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This volume focuses on recent advances in structuring soft materials
at the nanoscale and the incorporation of such materials into actual
devices.

Biological cells are the ultimate example of ‘soft machines; which rely
on the operation of complex melecular machines made of organic
matter. It is clear that man-made attempts to emulate biological
systems are nowhere near the same level of complexity.

Soft nanotechnology aims to build on our knowledge of biological
systems, by implementing self-assembly and ‘wet chemistry’into
electronic devices, actuators, fluidics, etc. Understanding, predicting
and utilising the rules of self-assembly (be it at solid/liquid interfaces, in
solution, or in block copolymers) and interface the resulting complex
structures in well-defined 2D and 3D arrangements.

As we are approaching the limits of Moore’s law the demand for more
advanced and sophisticated polymers suitable for patterning at the
nanoscale, as much as the need for new materials compatible with
alternative patterning, can only be satisfied if we understand the
fundamental nature of self-assembly and self-organization of organic
materials in this context.

In this volume the topics covered include:
® New effects when patterning soft materials at the nanoscale.
® How these effects can be understood and exploited.

® The limitations in feature shape, size, complexity and function which
are accessible via direct patterning and self-assembly.

® Progress being made into fabricating/assembling devices based on
such structured polymers. Can we ever rival silicon devices or cellular
function?

® Applications of cold molecules
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Introduction

Why “soft nanotechnology”? The word betrays its origins in the confluence of two
ideas. The first is the emergence of soft condensed matter as an interdisciplinary area
of physics, chemistry and materials science. The term “soft matter” is associated with
the late Pierre Gilles de Gennes, as an umbrella term for all those states of matter—
polymers, colloids, liquid crystals ezc.—in which typical energies of interaction are
comparable to thermal energies. The second idea is the notion of “nanotechnology”
itself; this word is associated with the endeavour of making potentially useful struc-
tures and devices from components on the scale of atoms and molecules. Thus, in
soft nanotechnology, we seek to use our knowledge of the behaviour of soft matter
to make from such components useful nanostructures and nano-scale devices.

The relationship between soft nanotechnology and cell and molecular biology is
important and should be stressed at the outset. The structures and mechanisms of
cell biology present compelling proof from their existence that sophisticated, highly
functional nano-scale devices are possible:"? cell biology is indeed nanotechnology
that works. However, to understand the mechanisms of cell biology we need ideas
and concepts from soft matter physics, together with an appreciation that biological
systems possess a complexity not found in synthetic systems.

This suggests that there are two complementary ways of thinking about soft nano-
technology. On the one hand, we can ask what useful nano-scale constructs and
devices can we make from the repertoire of components familiar from soft matter
science—for example, polymers, amphiphiles, block copolymers, polymer brushes,
colloidal particles, ezc. On the other hand, we might also look at the functional
features of living cells, and ask which of those features we might hope to emulate
in synthetic systems.?

Whichever way one frames the challenges of soft nanotechnology, one has to
appreciate the nature of the physical environment in which one is trying to oper-
ate. Assuming that we are operating in water or another liquid solvent, at around
300 K, the dominant feature will be Brownian motion. Thus transport will be
essentially diffusive in character, and we expect extended objects such as polymer
chains to show a high degree of conformational flexibility. At the nano-scale,
strong surface forces will be the rule. The physics of these situations is character-
ised by Langevin equations; hydrodynamics is at very low Reynolds numbers and
any charge interactions are likely to be strongly screened. A variety of forces of
entropic origin will be in play, such as the entropic elasticity of polymer chains,
Helfrich forces between fluctuating membranes, and the osmotic effects that
underlie phenomena such as depletion forces. Together, these effects add up to
an operating environment very different from anything encountered in macro-
scopic engineering, and this dictates the need to embrace entirely different design
principles.

Department of Physics and Astronomy, University of Sheffield, Sheffield, UK S3 7RH. E-mail:
r.a.l jones@sheffield.ac.uk; Fax: +44 (0)114 222 3555; Tel: +44 (0)114 222 9820
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Some design principles of soft nanotechnology

One ubiquitous theme of soft nanotechnology is the importance of self-assembly as
a powerful and scalable method of making nano-scale structures. Equilibrium self-
assembly, exemplified by the complex phase diagrams of amphiphiles and block copol-
ymers, is now well understood theoretically (at least in principle, though considerable
practical difficulties may still stand in the way of calculating phase diagrams of complex
systems). Some of the most elegant and powerful implementations of this principle are
now to be found in the field of DNA nanotechnology, where the simplicity and tracta-
bility of the base-pair interaction allows complex structures in two and three dimensions
to be designed and executed.* Biological inspiration also lies beneath the increasing use
of proteins and designed synthetic peptides to exploit the motifs of protein folding.’

