a size-
dependent process, and may also
affect the release of the cargo mol-
ecules. Frequently used stimuli involve
changes in pH and temperature. Re-
sponsive microgels, particularly hydro-
gels, have been studied for use in
controlled drug delivery. The interest
in these systems is due to their net-
work swelling and shrinking as a func-
tion of external stimuli. In addition,
their porous structure allows drugs
to be loaded into the interior of the
microgel network and then released
upon temperature- or pH-induced
swelling.”' The size of the micro-
gels can be tuned through synthetic
procedures, and their water solubi-
lity and biocompatibility make them
excellent candidates for biological
applications.’? Furthermore, incor-
porating NPs that have optical or
fluorescent properties into the net-
work of microgels enables tracking of
the particles throughout the body.
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Figure 7. (a) Nanoparticles modified with hydrophilic/hydrophobic stripes can directly penetrate the cellular membrane for
delivery into the cytosol. (b) Schematic of a striped NP and its corresponding image as recorded with scanning tunneling
microscopy. The scale bar corresponds to 5 nm. Image reproduced with permission from ref 162. Copyright 2008 Nature.

The ultimate version of a “smart”
NP would involve a complete feed-
back loop. Such a NP would be
capable of acting on the environ-
ment (e.g., by heating locally or al-
tering the local pH or concentration
of a particular signaling molecule,
etc.) and in turn providing a trans-
duction signal (a read-out response)
from the environment driven by
resonance energy transfer, charge
transfer, or other means that en-
ables sensing of molecules, tem-
perature, etc. Read-out would in-
fluence the action, whereby feed-
back loops might be based on inter-
action with light, temperature, or
pH. Although NPs that can be ma-
nipulated by these triggers and NP-
conjugates that can report on such
processes exist, integration of all
these elements into a feedback loop
is currently beyond our reach. Thus,
we continue to work toward “smart”
multifunctional NPs that affect their
environment via specific triggering
mechanisms, are sensitive to their
surroundings via feedback loops,
and play increasing roles in sensing
and other biological processes.

Nanoparticles can be

designed to be smart.

Surface-modified nanoparticles can di-
rectly reach the cytosol of living cells. For
many in vitro delivery applications,
one would like NPs that directly
reach the cytosol of the cells.>
However, the cytosol is surrounded
by the cellular membrane, which is a
protein-enriched lipid double layer.
Thus, there are only two principal
ways to reach the cytosol. In the first,
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NPs can enter the membrane and
embed in the bud that is formed and
eventually pinch off. This endocyto-
tic pathway leaves the NPs encapsu-
lated in membrane vesicles, in endo-
somes and lysosomes. Thus, to
transfer the NPs to the cytosol, they
have to escape from the endo-
somes/lysosomes, which can be
achieved, for example, by buffering
the acidity in the vesicles.'”* In the
second pathway, NPs can directly
traverse the cellular membrane via
dynamically formed pores, which
would enable direct entry into the
cytosol without the surrounding lipid
membrane. Though the first pathway
is more common, there are several
successful examples of direct entry.
One of the most widely used
strategies for the internalization of
NPs into cells is the incorporation of
cell penetrating peptides (CPPs),
such as TAT.'>® The TAT peptide
has the property of leaving HIV-in-
fected cells, going through the cell
membranes of noninfected cells,
and even reaching the cell nucleus.
The region used for intracellular
transport is called the protein trans-
duction domain (PTD). For example,
Weissleder's group has delivered
iron oxide NPs conjugated with
TAT into the cell cytoplasm.”® In
addition, if the TAT peptide is further
modified with a nuclear localization
sequence, it could be used for the
delivery of NPs to the cell nucleus.
Here, the nuclear pore complex
(NPC) provides an “entry door” to
the nucleus, while the TAT is a key to
open this door. However, the diameter
of the NPC opens to a maximum of
30 nm using active transport (or only
9 nm for diffusive transport). This is
one of the main problems for delivery
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inside the nucleus: cargo sizes must
be smaller than the NPC. In fact, gold
NPs functionalized with TAT pep-
tides and with an overall size of
5 nm can be driven into a cell nu-
cleus, although 30 nm NPs cannot,
mainly due to this size limitation."’
Many other naturally derived pep-
tides, such as penetratin'*® and
transportan,’*® have shown great
promise in drug-delivery applica-
tions. Although the mechanism used
by CPPs to cross cell membranes is
unknown, they have been extensively
used to transport different types of
NPs into cells.'®*'®!

Alternatively, one can construct
assemblies of NPs that penetrate
through the cellular membrane, by-
passing endocytosis.> The mechan-
ism of such transport is also not well
understood. Conceptually, one can
speculate that if individual water-
soluble NPs behave like proteins
(see Figures 1 and 2), assemblies of
several NPs can behave like viruses
(see Figure 4a—d), which manifest
the distinct ability to penetrate cel-
lular membranes with little resis-
tance and to avoid digestion in endo-
somes. One can also notice that both
penetratin and transportan have
elongated “corkscrew”-like geome-
tries, which could be replicated in
nanoscale inorganic structures and
in NP assemblies.

Yet another example involves
NPs with striped patterns of hydro-
philic and hydrophobic domains on
their surfaces. Interactions of this
patterned cap with the cell mem-
brane lead to transient poration of
the membrane and thus delivery
of the NPs directly into the cytosol
(see Figure 7).'%% Although the de-
tails of the delivery mechanism need
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to be investigated, such systems have
already been used for transporting
cargo into cells.'®3

It is evident from the discussion
above that the molecular details of
direct transport of NPs into the cy-
tosol are not yet known. One pro-
blem is the difficulty in observing
incorporation at the molecular level.
Typically, the locations of the NPs in
the cytosol are determined by trans-
mission electron microscopy'®* or
by fluorescence-based immunos-
taining. Modification of NPs with
pH-sensitive fluorophores might
help, as location could be deter-
mined by reading out the local pH,
which differs between the endo/ly-
sosomes and the cytosol.

As a general conclusion, there
are several new directions in the
field of nanoscience, that is, studies
of more complex 1D, 2D, and 3D
nanoscale systems in which NPs
serve as individual building blocks
rather than ideas exploiting the
properties of individual NPs. One
can also envision more complex
properties of individual NPs result-
ing in adaptable dynamic nanoscale
systems even if they contain only
one NP. Several fields, such as the
synthesis of NPs with excellent size
and shape distributions have neared
maturity, whereas other fields, such
as those involving applications with
complex NP assemblies, are still devel-
oping. In the context of medical appli-
cations of NPs much has been done,
and exciting opportunities will appear
in the near future, such as early diag-
nosis of cancer and potential delivery
vehicles for targeted therapeutics.
However, before the next-generation
NPs can reach the clinic, deeper under-
standing and control over the interface
between nanoscience and biology,
along with the optimization of the
biological performance of the NPs
and bioconjugates, remain critical.
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