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ABSTRACT

Shape and size play a powerful role in determining the properties of a material, therefore controlling
these aspects with precision is an important, fundamental goal of the chemical sciences. In particular,
the introduction of shape anisotropy at the nanoscale has emerged as a potent way to access new
properties and functionality, enabling the exploration of complex nanomaterials across a range of
applications. Recent advances in DNA and protein nanotechnology, inorganic crystallisation tech-
niques and precision polymer self-assembly are now enabling unprecedented control over the synthe-
sis of anisotropic nanoparticles with a variety of shapes, encompassing one-dimensional rods, dumb-
bells and wires, two- and three-dimensional platelets, rings, polyhedra, stars and more. This has in
turn enabled much progress to be made in our understanding of how anisotropy and particle dimen-
sions can be tuned to produce materials with unique and highly optimised properties. In this Review,
we bring these recent developments together to critically appraise the different methods for the bot-
tom-up synthesis of anisotropic nanoparticles enabling exquisite control over morphology and di-
mensions. We highlight the unique properties of these materials in arenas as diverse as electron
transport and biological processing, illustrating how they can be leveraged to produce devices and
materials with otherwise inaccessible functionality. By making size and shape our focus, we aim to
identify potential synergies between different disciplines and produce a roadmap for future research

in this crucial area.

[H1] Introduction

Anisotropy, the display of direction-dependent behaviour, is a fundamental property of our universe.
It underpins the existence of complex systems, from the formation of solar systems to cell division. It
is often said that for living systems equilibrium is death and the same could be applied to isotropy —
an isotropic cell would be incapable of any of the complex behaviours necessary to sustain life. In-
deed, the importance of anisotropy at the macro level is so obvious that it is easy to take it for grant-

ed. It seems intuitive that anisotropic building blocks will be required to create structures with any
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kind of functional complexity. There is no reason this rule should not continue to hold at much
smaller length scales, and nature provides us with a wealth of examples of the exploitation of anisot-
ropy to create highly functional materials. Tubulin, the scaffolding of the cell, is assembled into a
network of high-aspect-ratio nanorods that can be reconfigured on demand in response to environ-
mental signals.' Bone derives its enviable combination of stiffness and toughness from the assembly
of anisotropic components across multiple length scales.” The iridescence of bird and insect wings

originates from the way in which light interacts with their asymmetric nanoscale features.’

Chemists have been attempting to emulate the structural and functional complexity found in
nature for many years in an effort to access ever more complex materials for applications from ener-
gy harvesting to drug delivery. Anisotropy at the nanoscale in particular has been shown to enable
significant advances in materials performance. For example, solar cells based on anisotropic
nanostructures can achieve greater light harvesting efficiency than those made from simple, isotropic
building blocks,* and the ability of worm-like nanoparticles to act as viscosity modifiers has been
appreciated and exploited by industry for some time.” Anisotropic nanoparticles behave very differ-
ently in vivo from their isotropic counterparts, and it is increasingly being recognised that particle

shape is a vital design parameter for realising the next generation of nanomedicines.®’

The general effect of anisotropy on the properties of nanoscale systems is well appreciated.
Therefore, a natural follow-up question is: how can anisotropy be controlled to tune material proper-
ties? If we again look to biology, we observe that precise control of anisotropy is required to unlock
advanced functionality. One of the best-known examples is the packaging of RNA in tobacco mosa-
ic virus capsids, which consists of precisely-defined nanorods constructed from 2130 copies of a
capsomer protein.*” However, the controlled construction of anisotropic nanoparticles is not trivial
for a chemist. For example, it is relatively straightforward to produce worm-like nanoparticles

through the self-assembly of synthetic polymers,'® but controlling their aspect ratio is almost impos-



sible using conventional methods such as solution processing and polymerisation-induced self-
assembly (PISA)..'"!"" These challenges have historically limited studies into the precise effects of
shape and size on nanoparticle properties, ultimately restricting our understanding of how best to op-

timise nanoparticle design for different applications.

The past two decades have witnessed the rapid development of new methods that allow aniso-
tropic nanoparticles to be prepared with a high degree of precision.'>'® This has enabled researchers
to begin probing nanoparticle structure—function relationships in unprecedented detail.'”** This Re-
view describes these recent advances in our control and understanding of nanoparticle anisotropy, in
an effort to promote cross-fertilisation of ideas between the diverse set of disciplines involved. Stud-
ies that make use of well-defined anisotropic nanostructures (that is, with a single morphology and
with narrow size distributions) and the insights these give us into how tuning shape allows us to ac-
curately control materials properties will be the particular focus. The discussion will generally be
confined to particles with dimensions on the nanoscale (less than ~1 um) and to shape anisotropy, as
23-28

opposed to chemical anisotropy (see Box 1), which has been extensively reviewed elsewhere.

Our aim is to present a roadmap for future directions in this vital emerging area of materials research.

[H1] Synthesis

Making structurally anisotropic nanoparticles is not in itself challenging. For example, it has been
known for some time that certain surfactants preferentially assemble into worm-like nanoparticles in
water.” Similarly, amphiphilic block copolymers can be designed to assemble into anisotropic struc-
tures by controlling the balance between solvophobic and solvophilic segments.*® Metal and other
materials such as silica and carbon can be induced to grow into anisotropic shapes by careful control
of processing conditions.”' However, systematic control of the dimensions of the resulting nanoparti-

cles using these methods is considerably more challenging as it requires precise control over the na-
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noparticle formation process. If the synthesis of the nanoparticles is under thermodynamic control
(for example, surfactant self-assembly), no single size is favoured because there is not a large differ-
ence in stability between particles with different aspect ratios.”? If the particle formation relies on
kinetic trapping of the product (for example, metal nanoparticle growth, polymerisation-induced self-
assembly), the simultaneous control of the different processes involved in nanoparticle growth (such
as, nucleation and elongation) becomes difficult. However, over the past thirty years these limitations
have been circumvented, and several different approaches for the construction of anisotropic nano-
particles are available that enable excellent levels of dimensional control, which are reviewed in the
following section. We have chosen to focus solely on bottom-up assembly methods because, com-
pared to top-down approaches, they are more informative about fundamental self-assembly process-
es, have greater potential for the alteration of particle internal structure, and allow access to a wider
range of aspect ratios and smaller particle sizes. Top-down methods have been covered extensively

. . . . 6,33-38
in recent reviews, to which the reader is referred.”

[H2] Controlled crystallisation

The most established method for making anisotropic nanoparticles is that of the controlled crystalli-
sation of molecular or atomic building blocks (Figure 1). A simple model for crystal growth is ex-
pressed by the LaMer phase diagram (Box 2), which separates the process into distinct nucleation
and growth stages. According to this model, it is theoretically possible to grow precisely defined na-
noparticles composed of any crystalline material starting from dissolved molecular precursors, as
long as the appropriate conditions can be found. This method of mixing building blocks in solution
and then exposing them to particular growth conditions for a set amount of time is often referred to
as solvothermal synthesis (Figure 1, route 1). This has furnished a remarkable array of nanoparticles
with controlled shapes and sizes from the nanometer to micron length scale, and made from a varie-

39-48
H

ty of materials (for example, metal oxides, silica, and metal-organic frameworks (MOFs)). ow-

ever, the yields of the desired nanoparticle morphology produced by solvothermal methods are high-
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ly variable, ranging from almost quantitative to very low (less than 10%). One reason for this is that
there is a technological limit to how precisely parameters such as purity, temperature and pH can be
regulated: any slight variation from the desired conditions can result in loss of control. A second
more fundamental reason is that it has become increasingly clear that in many, if not all, crystallisa-
tion processes several growth pathways are possible that operate alongside and compete with the
classical route (Box 2).* Optimised conditions for one pathway may therefore lead to loss of control
in another. Even when yields can be optimised, the most significant drawback of solvothermal syn-
thesis from the point of view of controlling shape and dimensions remains: because of the almost in-
finite variety of additives and experimental parameters that can be tuned, it is practically impossible,
for many systems, to predict a priori which conditions will give rise to which particle shape and size.
For certain materials, however, advances in fundamental understanding have led to remarkable im-
provements in our ability to rationally tune reaction conditions to target particular morphologies. For
example, a theoretical study of the growth mechanism of Au nanoparticles has offered insights on
how to achieve the surfactant-free growth of a wide range of gold nanostructures. The prisitine sur-
face of these gold particles resulted in superior performance in applications such as catalysis com-

pared to structures with surfaces passivated by structure-directing ligands.”

A powerful alternative approach to solvothermal synthesis is to separate the seed formation and
growth phases, in what is usually called ‘seeded’ growth (Figure 1, route 2). Small, well-defined na-
noparticles are first formed and purified, if necessary, then used as seeds in a second, separate
growth step. This approach means that nucleation and growth conditions can be tuned independently.

Seeded growth was first used for the synthesis of rod-shaped metal nanoparticles,’** but the ap-

43,51,52

proach has now been demonstrated for a large variety of materials including metal oxides, sem-

53,54 57,58

iconductors, metal-organic frameworks (MOFs),**** silica,”® graphene, organic small mole-

59,60

cules and polymers.®’ It is a mature technology that allows access to a bewildering variety of

shapes and sizes with excellent dimensional control. The main advantage of seeded growth over sol-
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vothermal synthesis is that control over nanoparticle size is made easier — larger particles can be
grown simply by varying the duration of the growth step (Figure 1, step 2b). This means that it is rel-
atively straightforward to produce particles that vary only in their dimensions in contrast to sol-
vothermal methods in which different sizes are accessed by changing the concentrations of additives,
the solvent and/or the pH, which can lead to changes in surface chemistry. Despite these advantages,
for the majority of materials, finding the best conditions for the nucleation and growth steps still in-
volves a large amount of trial and-error, which is often time-consuming and leads to concerns about

reproducibility.