Self-assembly can very usefully be thought of in terms of information. Equilibrium
self-assembly is defined by the condition that all the information required to make the
structure must be encoded in the molecules themselves. Many powerful variants of
self-assembly relax this principle in various ways. Templating methods, precursor
routes, layer-by-layer assembly, and combinations of self-assembly with top-down
patterning, all use external interventions in different ways to impose extra information
on the system, yielding considerable extra flexibility in terms of the kinds of structures
that can be formed. As always, biology offers powerful models: one example is the way
tough and insoluble collagen fibrils are formed from the hierarchical self-assembly
and subsequent chemical modification of soluble pre-collagen precursors.

To be distinguished both from self-assembly at equilibrium, and in various condi-
tions of restricted equilibrium, are a number of methods of forming nano-scale
structures by various types of non-equilibrium pattern formation. These include
the intricate structures formed in bio-mineralisation and its synthetic analogues by
the interaction of growing crystals with adsorbing macromolecules, and structures
that arise as a result of reaction-diffusion systems.¢

Soft matter is characterised by weak interactions—interactions whose energy scale
is comparable to that of thermal energy—and it is the shifting balance between
different weak interactions in the face of subtle changes in external conditions that
gives soft matter is characteristic mutability, leading to organisational and conforma-
tional changes in response to changes in the environment. In aqueous systems,
hydrogen bonding plays a central role, both in its direct importance for molecular
recognition, and more indirectly through the hydrophobic interaction. It is the subtle
interplay of these interactions, together with screened charge interactions, which
underlie the phenomenon of protein folding. For an example of a much simpler
macromolecular conformational transition, which still illustrates the complexity of
these kinds of problem, consider a responsive polyelectrolyte brush—a layer of
weak poly-acid or poly-base molecules tethered by their ends to a planar surface,
and immersed in an aqueous solution of controlled pH and ionic strength.” In outline,
the behaviour of such a system is simple to understand—a poly-acid brush in condi-
tions of low pH will be un-ionised; the chains will be relatively hydrophobic and
will tend to form a dense layer, collapsed close to the substrate. As the pH is increased,
the ionisation equilibrium will shift, the chains will become charged and will stretch
away from the surface to form a diffuse and extended layer. However, to account
for this behaviour in detail is surprisingly complex; one has to take into account the
screening of the charge interactions by the counter-ions, the osmotic pressure of those
counter-ions, the entropic elasticity of the chains, all in the light of the fact that the
degree of ionisation of the chains can vary spatially along the chain, as well as in
a global way in response to the applied bulk solution conditions.?

Mimicking the features of cell biology

There are, of course, a huge variety of living cells in biology which between them
display great diversity of structures and capabilities. A very incomplete list of the

10 | Faraday Discuss., 2009, 143, 9-14 This journal is © The Royal Society of Chemistry 2009



sorts of features of cell biology one might, in nanotechnology, wish to emulate might
begin with containment. Cells are defined by a membrane, which encloses an interior
space in which chemical components and systems can be maintained out of equilib-
rium with the external environment. Containment cannot be complete, of course; the
operations of the cell require that both energy and molecules can enter and exit the
cell. This traffic must be selective and controlled. The simplest way of achieving
some selectivity is by relying on the difference in diffusion coefficient through the
membrane between molecules of different sizes and chemical types.

Much more sophisticated control of traffic is obtained by selective pores and
mechanisms for active transport, as well as mechanisms such as endocytosis by
which nanoscale objects are engulfed by invaginations of the membrane, often trig-
gered by very specific molecular recognition events.

Within the cell, the contained chemical species are not merely inert cargo, but
undertake a series of complex and linked chemical reactions, which together define
the cell’s metabolism. An important part of the metabolism is devoted to creating
more of the molecules that form the components of the cell. This network of reac-
tions needs a continuous source of free energy.

A living cell, then, is defined by constant flows of energy and matter. Flows of
information are important, too; all but the most rudimentary organisms are able
detect aspects of their environment and respond to this. This response may take
the form of modifications of their own metabolism (the classic example is the lac
repressor), of modifications of the environment itself (for example, by the formation
of a biofilm) or by the cell physically taking itself off to find a new and more suitable
environment, if it is capable of autonomous motility. Typically such a response
begins with a sensor molecule, using molecular recognition to detect a certain chem-
ical species.

The response to an environmental cue is mediated by chemical signals, and the
information carried by these signals is itself processed by other molecules. Bray
pointed out some years ago® that many proteins in cells seem to have as their purpose
the processing of information rather than the catalysis of chemical reactions or to be
structural components; the property of allostery means that an individual protein
molecule can behave as a logic gate, with its catalytic activity being turned on or off
by the binding of a regulatory molecule. Such logic gates can be linked together in
networks—chemical circuits that can carry out computational tasks of some
complexity in response to the original detection of one or more environmental signals.

What progress has been made in mimicking some of these features of cell biology?
The prototype of a biomimetic containment system is the phospholipid vesicle, or
liposome, which is now very well studied and used in practice. Analogues of lipo-
somes made from amphiphilic block copolymers (polymersomes) have been attract-
ing increasing interest recently.!® The variety of different chemistries available and
the possibility of controlling the degree of polymerisation of the blocks make
possible the rational design of polymersomes. For example, the wall thickness,
and thus the permeability to molecular species of various sizes, is directly related
to the degree of polymerisation of the hydrophobic block.!"? This is another
example of the way that the specification of objects built by self-assembly is encoded
in the architecture of the component of molecules. An interesting feature of all types
of vesicles is that, while self-assembly controls the thickness of the walls, there is not
a strong selection mechanism for the overall size of the object itself. Thus self-
assembly is not by itself sufficient for making a population of vesicles with controlled
size distribution; this distribution depends on the details of the preparation tech-
nique and is often very broad. One way of achieving a narrow and controlled size
distribution of polymersomes is to combine self-assembly with top-down
patterning.”®* A block copolymer film is cast onto a substrate with hydrophobic
and oleophobic patches; this pattern is reproduced in the polymer film by dewetting.
When the film is rehydrated, the surface area of each vesicle is set by the size of the
patches on the patterned substrate.

This journal is © The Royal Society of Chemistry 2009 Faraday Discuss., 2009, 143, 9-14 | 11



As already mentioned, some degree of control of transport in and out of vesicles can
be achieved by varying the thickness and the chemical properties of the wall. To go
beyond this, one can envisage incorporating pores in the walls which it might be
possible to open and close in response to chemical signals. An exemplar of this
approach encapsulated a cell-free protein expression system derived from Escherichia
coli within phospholipid vesicles incorporating pore-forming proteins."* A wider
variety of nano- and micro-scale enclosed reaction systems is reviewed in ref. 15.

Moving from metabolism to molecular information processing, some examples of
synthetic molecular logic devices have been reported.’® These are likely to lead to
new sensors of increasing sophistication. However, many of these systems are char-
acterised by the fact that their output takes the form of a fluorescent signal, rather
than a chemical signal. This limits the extent to which such logic elements could be
built up into large-scale networks like the cell signalling networks of biology.
Synthetic DNA-based systems currently seem to offer the best hope for building
molecular logic systems from first principles.'’

The particular problems of motility at the micro- and nano-scale stem from the
special features of hydrodynamics at low Reynolds number, as emphasised in Pur-
cell’s classic paper.'® This emphasises the need to break time symmetry in order to
achieve motion; recently a number of elegant theoretical papers have explored
various ways of achieving this. The most interesting types of synthetic micro- and
nano-scale motors will use chemical energy to drive directional motion, as biological
motor proteins use the energy of ATP." One potential class of synthetic systems is
built on the fascinating chemistry of catenanes and rotaxanes,? while exciting prog-
ress is being made demonstrating motors based on DNA,?! which provide a different
implementation of basic idea underlying the operation of protein molecular
motors—a coupling of the conformational change of a macromolecule with the
catalysis of a chemical reaction by that macromolecule. The coupling of macromo-
lecular conformational change with a cyclic chemical reaction also underlies exper-
iments in which responsive polymers, such as weak polyelectrolytes, change shape in
response to a cyclic chemical reaction.?>* In these systems, however, the coupling
between the chemical reaction and the conformational change is only indirect in
contrast to both the DNA-based systems and biological motors.