Recent advances in seeded growth have addressed, to some extent, some of the above short-
comings. A good example is the development of crystallisation-driven self-assembly (CDSA, Figure
2a). CDSA makes use of block copolymers containing one or more solvophilic blocks attached to a
semi-crystalline block. When placed in a poor solvent for the semi-crystalline block and heated
above the glass transition temperature, crystallisation is induced, leading to nanoparticles stabilised
by a corona of the solvophilic block. This initial crystallisation affords nanoparticles of different siz-
es, which can be fragmented, for example by sonication, into small, well-defined seed nanoparticles
and used in a controlled growth step to achieve dimensional precision. Although most reports of
CDSA separate the seed synthesis and growth steps, one-pot methods have recently been reported,

simplifying the process.® ®

The key advantage of CDSA over the seeded growth of small molecule
building blocks is that the polymer components can be readily tuned to influence the outcome of the
growth process. For example, a rod- or plate-shaped morphology can be selected simply by tuning
block ratios (Figure 2b).*® Similarly, the depths of platelets and the diameters of rods can be altered
by simple changes to the lengths of the polymer segments. The surface and corona chemistries can
be altered by using different solvophilic polymers and by modifying the polymer end groups.®’ This

flexibility has made it possible to grow nanoparticles with complex topologies (Figure 2¢) and multi-

functional structures with well-defined domains of different polymers (Figure 2d), which begins to
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approach the kind of hierarchical control over self-assembly seen in biology.”*’* CDSA therefore
represents an attractive platform for seeded growth because of the extent to which the growth process
can be rationally tuned by simple alterations to the polymer components. However, the search for
suitable seed formation and growth conditions remains largely empirical and greatly varies not only
between different materials but also within the same polymer, when different solvophobic to sol-

vophilic ratios are used.

Ideally, it would be possible to completely rationally design a system that would crystallise in-
to a pre-determined shape with precisely controlled nanoscale dimensions. One way of achieving this
is to take inspiration from polymer science. The development of controlled polymerisation tech-
niques has enabled the synthesis of macromolecules with controlled lengths. This is achieved
through a variety of mechanisms, but all have in common an initiation step followed by chain elon-
gation. Key to control is that monomers only react with the active chain end and not with each other.
Extension of this principle to the assembly of small molecule building blocks into nanoparticles
could provide a route to the fully rational engineering of shape and size. Towards this end, several
groups have recently reported controlled supramolecular chain growth polymerisation.””**” A su-
pramolecular cyclic ‘monomer’ has been designed that exists as a dormant species owing to the for-
mation of intramolecular hydrogen bonds (H-bonds).*® Polymerisation is initiated by a modified
monomer with the intramolecular H-bonds removed, which activates the next added monomer, al-
lowing it to attack another monomer, and so on. Control over the length of rod-like nanoparticles was
demonstrated using this approach, as well as the ability to distinguish between different enantiomers
of the monomer, which is an excellent illustration of the kind of atomic level precision accessible
through these systems. Although this approach has largely been limited to the production of one-
dimensional rod-like structures, research is progressing to the synthesis of 2D and 3D structures by

design of appropriate building blocks.”



[H2] Programmed assembly

Seeded growth is a kinetically controlled process. An alternative approach is to rely on thermody-
namics to drive what may be thought of as the ‘programmed assembly’ of nanoparticles (Figure 3a).
In this case, one or more macromolecules fold into a specific shape, driven by specific inter and in-
tramolecular interactions. This approach is routinely used by nature in the folding of proteins into the
fabulous array of complex 3D shapes found in biological systems. Perhaps the simplest particles ob-
tained using this approach are single chain nanoparticles (SCNPs).”” " Several anisotropic shapes
are accessible by programmed assembly of SCNPs, including worms,* tadpoles,*"** dumbbells® and
complex multicyclic systems™**, but most are small (<10 nm) because even very long linear poly-
mers do not take up much volume when collapsed (for example, hydrodynamic radius of a 86 kDa
poly(ethylene glycol) chain is only 9.5 nm).*. This limitation can, however, be overcome by making
polymers with very long, bulky side-chains, usually referred to as ‘bottlebrush’ polymers. The bot-
tlebrush polymer structure can be tuned to force it to adopt anisotropic worm-like or other more un-

usual morphologies (Figure 3b, left).!”**

Nevertheless, a limitation of these polymers is that they
lack perfectly defined sequences, which is highly likely to limit their ability to reliably fold into more
complex structures,’® for which a sequence-defined macromolecule is thought to be required. An ex-
cellent example is DNA, which can be synthesised with perfect sequence control using solid phase
chemistry or enzymatically. DNA base pairing is highly stable and predictable, making this material
ideal for the precise construction of nanoscale objects. This concept was first realised several dec-
ades ago by Seeman,® but became more widespread following the invention of the DNA origami
approach by Rothemund (Figure 3b, middle).”® The unique appeal of DNA nanotechnology is that it
gives access to anisotropic shapes of far greater complexity and with higher precision than accessible
through controlled crystallisation processes. Advances in the design and synthesis of DNA
nanostructures mean that it is now possible to create complex 3D shapes of almost arbitrary

91-93

design. The introduction of functionalised DNA allows these structures to be further elaborated



for specific applications. However, DNA is an extremely costly material to work with, which hinders
its large-scale application. Although this limitation may be overcome in the future by employing bio-
technological mass production methods,” a further issue is that modifying the chemical composition
of DNA nanostructures is possible only to a limited extent. Ultimately, the final structure will be
made of DNA, which may lead to undesirable properties for particular applications. For example,

DNA nanostructures bear a high degree of negative charge, which can impede cell uptake.”

Compared with DNA, proteins offer much more flexibility in terms of chemical composition,
because they are composed of a broader range of building blocks (21 naturally occurring amino acids
versus 4 nucleobases). However, while DNA folds very predictably following a simple set of rules,
protein folding is orders of magnitude more complex because of the numerous weak and, in some
cases poorly understood, molecular interactions involved, leaving the design of protein assemblies
from scratch as an unmet goal. Nevertheless, this has not stopped huge progress being made in the
controlled assembly of engineered proteins. By starting from sequences that are already known to
reliably fold into particular structures, it has been possible to focus efforts on tuning these structures
to control their higher order assembly.”® One approach has been to tune the curvature of protein in-
terfaces to furnish anisotropic nanostructures, as has been demonstrated in the production of a range
of complex structures.”” For example, nanorings of different diameters have been assembled from
protein subunits.” To further increase the geometrical complexity available to protein nanostruc-
tures, engineering efforts have focused on methods to build polyhedra’.'” Related work has also
seen the engineering of precisely-defined barrel-shaped nanostructures by rational design of coiled

peptides (Figure 3b, right) '*"+%*

. However, these structures so far remain small (<20 nm) compared
with their DNA origami cousins, which can now reach several hundreds of nanometres in size.'” On
a simpler level, it is possible to re-purpose native proteins to form anisotropic structures, as was ap-

plied for the construction of nanotubes with defined lengths by using bacteriophage protein compo-

nents, for example.'” Although there are numerous examples of the supramolecular polymerisation
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of protein subunits into larger anisotropic assemblies, to date the vast majority of these studies have
not focused on exerting control over all particle dimensions, usually focusing on tuning a single pa-
rameter such as diameter. Combining advances in protein engineering and supramolecular polymeri-
sation could enable protein nanostructures to reach larger length scales. This could have a dramatic
impact on our ability to create precision anisotropic nanostructures with a high degree of functionali-

ty, with further potential for very fine control over chemical reactivity.

[H2] Templated assembly

Controlled crystal growth and programmed assembly can only be performed with certain materials.
The use of other building blocks is, however, possible through templated assembly (Figure 4). In this
case, well defined nanoparticles, made by one of the approaches described above, are used to direct
the assembly of a second material. The following discussion describes three approaches to templated

assembly.

One way to perform template assembly is by ‘coating’, which is the deposition of other materials on
the surface of a nanoparticle (Figure 4a). A very simple example is deposition of a second metal lay-
er on a gold nanorod.'” In biology, coating is thought to be exploited by certain viruses, which can
self-mineralise to preserve their integrity in extreme environments.'®® Some viral capsids are them-

selves the product of a templated assembly — the tobacco mosaic virus (TMV) capsid’s length, for

107

example, is controlled by the length of the RNA sequence it contains. -~ With the exception of an

initiation domain, the RNA sequence can be elongated or truncated to produce viral nanoparticles

108

with highly controlled lengths.™™ These viral nanoparticles can then be further coated with a large

variety of materials, furnishing well-defined anisotropic nanoparticles with varied compositions.'*"
"2More recently, DNA origami nanostructures have been mineralised, giving access to exquisitely
well-defined silica or calcium phosphate-coated nanostructures.'> ' This complements the rich lit-

erature around the metallation of DNA nanostructures, which is by now a well-developed field.''*'"®
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DNA origami scaffolds have also been demonstrated to direct the assembly of lipids into structures
that are not normally accessible, such as cuboids.'"” A benefit of the coating approach that should be
noted is that the template can sometimes actively encourage materials that are challenging to crystal-
lise on their own to form ordered structures. For example, crystallisation of a normally challenging

MOF has been achieved by using a more stable MOF as an underlying template.'*’

Another approach to templated assembly is ‘casting’, wherein a hollow anisotropic nanoparticle is
used as a mould (Figure 4b). This approach is less common than coating, most likely because suita-
ble hollow nanoparticles are more difficult to access. However, tubular viral capsids have been ex-

12l DNA nanostructures have also been

tensively explored to cast nanowires and nanoparticle chains.
used with this approach, for example gold nanostructures of various shapes have been grown within
the cavities of DNA origami moulds.'"”'** A recent development has been the use of DNA moulds
to direct the assembly of softer materials, such as lipid membranes.'*® For example, modulation of
membrane shape using reconfigurable DNA nanostructures has been demonstrated, with control over

curvature and width, but not length.'?” The interior of a DNA nanotube was also used to template the

polymerisation of dopamine.'*

The final and most sophisticated form of templated assembly is the ‘breadboard’ approach (Figure
4c). A nanoscale pattern is used to direct the assembly of building blocks with much greater preci-
sion than is possible with coating or casting. For example, engineering of viral coat proteins gives
capsids with functional groups displayed at particular locations, and these can be used to direct the
placement of other materials.'” DNA origami structures can be used in a similar way. In a recent
example, controlled placement of thiol groups on a DNA origami triangle was exploited to direct the
growth of a variety of metal and metal oxide shapes that would be very difficult to grow through

crystal growth techniques.'”” A follow-up study described the successful growth of silica nanostruc-

12



130

tures using the same approach, further broadening the scope.™ DNA was also used to controllably

place mineralising groups to achieve controlled growth of calcium phosphate.'*!

One of the great potential advantages of the breadboard approach is the possibility for re-use of
the template, something that is difficult to achieve with coating and casting. A proof of concept illus-
tration of this approach was recently reported by Sleiman and co-workers."*” In their ‘assemble, grow
and lift-off” (AGLO) strategy, DNA-coated gold nanoparticles are positioned in a desired pattern by
hybridisation to complementary DNA strands displayed on a DNA origami tile. Controlled decom-
position of gold salts then fuses the particles, fixing them permanently into the desired shape. A vari-
ety of shapes were made using this method, but more importantly the template was re-used for a
second round of AGLO. A similar approach was used by Weil and co-workers to template the
polymerisation of dopamine'” and methacrylates,"* illustrating the potential flexibility of this ap-
proach to be applied to other materials. The process requires further optimisation to improve the
yield of the desired shape, and improve recovery of the template, but it has huge promise for the cre-

ation of mixed material nanoparticles with highly controlled shapes and sizes.

[H1] Properties and Applications of Anisotropic Nanoparticles

The methods discussed above would have remained scientific curiosities were it not for the fact
that the shape and size of a nanoparticle have been shown to have a substantial, sometimes drastic,
influence on its properties and therefore subsequent applications. Anisotropy, in particular, leads to a
whole host of physical, chemical and biological effects inaccessible to isotropic systems, as has been
reviewed in several recent contributions.*”*> However, the majority of studies in this area have fo-
cused on comparing isotropic particles with a single (often disperse) sample of anisotropic
particles.®!%**-13 Inyestigations into the differences between nanoparticles of different shapes (iso-
tropic and anisotropic) and dimensions but the same surface chemistry are extremely rare. These

kinds of studies may lead to a much more detailed understanding of how a nanoparticle’s parameters
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are related to its properties and how they can be further exploited to achieve application end goals.
Below, we summarise what has been reported to date, specifically focusing on properties and appli-
cations of anisotropic nanoparticles which have been synthesised through synthetic methods that al-
low for precise control over their dimensions and discussed in the previous section. Furthermore, we

focus on identifying emerging opportunities and challenges.

[H2] Optical and electronic properties

The precise effects of nanoparticle dimensions on light—matter interactions have been studied
in detail, at least for metal and inorganic particles.’’'* Particle anisotropy introduces additional sur-
face plasmon resonance (SPR) modes, and the positions of the resulting absorption bands can be
tuned by modifying the dimensions and shape of the particle. Early examples demonstrated how tun-
ing the aspect ratio of gold nanorods resulted in a shift in the longitudinal SPR band into the infra-

137,138
red.

The position and intensity of the SPR peaks in anisotropic metal nanostructures are also much
more sensitive to perturbations in the local environment (such as the binding of ligands, or changes
in solvent polarity) than the isotropic equivalents'*’, which is the reason for their popularity in sens-

140192 1 a pivotal example, Orrit and co-workers'*® demonstrated how the precise

ing applications.
control of the length of gold nanorods led to their applications in single-molecule detection based on
SPR. They described a 37 nm gold nanorod end-functionalized with biotin to which the single-
molecule binding could be detected by monitoring longitudinal SPR with photothermal microscopy.
The magnitude of the photothermal signal could be maximised by tuning the length of the nanorod,
and thus matching the surface plasma absorption spectra with the heating laser wavelength (785 nm),
highlighting the importance of precise control over nanoparticle dimensions. Similarly, the variable

of the width of gold nanorods was also studied to further increase the signal-to-noise ratio'**. The

nanorod diameter was modulated in the range between 10 and 50 nm and a S/N >1 was found for
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particle widths between 20 and 45 nm (aspect ratio 2.25). These insights not only contribute to im-
proved single-molecule detection, but may also progress the use of such sensors in other applications

including plasmon rulers, hydrogen sensors and in the biomedical field.

El-Sayed and co-workers'*® were the first to exploit gold nanorods for combined imaging and
therapy, selectively targeting malignant tumour cells over healthy cells (Figure 5). Increasing the as-
pect ratio of the nanoparticles over a range of 2.4 to 5.5 caused a tuneable shift of their surface plas-
mon absorption spectra further into the NIR region, giving improved in vivo tissue penetration over
their spherical counterparts (from less than 500 um to approximately 10 cm), greatly increasing the
treatment scope. The selected nanorods with aspect ratio 3.9 achieved specific binding to malignant
cells over normal cells, resulting in a distinctive diagnostic scattering image compared to normal
cells. Importantly, this specificity also reduced the laser power needed to cause destruction of the
malignant cells to avoid death to non-malignant cells, and overall achieving a lower absorption
threshold energy than had previously been reported for other NIR absorbing nanoparticles. It is of
significance that this dual performance selectivity was possible only because of a precise control

over nanoparticle anisotropy.

Perhaps more interestingly, the absorption spectra of gold and silver nanoparticles have been shown
to depend intimately on their shape (Figure 6a), giving researchers the ability to further modulate
these properties through access to branched nanostars, nanoplates, nanocubes and a variety of poly-
hedrons."**">° Such anisotropic shapes also exhibit high electric fields at their extremities, for exam-
ple, at the tips of nanorods or the sharp edges of nanostars in the so-called ‘lightning rod’ effect'".
This effect, coupled with their strong absorption in the NIR, make anisotropic nanoparticles excellent
materials for surface-enhanced Raman scattering (SERS), the sensitivity of which has been shown to

152

be substantially affected by shape and size of the nanoparticles (Figure 6b). ”* The local electromag-

netic field strength and redshift of the SPR can be increased by forming ‘hotspots’ resulting from

15



surface roughness, interactions between a particle and metal surface or aggregations between multi-
ple particles, or it can be increased through manipulating the local curvature of the metallic nanopar-
ticles. This effect was investigated by directly comparing SPR and SERS of gold nanospheres, their
aggregates, nanotriangles and nanostars using a model probe molecule (thodamine 6G, R6G).>' As
expected, a negligible SERS was observed for gold nanospheres of 150 nm, although their aggre-
gates (~1 um) exhibited a slight redshift, whereas the SPR maxima and resultant SERS response
were further increased for the 135 nm nanotriangles and particularly 148 nm nanostars. Although one
can easily control the number of local field hotspots for different nanoparticle shapes, controlling the

effect of surface chemistries on these properties is more difficult.

On account of their high concentration of local field hotspots and thus strong SERS response,
the potential of selective cancer imaging agents based on gold nanostars has been further explored
using nanoparticles comprising of a 75 nm star-shaped gold core and a silica shell (overall diameter
140 nm)'>. The shell featured a Raman reporter molecule in resonance with the NIR laser at 785 nm,
yielding surface-enhanced resonance Raman scattering (SERRS) nanostars. Currently, the inability
to visualize the true extent of cancers represents a significant challenge in many areas of oncology.
Tumour detection is often limited to sites of high nanoparticle uptake owing to the low SERS signal
strength, meaning that precancerous lesions or micrometastases remain undetected. In vivo the
SERRS nanostars could not only detect macroscopic tumours, but also microscopic and premalignant
lesions with sensitivity nearly 400 times higher than the nonresonant counterparts' . In this clinical
context, SERS is promising as a highly sensitive and precise imaging modality because of the mo-

lecular Raman fingerprints and resonance in the NIR window.

Other than therapeutic and diagnostic applications, the effect of shape modulation was also in-
vestigated on properties such as the photoluminescence in lead halide perovskite nanoribbons'™*

(Figure 6¢) and CdSe quantum dots.”* A high density perovskite nanowire array was used to elegant-
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ly create a biomimetic electrochemistry artificial eye'”

. The hemispherical nanowire photosensors
were comprised of formamidinium lead iodide (FAPbI;) and acted as the retina, sandwiched between
an ionic liquid electrolyte as the vitreous humour and liquid-metal wires to mimic human nerve fi-
bres behind the retina. The imaging resolution, response and recovery times and spectral responsivity
were comparable with human photoreceptors in the retina and cone cells., Overall, this biomimetic
eye achieved high-resolution image-sensing ability as demonstrated by the reconstruction of project-

ed optical patterns using recording and conversion of the resultant photocurrent.'*’

The electron transport properties of anisotropic nanoparticles have also been studied in detail
for several decades.'”® As the size of a crystal approaches the nanometre regime, its size and shape
begin to influence its behaviour because quantised (rather than continuous) states begin to emerge."’
As a result, the importance of controlling the sizes and shapes of nanostructured domains has become
increasingly apparent in fields such as light harvesting,'>® energy storage'’® and photonics.'®*'®! In
particular, 1D nanostructures including nanowires have been used to increase the efficiencies of de-
vices such as solar cells and lasers.'®"'®* It has become clear that the dimensions of the structures are
important in optimising device performance, but current production methods (usually top-down) can
make it challenging to tune dimension along specific directions, which has led to contradictory re-
sults. For example, it has been reported that nanowire length influences transport properties, with
longer wires giving more efficient devices,'“*'** but these studies have been confounded by the fact
that nanowire diameter tends to increase along with length.'® A more recent investigation in which
diameter, length and nanowire spacing were carefully controlled showed that transport properties are
length-independent, which underscores the importance of achieving better control in these
systems.'®® The benefits of better structural control in this context was also illustrated by using
CDSA to make a series of well-defined ribbon-like nanoparticles of length between 180—1900 nm

containing  complementary  semiconducting polymers (polythiophene and poly(di-n-

hexylfluorene))'®’. By controlling the spatial separation of the components and optimising the di-
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mensions of the structures, exciton transport was achieved over unprecedented length scales
(>200 nm, Figure 7). This example highlights the potential for precision polymer-based nanostruc-
tures to match and extend the functionality of inorganic nanoparticles in optoelectronic applications,

analogous to the rising use of organic materials in photovoltaic panels and LEDs.

[H2] Catalytic and magnetic properties

Similarly with light and electronic properties, it has long been reported that metallic nanoparti-
cles have catalytic activity and selectivity heavily influenced by their shapes and size. Uncontrolled
production of nanoparticles of different shapes results in different kinds of active species, which ex-
hibit different reactivities and usually lower activity and selectivity overall. Higher fractions of sur-
face atoms have been observed on sharp corners and edges of metallic nanocatalysts. Therefore, a
precise control over particle dimensions and shape, as well as crystallographic facets, ultimately de-
termine the number of active surface sites. Early studies demonstrated lower activation energies and
average rate constants for tetrahedral platinum nanocrystals over cubic or spherical morphologies,'®®
higher catalytic activity for polygonal gold nanoparticles compared to spherical ones'® and higher
specific reaction rates for 50 nm silver nanocubes with {100} planes than for 50 nm spherical nano-

particles and 200 nm nanoplates with {111} planes (Figure 8a),'”

although these nanoparticles were
produced through synthesis techniques that did not allow for precise control over their dimensions.
Platinum multiarm nanostars synthesised through a seed-mediated method demonstrated higher ac-
tivity, although the number of arms within each particle could not be controlled.'”" Similar results

'72 and branched nanoparticles.'”

were observed for highly faceted multioctahedral nanocrystals
Huang and co-workers produced a range of gold nanoparticles using AgNOs-assisted synthesis ob-
taining shape-, size- and length-controlled decahedra (ranging from 21 to 81 nm), bipyramids (144
nm and 150 nm) and rods (ranging from 85 to 126 nm in length) through manipulation of reaction

conditions.'”* The resultant particles exhibited size- and structure-dependent catalytic performance in

the reduction of p-nitrophenol to p-aminophenol by sodium borohydride. Single-crystal dentritic
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platinum nanoparticles of 20 nm (distance point-to-point) have also been synthesized and were as-
sembled onto the surface of carbon nanotubes, yielding a homogenously loaded hybrid catalyst with
clean Pt surfaces'””. The multiple corners and edges of the dendritic particles are more active for the

reduction of hexacyanoferrate(Iil) by sodium borohydride compared with spherical nanoparticles.

In general, the properties of magnetic materials are determined by both their electronic and crystal
structures, therefore anisotropic nanoparticles can give rise to interesting properties owing to an in-
terplay between magnetocrystalline anisotropy, shape anisotropy and crystal surface facets.'’® While
spherical nanoparticles can be magnetised homogenously, elongated particles such as nanorods,
nanotubes and nanowires are more easily magnetised along the long axis and plate-like particles per-
pendicular to the basal plane, and therefore can produce an anisotropic response to magnetic fields.*
However, it remains a challenge to synthesise non-spherical magnetic nanoparticles through tradi-
tional seeded growth mechanisms because of the inherent isotropic crystal structure of magnetic ma-
terials.'””'"® Therefore the majority of the anisotropic magnetic nanoparticles are produced through
templated or top-down methods, or through routes that do not allow for size and/or shape control.*
Of most interest here is solvothermal synthesis using shaping ligands.'” Length-controlled FePt na-
norods and nanowires (of length between 20 nm and 200 nm) were grown within surfactant cylindri-
cal micelles and could be assembled into anisotropic magnetically aligned nanomagnet arrays.'**'®!
A similar approach was used to produce monodisperse 10 nm x 7 nm Mn3;O4nanoplates with ferro-

magnetic behaviour.'*?

The importance of shape anisotropy is highlighted by the comparison of su-
perparamagnetic spherical cobalt nanoparticles versus monodisperse and monocrystalline ferromag-
netic cobalt nanorods and nanowires at room temperature. Furthermore, the latter could self-organise
into 2D and 3D superstructures with potential application in magnetic data storage.'*'** Co304 octa-

hedra with tuneable sizes of 20, 40 and 85 nm (edge length) were ferromagnetic owing to a combina-

tion of the specific displayed nanocrystal morphology of {111} surface facets and their small lateral
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size. Thus, shape and size control were crucial for obtaining an overall ferromagnetic behaviour in

otherwise antiferromagnetic particles.'”°

In the bulk state platinum is nonmagnetic, but becomes magnetic at the nanoscale level and

particularly so for anisotropic particles.'®

When branched platinum nanocrystals were synthesised
using annealing temperature and reaction time to control size and morphology producing 8 nm elon-
gated nanoparticles and 9 nm tetrapods, enhanced ferromagnetism (10 times larger) was observed
compared with 8 nm spherical nanoparticles at room temperature.'®® Magnetisation was further en-
hanced by a factor of 8 for dodecanethiol-capped platinum branched tetrapods compared with
oleylamine-capped particles, suggesting an additional contribution of charge transfer from the coat-
ing surfactant that causes a localised permanent magnetic moment. The ability to control morphology
of platinum nanocrystals to synthesise Pt-ZnO composite nanoparticles with interesting catalytic and
magnetic properties was also demonstrated.'®” The investigation of different morphologies of the
seed crystal and platinum nanocrystals with different exposed facets revealed that the truncated octa-
hedral morphology had enclosed {111} and {100} facets, which allowed for selective growth of zinc
from the {111} facets. The use of the truncated octahedral seeds led to composite ZnO—Pt nanoflow-
ers with enhanced photocatalytic activity owing to exposed Pt{100} facets as reaction sites and elec-

tron transfer from ZnO to Pt. Furthermore, the unique morphology provided enhanced ferromag-

netism compared to the pure materials.

The well-reported plasmon-resonance of gold nanostars was further exploited to produce dy-
namic gyromagnetic imaging contrast agents through the introduction of a 13 nm Fe;0O4 superpara-
magnetic core in gold nanostars.' The multiarmed gold nanostars had an average size of 100 nm
and, despite their structure not being perfectly homogenous, this study elegantly demonstrated a po-
larisation-sensitive scattering of the magnetically responsive particles to a rotating magnetic field

gradient for bioimaging applications. The anisotropic nature of the gold shell was crucial to achieve
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polarisation-dependent scattering at NIR frequencies, leading to gyromagnetic contrast as a conse-
quence of the synchronisation of the magnetic moment with the polarised emission. The resultant
particles were explored for their ability to be selectively imaged following receptor-mediated uptake
into tumour cells and exposure to a polarised NIR laser beam (A.,=780 nm) for selective excitation of
the nanostars. The resultant scattering was visualized under both conventional (time-domain) and
gyromagnetic imaging conditions, whereby Fourier transform of the gyromagnetic signals had en-
hanced signal-to-noise and signal-to-background ratios inside tumour cells compared with the time-
domain imaging. The Fourier-domain imaging also produced clear resolution, thus demonstrating a

route to overcome low signal intensities in time-domain imaging.

A particular advantage of anisotropic magnetic structures is the ability to selectively align the
particles in response to an applied magnetic field."**'*! Gold nanorods were attached to Fe;O4 nano-
rods, so that the orientation of the former relative to incident light, and thus their plasmonic excita-
tion modes, could be magnetically controlled.'™ These structures exhibited a highly sensitive colour
switching behaviour in response to the changing orientation and strength of the applied magnetic
field by emitting alternative green and red light under illumination and while self-rotating under a
magnetic stirring field. Similarly, ferromagnetic ellipsoidal FeSiO, colloidal photonic structures of
190 and 220 nm in length were prepared and could spontaneously order into colloidal crystals (Fig-
ure 8b)."”" It was possible to tune the reflection wavelength of these particles by changing the mag-
netic field direction with respect to the incident light. The nanorods could also be dispersed within a
UV curable resin producing thin film liquid crystals, where patterns of different polarisation and con-
trol over transmittance of light could be achieved through the magnetic field responsivity.'”® These
examples open new strategies towards building active optical components, creation of photonic pat-

terns under magnetic fields, and selective chemical and biomedical sensors.
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[H2] Fluid behaviour

The dispersion of nanoparticles in fluids has become an extremely important area of research.
‘Nanofluids’ have a number of desirable properties compared to simple liquids including enhanced
heat transfer and friction reduction, making them perfectly suited to industrial applications that re-
quire efficient lubrication and cooling.'”*'”* Anisotropic nanoparticles behave very differently under
flow compared to their isotropic analogues,” opening the door to further enhancement of nanofluid
properties. When exposed to high shear rates, liquids containing anisotropic nanoparticles exhibit
shear-thinning and other non-Newtonian behaviours,'”* which makes them extremely useful for a
number of applications ranging from industrial lubrication to polymer processing. In addition, the
enhanced thermal transport properties exhibited by many anisotropic nanoparticles means they can

be employed as very effective coolants.'”

However, the rheological behaviour of anisotropic parti-
cles is highly complex and not captured fully by current models."”*'** A full understanding of their
rheological behaviour therefore requires a combination of theory, molecular modelling and experi-
mental work. Developments in the theoretical understanding of these systems have suggested a rich

interplay between the effects of shape and other properties such as charge,'®'"

enabling complex
and potentially useful behaviours to be realised. However, examples of empirical studies in which
the dimensions of nanoparticles are systematically varied are rare, possibly because this field has tra-
ditionally made use of particles such as clay nanosheets, for which well-controlled syntheses have
yet to be developed.'®” Furthermore, when particle size has been controlled, there often exist con-
founding factors that make it difficult to draw clear conclusions about the effect of aspect ratio on
flow behaviour. For example, the rheological properties of carbon nanofibers of different lengths be-
tween 5 to 100 um have been studied, but because these fibres were obtained using two different
processing routes, it was not possible to conclude whether geometry or changes in surface chemistry

198

were the cause of the observed differences in their physical behaviour. ™ The study of the rheologi-

cal properties of 2D nanoplates made of mineral kaolinite revealed very similar behaviour for plates
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with two different aspect ratios.'” On the contrary, different aspect ratios of zirconium phosphate
platelets led to marked differences in the properties imparted to epoxy resins.””” White and co-
workers have investigated the precise effects of aspect ratio on the rheology of 2D platelet nanoparti-
cles and observed notable deviations from theory for particular shapes — for example, large aspect
ratio particles showed unusual shear thinning and thickening behaviours. The study also emphasised
the role that less considered factors, such as rigidity, may play in determining rheological

properties.””!

Although our fundamental understanding of how particle anisotropy can influence fluid behav-
iours remains limited, anisotropic nanoparticles are increasingly used as viscosity modifiers in a

. . . . 202
range of applications such as engine lubricants.

This has naturally led to investigations on the im-
pact of structure on performance, for example, worm-like or cylindrical micelles are of interest ow-
ing to their ability to align in flow. However, resistance to shear thinning has a dependence on cylin-
der length and chain entanglement, but also varying the cylinder thickness can change the time of

disentanglement, with implications in resistance to high shear’”

. Molecular properties such as mi-
celle thickness were observed to influence shear rate and shear viscosity. Thicker surfactant-based
micelles had shorter breaking times that resulted in the onset of shear thinning at higher shear rates.
Conversely, block copolymer cylinder micelles with narrower dimensions (ranging from 6 nm to 13
nm) exhibited shear thinning and cylinder orientation at lower shear rates. This means that the effica-

cy of cylindrical particles to modulate fluid properties such as for thickeners, drag reducers and flow

improvers can be tuned through control over nanoparticle dimensions.

[H2] Gelation and interfacial interactions
Access to non-spherical morphologies, particularly worms, has enabled the formation of soft, free-
standing gels in aqueous solution simply by exploiting inter-particle entanglement.’'****% Although

anisotropic nanoparticles have been widely used to induce gelation and increase the mechanical
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properties of hydrogels, the use of non-spherical nanostructures of controlled size for this purpose
has been limited.****"” For example, fibre-reinforced colloidal hydrogels have been synthesised for
applications in regenerative medicine. By controlling the aminolysis process of polydisperse poly-L-
lactic acid (PLLA) fibers, rod-shaped particles with tuneable size were obtained and incorporated
into intercolloidal hydrogel networks fabricated using spherical gelatin nanoparticles as colloidal
building blocks.*”® Shorter fibres were shown to distribute better throughout the gels and interact

stronger with gelatin nanoparticles as a result of their higher specific surface area.

Cellulose nanocrystals (CNCs) — bio-based rigid rod-shaped particles derived from cellu-
lose— have been widely used to reinforce hydrogel networks. Commonly, CNCs are prepared by
sulfuric acid hydrolysis of cotton or wood pulp, which imparts anionic sulfate half ester groups on
the nanoparticle surface.””*'® CNCs have been incorporated in non-injectable hydrogels through

physical entrapment or chemical crosslinking to increase the hydrogel’s mechanical properties®' 2"

213216 51 macroporosity.”'*'* While CNCs form a gel at a concentration of

and introduce anisotropy
10 wt%, CNC as additive fillers are incorporated into pre-formed hydrogels at low concentration,
inducing modification into hydrogel properties without disrupting the 3D network.””® Notably, few
reports have demonstrated the use of CNCs as mechanics-enhancing agents in injectable

hydrogels.**'

This has been observed in sequentially covalent—ionic cross-linked alginate—gelatin hy-
drogels, whereby alginate and gelatin were pre-cross-linked using carbodiimide chemistry, mixed
with a suspension of CNCs to form an injectable hydrogel precursor, and then mixed with Zn*" ions
to form a stronger network.”* Physical entrapment of CNCs within the gel led to a 1.8-fold increase
in compressive modulus (up to 92 kPa) versus gels prepared without any CNCs. Other ionically
cross-linked hydrogels composed of cationic quaternized cellulose and anionic B-glycerophosphate

with physical incorporation of cationic CNCs, led to a two-order increase of the energy storage mod-

ulus relative to the CNC-free gel owing to enhanced charge screening and hydrogen bonding.?*
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Polymerisation-induced self-assembly (PISA) can also lead to in situ gel formation.”** Such
gels exhibited unique properties, including thermoresponsive and reversible gelation as a result of
temperature induced worm-to-sphere transitions. However, this work was based on anisotropic struc-
tures with poorly defined lengths. Tuning nanoparticle dimensions may therefore provide another
level of control over hydrogel properties. This has recently been demonstrated using CDSA, either
by epitaxial growth directly in water’' (Figure 9a) or by enriching the polymeric hydrogel matrix
with pre-formed nanoparticles of different shapes and sizes.”>> Dove, O’Reilly and colleagues report-
ed the first example of controlled CDSA in water using poly(caprolactone), a degradable, crystalline
polymer.”' The sizes of the resulting 1D nanoparticles could be tailored to a desired uniform length
directly in water. A steady increase in solution viscosity was observed until a critical length was
reached (2 pm in this case), when physical entanglement of the cylinders led to hydrogel formation,

generating an injectable strong material that could be used for cell encapsulation.

In a second example, the mechanical properties of translationally relevant alginate hydrogels
were tuned by incorporating separately prepared 0D, 1D and 2D PLLA-based nanoparticles in the
biopolymer matrix.”*> The greater surface area per particle offered by the 2D platelets led to more,
and, therefore, stronger interactions with the alginate, enhancing the gel’s mechanical properties
compared to spherical (0D) and cylindrical (1D) particles. A suspension of platelets was also used as
a glue between alginate hydrogel blocks and bovine cartilage strips, showing superior adhesive prop-

erties compared to spherical and cylindrical micelles.

1D and 2D nanoparticles of controlled dimensions have been used to stabilize water-in-water

and water-in-oil Pickering emulsions, which are formed when two incompatible polymers are mixed

226-228

above certain threshold concentrations and play an important role in different areas, including

229,230 231

green chemistry, cell biology**® and food industry.>' Although clay nanosheets,”**** Janus na-

noparticles,* which surface is characterised by two or more distinct physical properties, and inor-
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ganic lamellar crystals™® have been used to stabilise Pickering emulsions, all of these have been pro-
duced using top-down self-assembly approaches. Herein, we will only consider particles that are syn-
thesized using a bottom-up methodology. Non-spherical particles leads to solid—liquid interface-

mediated capillary forces 236238

Young’s equation requires that at the three-phase contact line the
angle between the interface and the colloid surface is equal to the solid—liquid contact angle &. For
spatially anisotropic surfaces, this condition cannot be met when the interface remains flat, hence

238,239
d. >

capillary attractive interactions are induce Using a series of haematite particles of the same

111

surface chemistry and size (synthesised by forced hydrolysis of Fe™ in the presence of urea), it was
demonstrated that stable emulsions can be obtained using a particle concentration from 1 to 10%.**
As a consequence of the increased effective surface coverage and the occurrence of shape-induced

capillary forces, strong but brittle elastic surface gels could be obtained. Furthermore, the control

over the emulsion stability was closely linked to the particle aspect ratio and surface coverage.

Theoretical investigations of the effect of aspect ratio on the strength of adhesive interactions
between anisotropic particles and solid surfaces revealed significant differences in the energy barrier

to adhesion.>*!

Long, thin cylinders were found to have a much lower energy barrier to attachment
than shorter, wider ones. Substantial differences have also been observed between hollow and solid
particles, with implications across diverse fields including bacterial adhesion. Although these find-
ings have yet to be tested experimentally, there has been a promising report on the ability of 2D

CDSA platelets to stabilise liquid-liquid interactions in a Pickering emulsion, with larger platelets

giving smaller, more stable droplets (Figure 9b).***

Ultrathin, gibbsite colloidal platelets have been observed to stabilise water-in-water emul-
sions.”* Small platelets (170 nm in length) were found to cover the droplet surface in a more uni-
form fashion than larger platelets, hence stabilising the emulsion more effectively. Large platelets

(700 nm in length) not only rendered the droplets heavy, but also settle at the bottom of each droplet,
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leaving it less stabilised at the top and hence leading to a lower stabilisation of the emulsion. Overall,
compared to nanospheres, nanoplatelets are better suited to stabilise Pickering emulsions, as a conse-
quence of their ability to block a relatively large area of the water—water interface without causing
the droplets to become heavy and sediment. Rod-shaped cellulose nanocrystals with an anisotropic
parallelepiped structure (160 nm %X 6 nm x 6 nm) have also been used as water-in-water emulsion
stabilisers in a dextran—poly(ethylene oxide) (PEO) emulsion.*** As a consequence of the high ani-
sotropy of the rod like materials, less material is needed to stabilise water-in-water emulsions than
when homogeneous spherical colloids are used. Cellulosic colloidal nanorods of different origins
were also used to investigate the effect of various elongated shapes adsorbed at the oil-water inter-

face.?

Nanocrystals of length ranging from 185 nm to 4 um were obtained from the hydrolysis of
cellulose microfibrils of three different origins: cotton, bacterial cellulose and Cladophora, leading to

aspect ratios ranging from 13 to 160. The three different types of nanocrystals were irreversibly ad-

sorbed at the oil-water interface and form stable emulsions.

[H2] Biological interactions and therapeutics

For more than thirty years, nanotechnology has promised to deliver a new generation of more effec-
tive, safer medicines by enabling their targeted delivery to the site of disease. It is increasingly ap-
preciated that in order to realise this promise we must move beyond simple isotropic nanoparticle
designs.”” Anisotropic morphologies enable more directed and specific interactions with biological
systems at the molecular, cellular and tissue levels,®****** however the exploitation of nanoparticle
anisotropy in the drug delivery field has vast untapped potential. Until recently, the difficulties in
precisely controlling nanoparticle dimensions and shapes for polymeric materials through bottom-up
self-assembly methods have limited investigations to rigid inorganic particles and/or top-down syn-
thesis approaches, thus leaving the field overall in its infancy. Over the last decade researchers have
shifted focus to study the cellular internalisation behaviour of non-spherical morphologies, inspired

by the varied shapes of virus particles.** Early work in this field by Chan and co-workers began to
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shed light on the influence that nanoparticle size could have in mediating biological effects, for ex-
ample targeted nanoparticle toxicity through modulation of cellular pathways as a result of specific

. . 250251
nanoparticle size.””

Beyond this, shape has also been shown to influence biological behaviours
such as circulation lifetimes, extravasation through tissues and distribution in vivo.”** Cylindrical
micelles and rods demonstrate persistent blood circulation times of up to one week post-injection and
decreased interactions with macrophages. However, cellular uptake can be dependent on aspect ratio
owing to cylinder alignment in flow, therefore it is essential to maintain complete control over nano-

. . . 20,247,253,254
particle dimensions.”™ """~

These biological properties give particular promise for applications in
blood diseases such as leukemia, where there is no fixed disease site and the ideal therapy can reach
the entire circulatory system with a long residence time. In this regard, superparamagnetic aniso-
tropic drug-loaded iron oxide nanoparticles using a static magnetic field-assisted assembly approach
have been synthesized (Figure 10b) *°. Compared with isotropic particles, cylindrical assemblies
could maintain a higher concentration of the loaded drug within the blood for a longer time period, as
well as decreased clearance rates of the particles from the body. They also observed that the aniso-
tropic particles displayed a preference to remain in the circulation and had less liver and spleen se-
questration compared to the isotropic particles. This promoted a greater therapeutic effect, which was
reflected by decreased leukocyte counts and CD13 expression (a cell-surface protease aminopepti-
dase that positively influences tumour growth) after 1 week of administration. Potentially, disc-
shaped hydrophilic nanoparticles can achieve even better circulation kinetics, specificity and effi-

ciency of cellular uptake compared with rods and spheres.** >

The advent of new methodologies
for precisely controlling particle dimensions has enabled researchers to explore in even greater depth

the biological properties of anisotropic nanoparticles, particularly for soft, organic materials, widen-

ing the scope of work possible in this area.

The dimensions of a polymer particle have implications on cellular uptake behaviour and con-

trolled bottom-up synthetic methods, as described above, provide the ideal tool for reliably probing
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this phenomenon. Previous work has shown direct comparison between spherical and rod-like parti-
cles, however often these studies are limited to only a few aspect ratios, giving little indication of the
exact tunability of cellular uptake response with particle shape. For example, DNA-nanoparticles of
highly controlled rod morphology have been found to significantly enhance cell internalization com-
pared to spherical nanoparticles’. The same effect was observed in vivo for quantum dot-based
spheres and rods, the latter being more amenable to transport and distribution into tumours®*. An
interesting study of anisotropic structures in the context of finding more efficient therapeutic strate-
gies arose from the hypothesis that the size and dynamics of single membrane transporters could be
investigated using gold nanorods and Pseudomonas aeruginosa as a model living cell**. The impli-
cations of increased understanding in the way cells interact with biomaterials and extrusion mecha-
nisms of both particles and drugs are important to avoid multidrug resistance. By modulating the
length of gold nanorods (52 nm, 74 nm and 97 nm) it was possible to image directly the dynamics of
membrane permeability. This led to the observation that interactions between membrane proteins and
particles could trigger formation and assembly of additional membrane transporters for extrusion of
substrates. The uptake and efflux dynamics of the nanoparticles were heterogeneous across individu-
al bacteria, providing important insights at a single-membrane-pump level into mechanisms of re-

sistance, with potential impact downstream in drug delivery particle design.

To date, advanced applications of anisotropic nanoparticles have overwhelmingly been domi-
nated by noble metal nanoparticles as a consequence of the more developed precision syntheses of
these materials. It would be of great interest to study these advantages in the biological fields in fur-
ther depth using a wider range of materials and morphologies, such as 2D platelet structures. CDSA
has proved to be particularly useful in this regard. The assembly process can generate morphologies
from spheres to rods to platelets while maintaining the same surface chemistry.®’2**" Exploiting

268,269

this methodology, Li and co-workers were able to fabricate polymeric nanocylinders and dif-

ferent shape of nanoplatelets directly in water, all featuring a polysaccharide corona for investiga-
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tions into particle shape-dependent interactions with macrophages. They observed that cylinders had
far higher cellular uptake than any platelet particles. However, when the activation of macrophages
was investigated, platelets showed stronger stimulated secretion of pro-inflammatory cytokines, de-
spite the lower rate of endocytosis (Figure 10a). This was also related to the size of platelet particles,
with smaller platelets having the greatest macrophage stimulation efficiency, highlighting the impact
of highly controlled nanoparticle anisotropy in potential immunotherapy applications. This strategy
was further demonstrated by Inam and co-workers®”’ who explored the antibacterial activity of 2D
polymer assemblies through CDSA. In this case, small platelets exhibited higher antibacterial activi-
ty than large platelets or spherical structures, providing a useful tool for exploring how antibacterial

activity of nanoparticles can be controlled through morphology and size effects.

In the bloodstream, the shapes of white blood cells and platelets have evolved to enable long
circulation times, and to increase the frequency of interactions with the blood vessel walls to facili-
tate the search for vascular abnormalities.>® Mimicking this kind of behaviour could lead to im-
proved efficacy for nanoparticle therapeutics, for example by enabling them to move more easily
through vascular fenestrations or bind with disease-specific vascular receptors. Indeed, disc or plate-
let shaped nanoparticles have been revealed to have unique in vivo behaviours, such as greater organ
accumulation with less liver sequestration compared to spherical or cylindrical particles.””" In a fur-
ther study, it was shown that medium-sized platelet particles (1000 x 400 nm plateloids) demonstrat-
ed the best hydrodynamic forces and interfacial interactions required for efficient tumour accumula-
tion even without the use of specific targeting ligands, with small platelets (600 x 200 nm) accumu-
lating more extensively in the liver and spleen, and large platelets (1800 < 600 nm) in the lungs (Fig-
ure 10c) 2’2 Other factors that are important for nanoparticle distribution in vivo have received lim-
ited attention in terms of the effects of size and shape. For example, the effect of aspect ratio on the
types of proteins accumulated by two different gold nanorods (40 x 11 and 70 x 15 nm) and stars (40

and 70 nm external diameter).”” Significant differences in the total amount of protein and the types
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and variety of proteins adsorbed on the nanoparticle surface were observed, but the study was limited
to nanoparticles made of a single material (gold) and by the availability of different aspect ratios and

shapes.

Overall, it is clear that nanoparticle shape strongly dictates biological properties such as circu-
lation lifetimes, cellular internalisation and interactions with proteins, with clear preference thus far
for cylindrical nanostructures in this regard. However, predominately studies probing these funda-
mental nanoparticle interactions have used inorganic-based materials. Moving forward it will be of
interest to extend this work into soft matter particles, such as through CDSA, as controlled synthesis

techniques continue to develop.

[H1] Outlook

This Review has illustrated the sheer breadth of areas in which precision anisotropic nanoparticles
could have, or in some cases are already having, a transformative impact. However, there remain a
number of challenges to overcome before the full potential of these materials can be realized. In this
final section we highlight what we believe to be the most important areas for future work, in an effort

to lay out a roadmap for those working in the field (Figure 11).

[H2] New synthetic methods

As detailed above, there are now numerous methods available for the precise bottom-up assembly of
anisotropic nanoparticles. Although these methods encompass a very broad range of different ap-
proaches, a single challenge unites them: expanding the range of materials that can be used as build-
ing blocks. The following section expands on how we postulate this might be achieved in each of the

three general synthetic approaches we have identified.

Controlled crystallisation techniques have enabled important advances in our ability to make preci-
sion anisotropic nanoparticles. However, it remains challenging to rationally control nanoparticle

shape and size through modulation of reaction conditions. CDSA provides one route around this is-
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sue, but other approaches are needed. Advances in our understanding of crystallisation processes will
be vital,”™* but bringing the power of evolution to bear on the synthesis of anisotropic nanoparticles
can also be advantageous. Microbes and other organisms use specific proteins to exert precise con-
trol over the growth of mineral nanoparticles, such as the diverse array of anisotropic magnetite
(Fe304) nanoparticles grown inside many bacteria.””>*’° Staniland and co-workers have demonstrat-
ed how these protein motifs can be taken out of their biological context to control mineralisation in

278,279

vitro.””” Beyond this, ‘bio-panning’ allows the in vitro evolution of peptides and nucleic

+ 1.280-2
acids?802%

that control the growth of an increasingly large array of materials. Use of evolution great-
ly accelerates the discovery of ligands capable of controlling nanoparticle synthesis, a prdis-

perseocess that has traditionally relied on serendipity and trial-and-error.

A more fundamental limitation of controlled crystallisation is that it requires the use of materi-
als that form well-ordered domains. Although there have been recent reports using more unusual in-
teractions as the basis for seeded growth, such as hydrogen bonding,'”® n—n interactions®®’ and met-
al-metal bonding™®, we believe a priority for the field should be the identification of growth mecha-
nisms that enable the controlled growth of nanostructures based on amorphous materials. A recently
proposed approach, based on a morphological transformation process (MORPH) exploits supramo-
lecular bonding to drive insertion of a polymer into a spherical seed nanoparticle, coupled with care-
ful design of the polymers’ physical properties, to control growth of amorphous, high aspect ratio
wormlike nanoparticles”™. A physical model developed to describe this ‘morphological transfor-
mation’ process suggested that it should be possible to use other supramolecular bonding interactions
to achieve similar results. If this proves to be the case, then it will represent a useful complementary

technique to seeded growth for the production of precisely defined anisotropic nanoparticles.

Another synthetic challenge is to expand the scope of the thermodynamic self-assembly of ani-

sotropic nanostructures. Protein engineering is already producing complex shapes, but these are lim-
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ited in size; achieving control over protein oligomerisation could be one way to overcome these limi-
tations. A modular systems of protein ‘rods’ and ‘connectors’ has been proposed that enables the
programmable assembly of complex nanoscale shapes based on engineering of gamma-prefoldin, a
protein from a deep sea thermophilic bacterium whose native function is to assist in the folding of
other proteins.””® Taking further inspiration from the hierarchical assembly of DNA origami struc-
tures may also be a promising avenue: simple design rules can be used to control the hierarchical as-
sembly of DNA tiles, giving access to structures at the micron scale while retaining structural preci-

sion.?’!

Alternatively, taking a biohybrid approach may be fruitful, as illustrated by the growing field
of DNA—protein origami.”* In this approach, engineered proteins are used as highly controllable,

modular linkers to join rigid DNA helices together in a designed pattern.

Ultimately, the goal must be to move beyond biomolecules for programmed assembly. The de-
velopment of peptide nucleic acid (PNA), in which the DNA phosphate backbone is replaced with
peptide linkages, is a simple step in this direction.””® Taylor and co-workers recently reported the
first successful formation of complex PNA nanostructures in organic solvents, an environment inac-
cessible to DNA, and we believe this kind of approach has a promising future in the context of aniso-
tropic nanoparticles.””* Replacing the natural bases with artificial groups goes one step further into
the emerging area of the synthesis and programmed self-assembly of sequence-defined polymers.*”
The self-assembly of poly(phosphoesters) has been reported to be determined by monomer sequence,
a vital first step in achieving the level of controlled folding possible with biomolecules.””® Given the
success of the DNA origami approach in this context, it is worth asking what features a synthetic an-
alogue would need to mimic in order to be useful. Building nanostructures from DNA has become
incredibly popular because of three very attractive features: the development of computational design

tools (such as caDNAno>’

) that allow users to draw a desired shape and have the required DNA se-
quences automatically generated; the availability of synthetic DNA made by solid phase synthesis;

and the simplicity of the experimental protocols for folding DNA nanostructures. The solid phase
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synthesis of different sequence-defined polymers is a rapidly advancing field,””* "' but less attention
has so far been paid to controlled molecular folding and we expect this to be an exciting emerging
field in the years to come. The advances in folding of SCNPs described in this Review give just a

hint of what will become possible in the near future.

Even with the advances discussed so far, for many materials the direct formation of well-
defined anisotropic nanostructures will remain out of reach. We believe that templated assembly has
great untapped potential to address this problem. The redirection of viral coat protein assembly using
non-natural nanostructure templates is a rapidly developing field, with recent examples using
branched RNA,****® DNA,****% polymers,’” metal nanorods®’ and supramolecular amphiphile
structures.”” This idea was recently extended to the assembly of viral coat protein mimics.””"'’ Go-
ing further, plasmid DNA was used to direct the self-assembly of synthetic polymers, with different
shapes accessible depending on the conformation of the plasmid (itself controlled by changes in ionic
strength).”!' Another report used intercalation to drive the association of polymers with double
stranded DNA, and demonstrated that rod-like nanoparticles with defined dimensions could be gen-
erated, with their lengths determined by that of the templating DNA helix.’'? Extending this general
approach to more complex templates (for example branched and topologically complex shapes) and
more diverse materials will yield interesting results. On a more simplistic level, advances in the con-
trolled deposition and growth of secondary materials on precision structures made through CDSA of
block copolymers or DNA origami would enable many interesting new studies. The recent reports on
mineralisation of DNA nanostructures provide some hint of the future possibilities and the exquisite
control that can be obtained.’"® Furthermore, bottlebrush SCNPs can be used as highly controllable
templates for the growth of anisotropic nanostructures,’'* building on previous work from Muller and

coworkers.’"> This approach is highly versatile as the template can be readily tuned by simply alter-

ing the length and composition of the polymer using controlled polymerisation techniques.*®

34



We believe the methods with the greatest potential are the casting and breadboard approaches,
because they make recycling of the template possible. This is important because template costs are
presently high (as in the case of those based on biomolecules) — reuse means that a single template
can produce many copies of the product, reducing the overall cost. Hollow 3D structures are yet to
be made by CDSA. However, when they are achieved they will be ideal moulds for casting other ma-
terials because they can be more robust than DNA origami, which is usually unstable to the presence
of large amounts of organic solvent and/or low salt concentrations. There is a growing interest in
controlled polymerisation within viral cages’'®. Although current examples are limited to isotropic
structures, expanding this to anisotropic capsids such as that of TMV could represent a useful new
approach to casting polymer nanostructures. Further development of the breadboard approach to al-
low easier reuse of the template and a wider array of materials is also an exciting area to watch. An
interesting example was recently published by Belcher and coworkers, who used a DNA origami tile

as a template to cut carbon nanotubes to precise lengths determined by the width of the tile.*”

[H2] Understanding properties

Our understanding of the properties of anisotropic nanoparticles is currently rather incomplete. A
great deal of fundamental work has been done in the area of light—matter interactions and electron
transport, enabling rational design of nanoparticle dimensions for particular applications. In almost
every other area where anisotropic nanoparticles have been shown to exhibit unique properties,
meanwhile, our understanding of how to control these properties remains lacking. As described
above, to date anisotropic nanoparticles have been explored across a vast area of application, includ-
ing optical and electronics, catalysis and magnetism, gelation and interfacial interactions, fluid be-
haviour and a range of biological interactions and therapeutics. However, it is apparent that the slow
development of synthetic methods to access particle anisotropy is a significant bottleneck in the pro-
cess towards a full understanding of possible achievable properties. The advantage of an anisotropic

particle over an isotropic one has been demonstrated for certain applications, but often only for a
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single type of material or a limited variety of shapes. This limits our understanding of how many
properties can be introduced through particle shape and what other factors should be considered,
such as the presence of crystallinity or particular chemistries. This can be exemplified in the area of
thermal properties of anisotropic conducting materials, in which thus far investigations have been
limited by the availability of controlled synthesis routes towards these materials, and as such is an

exciting field with unknown potential.

Given the rapid recent developments in dimensional control of soft matter materials, we be-
lieve it would be of great interest to compare and contrast areas previously explored with materials
such as transition metals, and we believe that CDSA is the most logical approach for this purpose,
purely as a result of the extensive studies and literature reports thus far. While some fields such as
catalysis and magnetism can only be explored for limited classes of materials, for other areas such as
light harvesting, energy storage and photonics, we see opportunities for the precision nanoparticles
accessible through CDSA. These obtained particles can be used in model systems to determine how
device efficiency can be optimised. The recent functionalization of a range of different surfaces us-
ing CDSA [Au: Edit OK?] will open up exciting new opportunities in this area, by making it possi-
ble to straightforwardly modify different substrates with nanoparticles of precise shape and size in a

single step.’'®

We believe there is huge potential for the translation of precision nanoparticles made using
CDSA into the realm of rheology modification. As discussed above, the rheology of anisotropic
nanostructures presents numerous challenges to theorists and modellers alike. However, the precise-
ly-defined cylindrical and platelet structures accessible through CDSA, the surface compositions of
which can also be tuned to a high degree, make these nanoparticles ideal model systems for studying
how such parameters affect industrially important properties including shear thinning and thickening

behaviour, thermal transport, lubrication and wear reduction.
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Perhaps the area in which precision nanoparticles have the greatest unrealised potential is ther-
apeutics. It is now widely accepted that nanoparticle shape plays a vital role in mediating how these
materials are recognised, processed and excreted by the body. The surprising wealth of literature to
date would suggest that anisotropic shapes, particularly elongated rods or worms, hold the greatest
potential for next generation therapeutic constructs.’**>**!°2! This is based on the observed en-
hanced cell uptake that results from the increased ligand interactions and other improved biological
behaviours such as circulation lifetimes, extravasation through tissues and distribution in vivo in
comparison to spheres. However, give the previous difficulties in precisely controlling nanoparticle
dimensions using traditional polymer self-assembly techniques, not to mention the ability to inde-
pendently control shape, surface chemistry and composition, only a small number of studies can truly
examine the effects of aspect ratio on biological processing, which has in turn hindered our ability to
draw unambiguous conclusions thus far. It is important to also consider the less widely explored in-
fluence of nanoparticle rigidity on these properties. For example, it is highly possible that a flexible
cylindrical particle will demonstrate enhanced cell uptake in comparison with a crystalline rod of
similar dimensions, despite maintaining the same surface chemistry. As stated above, thus far such
studies in this field have traditionally been performed on quite hard materials like silica or noble
metal nanoparticles.'”****** Moving forward, there is great scope and potential for investigations us-
ing the 1D and 2D polymer assemblies accessible through other bottom-up synthesis approaches. To
realise a step change in the rate of progress in this area it will further be necessary to develop simple,
rapid methods for the construction of nanoparticle libraries in which shape, size and chemical com-
position are independently varied. We believe controlled growth processes such as CDSA and

MORPH have significant potential in this area.

[H2] Advanced applications
We anticipate that the use of precision anisotropic nanoparticles to elucidate fundamental materials

properties will naturally lead to their integration in advanced devices for a whole host of applica-
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tions. One area with great potential is the integration of nanoparticles grown through CDSA of block
copolymers into optoelectronic devices. The broader structural and chemical heterogeneity accessi-
ble to polymer-based systems in comparison to transition metals could mean much greater potential
for tuning the properties of the resulting materials and, therefore, greatly improved device efficiency.
Further development of CDSA to accommodate the use of more diverse polymers will be necessary,
along with methods for the efficient integration of the products into functioning devices. The possi-
bility for tuning shape, composition and surface chemistry could also be very interesting for making
the next generation of nanofluids, in which precision anisotropic nanoparticles act as viscosity modi-

fiers, adhesives, fillers and interfacial stabilisers with bespoke properties.

Nonetheless, it is our opinion that one of the most exciting fields to be opening as a result of
the progression of nanoparticle dimensional control is within the biological realm. Crucial under-
standings of how nanomedicines interact with the body at the cellular and tissue levels will undoubt-
edly lead to full realisation of successful nanomedicines, diagnostics and tissue engineering. While
CDSA appears to offer broad potential owing to easy access of anisotropic shapes and compatibility
with biodegradable core-forming blocks such as poly(lactic acid) (PLA) and poly(caprolactone)
(PCL), it is becoming apparent that less-developed processes involving templated and programmed
assembly also warrant focus. Particularly templated assembly techniques such as the ‘breadboard’
approach can facilitate a high degree of versatility in chemical composition, as well as template recy-
cling which increases feasibility. In addition, further developments in programmed assembly, such as
folding of sequence-defined polymers and other biomimetic constructs like proteins and viruses,
should provide great scope for reaching soft matter materials with absolute control over function and
application. Undoubtedly the ability to precisely dictate nanoparticle dimensions while using a wide
range of monomer building blocks can offer unprecedented influence over drug release rates, tissue
accumulations, cellular processing and ultimately the efficacy that can be achieved. Anisotropic na-

noparticles are already showing advantages for modifying essential hydrogel mechanical, viscoelas-
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tic and adhesion properties, leading to materials with greater suitability for their intended application,
for example scaffolds matching elastic modulus of tissues for greater cell regeneration.””> The possi-
bility to not only control nanoparticle shape to achieve these properties, but to also tailor the chemis-
try involved, can further introduce motifs for cell signalling or introduce active molecules with pre-
determined release rates. The area of diagnostics will also benefit from an increased understanding of
how nanoparticle shape can be more finely controlled with regards to noble metal materials. There is
a rich history of SPR and SERS modulation with aspect ratio and shape, and a variety of resultant
applications are beginning to be realized. Further developments in controlled synthesis of complex
shapes such as nanostars and nanocages will surely lead to rapid progression in this area, as well as
in related fields such as catalysis. Finally, there are scattered reports of anisotropic magnetic nano- or
microparticles from uncontrolled synthetic strategies with interesting applications such as cell sens-

ing and separation and probing cell rheology,323‘325

It would be of great interest to see where this
field could progress as methods for production of magnetic particles with dimensional control con-

tinue to develop.

It is important to bear in mind that successful translation of a technology into ‘real world’ ap-
plications depends on a host of factors, not least among which is production cost. When considering
the applications of the highly engineered nanoparticles discussed in this Review, it is therefore rea-
sonable to raise concerns about whether the improved materials properties they enable will be
enough to offset their high synthesis costs. A priority for those working in this field should be find-
ing ways to bring these costs down and make synthetic routes amenable to scale-up that preserve re-
producibility of particle shape and size. The recent development of polymerisation-induced CDSA is
an excellent example of a move in this direction.’’® Drawing on inspiration from nature, which
makes use of tightly controlled construction processes alongside error correction, may also be fruit-
ful. However, even if industrial scale-up proves very difficult, precision anisotropic nanoparticles

will still have a key role to play in realising next generation nanotechnologies. By serving as tools
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that allow fundamental questions about nanoparticle structure—function relationships to be studied
for the first time in a systematic manner, they will provide the empirical and theoretical rules we
need to rationally design advanced materials using cheaper, more sustainable materials. It is this role
as an ‘enabling’ tool that we think will be most important in the near future. Nowhere will this be
more acutely appreciated than in nanomedicine, which for more than thirty years has failed to deliver
on its great promise to revolutionise the way that disease is diagnosed and treated. With the unprece-
dented insights that precision nanostructures will give into the workings of the nano—bio interface,
rationally designed nanoparticle therapies that overcome the current roadblocks associated with poor
efficacy may finally be possible, and one of the long-held promises of nanotechnology realised at

last.
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Box 1 | Types of Anisotropy

Anisotropy is defined as the display of direction-dependent behaviour. In the context of a nano-
particle, this can manifest itself in three main ways:

Chemical Shape Physical Properties
r N 7 N 7 N\
T =
The arrangement of The dimensions of the nanoparticle vary The physical properties
chemical groups on the between measurement axes. All of the nanoparticle vary
nanoparticle is not non-spherical shapes are considered according to the
homogenous. This anisotropic. The ‘degree’ of anisotropy measurement direction.
could be at the particle can be measured in different ways, see For example, there may
surface or throughout Box 2. be ordered magnetic
\the whole structure. ) U ) \domalns.

S

A single nanoparticle may exhibit multiple types of anisotropy, as illustrated by these examples:

Anisotropy
Shape
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Box 2 | Crystallisation Mechanisms

Understanding the process of crystallisation is key to achieving control over the resulting
products. One of the longest established models is that of LaMer, which separates the nucleation
and growth stages. The concentration of a building block increases over time (for example by
decomposition of a precursor). At a critical concentration (C_,;), so called burst nucleation is
triggered, leading to the formation of crystal nuclei, or seeds (step 1). This causes a drop in the
concentration of building block below C_,, preventing further nucleation. The existing seeds then
grow until the concentration of building block reaches a limiting value, C,,:

. ..... ® | Nucleation . . Il. Growth

i

CCI’# i

-
>

Time
In practice, crystallisation does not always conform to this simple stepwise process. Numerous
other models have been developed to account for this, a few of which are outlined below.
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. Dissolution
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. Slow, continuous nucleation
is accompanied by

During nucleation, different sized seeds are formed, with stability dependent on autocatalytic surface
their size. Small seeds redissolve, allowing larger seeds to grow at their growth. There is no
expense. The inverse of this process (in which large seeds dissolve and small temporal separation of
,\seeds grow) is known as digestive ripening. ) .\nucleatlon and growth. )
',Coalescence A (Intraparticle Ripening
(. Particle .
® l. Nucleation . fusion ‘ ° ’
s, Y
e
& @
oo *° . . 0 .
A change in the shape of a particle
Following nucleation, seed partlcles grow by fusion with one another. over time. This arises when the
Where crystallographic planes are not aligned during this process it is only instability in the system is the
known as coalescence; when they are aligned it is known as oriented difference in surface energy
\_attachment. ) \between different crystal facets. )
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Figure 1. Controlled crystallisation of anisotropic nanoparticles. Comparison of the two methods for the
synthesis of anisotropic nanoparticles by controlled crystallisation. In solvothermal synthesis (route 1), mo-
lecular building blocks are mixed in solution and exposed to a set of reaction conditions (including tempera-
ture, pH, salts and ligands) for a period of time. To obtain the desired shape and aspect ratio, a single set of
reaction conditions must control all stages of crystal growth. Seeded growth (route 2) separates crystal seed
formation (step a) and growth (step b). It is therefore possible to optimize the conditions of each step separate-

ly, so that tuning of nanoparticle aspect ratio can be achieved by varying the length of the growth step.

Figure 2. Seeded growth of well-defined anisotropic nanostructures by crystallisation-driven self-
assembly (CDSA). a) Schematic illustration of a typical CDSA seeded growth process. A diblock copolymer
containing solvophilic and semi-crystalline blocks is driven to self-assemble into anisotropic nanoparticles by
polymer crystallisation (step 1). This size-disperse particles are fragmented, typically by heat or ultrasoni-
cation, to generate a population of uniform seed nanoparticles (step 2). Addition of a second polymer free in
solution induces anisotropic growth and facilitates the construction of segmented nanostructures with well-
defined dimensions. b) Tuning the ratios between the polymer blocks enables control over morphology.® c)
Selective degradation of one polymer allows access to complex topologies.”* d) Multiple sequential growth
steps with different polymers give rise to patchy, multifunctional nanoparticles.’* Part b is adapted with per-
mission from ref 54. Part ¢ is adapted with permissions from ref 61. Part d is adapted with permissions from

ref 62.

Figure 3. Programmed assembly for the synthesis of anisotropic nanoparticles. a) Schematic of the con-
cept of programmed assembly: a macromolecule or macromolecules undergo controlled molecular folding in
solution driven by multiple weak interactions. b) Different examples of programmed assembly arranged in

order of the complexity of the molecular interactions that drive folding. Single chain nanoparticles (SCNPs,
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left) are made from polymers that fold on themselves. In this example, sequential polymerisation of monomers
with different lengths leads to a dumbbell-shaped bottlebrush SCNP. An atomic force microscopy image of
the dumbbell is shown above an illustration of the designed polymer structure.””” DNA nanotechnology (mid-
dle) makes use of the highly predictable pairing between nucleotides to achieve the programmed assembly of
a wide array of nanoscale shapes. Here, curvature has been introduced to form gear-shaped structures. a nega-
tive stain TEM image is shown above the in silico design.**® Protein engineering (right) seeks to achieve the
same goal with polypeptides, which are more functionally diverse than nucleic acids but also much harder to
rationally design. In this example, barrel-shaped assemblies have been designed with exquisite control over
pore diameter. Top and side views of the X-ray crystal structures of two different barrel designs are
shown.'"'Part b (left) is adapted with permissions from Ref. 84. Part b (centre) is adapted with permissions

from ref 85. Part b (right) is adapted with permissions from ref 86..

Figure 4. Approaches to the templated assembly of anisotropic nanoparticles. a) Coating. A template na-
noparticle is coated in a second material. This approach is conceptually simple but does not permit re-use of

the template. In DNA origami silicification (DOS)'"

(bottom) silica nanostructures are grown from DNA ori-
gami templates.; b) Casting. A hollow nanoparticle is used as a mould to constrain growth of a second materi-
al. The template can be removed and possibly reused. The tobacco mosaic virus has been used to direct the
controlled growth of Ni and Co nanowires within their interior compartment. A TEM image of a Co nanowire

within the virus is shown.*”’

c) Breadboard. A nanoparticle is used as a platform to pattern building blocks,
which are then fused. Template removal and re-use is simplified. DNA nanotechnology can direct assembly of
Au nanostructures using a 2D DNA origami sheet as template. Here, a box-shaped octamer is shown by

TEM."* Part a is adapted with permission from Ref. 103. Part b is adapted with permission from ref. 111. Part

c is adapted with permission from ref.112
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Figure 5. Exploiting precise dimensional control to enable advanced therapeutic applications.
The aspect ratio of a gold nanorod is tuned so that its absorption maximum coincides with the wave-
length of a NIR laser. Coating of the nanorods with antibodies enables their targeting to malignant

cells. Irradiation with a NIR laser enables specific destruction of diseased cells while leaving healthy

cells intact and leads to increased tissue penetration depth (adapted from reference '+°)

Figure 6. Control of optical properties. Control over nanoparticle dimensions allows optical properties to be
tuned for specific applications. a) Altering the anisotropic shape of a Au nanoparticle results in changes in its
absorption spectrum, allowing the absorption maximum to be selected to fit within a desired optical window.
b) The anisotropic shape of metal nanoparticles can be tuned to optimise surface-enhanced Raman scattering
(SERS) enhancement. ¢) The photoluminescence of anisotropic perovskite nanoparticles can be modulated by

controlling the thickness and aspect ratio. (a, b adapted from reference *', ¢ adapted from reference '**)

Figure 7. Advanced electronic materials realised by controlled anisotropic nanoparticle
growth. a) segmented semi-conducting nanofibers through multistep CDSA with an A-B-A structure
for separate donor and acceptor domains, b) the properties can be optimised by tuning the domain
sizes of the conjugated nanoparticle core and energy-accepting corona, to realise exceptional exciton

transport properties (adapted from reference ")

Figure 8. Catalytic and magnetic properties of anisotropic nanoparticles. a) Nanoparticle shape influ-

ences catalytic properties through selective presentation of active crystal facets'’’. b) Anisotropic and magnet-
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ic particles allow field-tuning of reflection spectra with respect to the direction of light, for applications as

photonic crystals'”. Part a is adapted from reference '"°. Part b adapted from reference '*.
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Figure 9. Modulating fluid properties using anisotropic nanoparticles. a) Well-defined 1D aniso-
tropic nanoparticles grown using crystallisation-driven self-assembly (CDSA) can be used to form
strong, biocompatible hydrogels. Changes in aspect ratio and shape allow the properties to be tuned
further’'. b) 2D anisotropic nanoparticles can act as stabilisers for Pickering emulsions, with large
platelets giving enhanced performance compared to small platelets and spheres **. Part a is adapted

from reference 59. Part b is adapted from reference 213.

Figure 10. The effects of particle anisotropy on biological processing. a) Nanoparticle shape not
only influences cell uptake efficiency, but also cellular signalling. In this example the size of 2D na-
noplates was related to the level of expression of pro-inflammatory cytokines **’) b) The effects of
particle anisotropy also manifest themselves at the level of a whole organism. In this example aniso-
tropic cylinders demonstrate prolonged blood circulation and increased therapeutic effect (evidenced
by decreased leukocytes concentration) compared with isotropic control particles® ¢) The effects of

particle anisotropy can be exploited to direct tissue accumulation. In this example particle size could
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directly positively influence tumour uptake with reduced sequestration into organs such as liver and

spleen %% Part a is adapted from ref. 245. Part b is adapted from ref. 240. Part ¢ is adpted from ref.

246.
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Figure 11. A roadmap for future research on the synthesis, properties and applications of precision ani-

sotropic nanoparticles. Development of new synthetic techniques will underpin future progress by enabling a
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greater diversity of materials to be used as nanoparticle building blocks. This increased diversity will enable
the study of fundamental properties by allowing structure—function relationships to be determined for the first
time in a wide range of areas. Finally, this greatly improved fundamental understanding will enable rational

design of anisotropic nanoparticles for particular applications.
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