One other class of systems that can convert chemical energy into the mechanical
motion of micro-scale objects relies on a phoretic response to a self-generated chem-
ical gradient that arises from an asymmetrically localised chemical reaction.?*2¢ The
mechanisms of this motion may be electrophoretic or diffusiophoretic in character;
in the case of motion driven by self-diffusiophoresis there is some theoretical under-
standing which is at least consistent with experimental data.?’” These autophoretic
motions result in the propulsion of a particle at a velocity which depends on the
rate at which reaction products are generated, but it is important to recall that
this process takes place in a Brownian environment, in which the orientation of
the particle randomly changes over a rotational diffusion time which has a strong
dependence on particle radius. This means that if one characterises the motion of
such particles, one sees a cross-over in the type of motion.?® At short times, transport
is ballistic, but at the rotational diffusion time there is a crossover to diffusive trans-
port, resulting from a random walk with a step size proportional to the product of
the propulsion velocity and a rotational diffusion time, with an effective diffusion
coefficient that is substantially enhanced over the classical Stokes—Einstein value.
The degree of this enhancement, and the length of the window of time in which
ballistic behaviour is observed, depends strongly on the size of the particle. Thus
to use these mechanisms for particles whose size starts to fall below the micro- to
the nano-scale will require chemical reactions that generate products at a consider-
ably higher rate than the reactions which have been studied so far. The other great
challenge is to achieve some degree of directionality and purpose to the motion.
Mimicking the ability of some bacteria to undergo chemotaxis, for example, poses
an attractive target for which some progress has already been reported.?

12 | Faraday Discuss., 2009, 143, 9-14 This journal is © The Royal Society of Chemistry 2009



What soft nanotechnology can and cannot now do

One way in which the comparison between soft nanotechnology and the structures
and mechanisms of cell biology is helpful, though sobering, is that it emphasises the
gulf between what must be possible in principle, as demonstrated by the example of
biology, and what we can actually do.

The use of self-assembly in its various forms to generate useful and interesting
nanostructures is now well developed, backed by considerable theoretical under-
standing and a growing set of design rules. There is progress towards designing
nano- and micro-scale encapsulating systems, while the principles of using confor-
mational change and osmotic effects such as phoresis to generate motility are begin-
ning to be explored. However, the development of analogues of biological systems
for chemical sensing and information processing has only just begun. A number
of fundamental theoretical and practical issues in soft nanotechnology remain to
be addressed; the theoretical basis for understanding small systems driven far
from equilibrium remains underdeveloped. It seems likely that the design of complex
bio-mimetic nano-systems will require the use of evolutionary design methods, given
the size of the configuration spaces that need to be explored. Finally, the intricate
mechanisms that underlie the ability of biological systems to self-replicate seem,
currently, to be quite out of reach to any synthetic system.

To conclude, it is worth reflecting on the “technology”™ aspects of soft nanotech-
nology—those areas of potential application that will drive the development of some
of these ideas to become the basis of useful products. The science of soft matter orig-
inally found its applications in the chemical industry, and in applications such as
home and personal care. In these areas, the scalability of self-assembly is what makes
it possible to contemplate what is really quite sophisticated control of nanostructure,
and in some cases a degree of environmental responsiveness, in products that are
sold at very low cost. Higher margins are possible for materials that are used in
information technology, and we are seeing the use of self-assembling structures in
materials like high-performance dielectrics and materials for information storage.
The drive to decarbonise our energy economies will put a premium on being able
to make scalable and cheap nanostructures for applications such as batteries, fuel
cells and new photovoltaic materials. That said, one of the most compelling answers
to the question “why nano?” must take us back again to biology. The most basic
operations of cell biology take place at the nano-scale, so in one sense the nano-scale
is the most appropriate length scale for intervening in biology—this is the funda-
mental motivation for the idea of nanomedicine. Thus we can expect to see the
most compelling applications of soft nanotechnology in medicine. We are already
seeing applications in areas such as drug delivery, regenerative medicine and sensors
and diagnostics. However, one should not underestimate the difficulties, and the
timescales over which the applications of some of these ideas will come to full
fruition may be long.
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One of the more interesting recent discoveries has been the ability to design nano/
microparticles which catalytically harness the chemical energy in their
environments to move autonomously. These “nanomotors” can be directed by
externally applied magnetic fields, or optical and chemical gradients. Our group
has now developed two systems in which chemical secretions from the translating
micro/nanomotors initiate long-range, collective interactions among the particles
via self-diffusiophoresis. Herein, we discuss two different approaches to model
the complex emergent behavior of these particles, the first being a qualitative
probability-based model with wide applicability, and the second being a more
quantitative Brownian dynamics simulation specific to the self-diffusiophoretic
phenomenon.

1 Introduction

One of the grand challenges in science is: How can we master energy and information
on the nanolmicroscale to create new technologies with capabilities rivaling those of
living things? We have initiated a study of emergent behavior and the consequent
formation of organized material assemblies by using catalytic nano/micromotors.'”
Catalytic motors are a novel class of nano- and microscale materials that convert
chemical to mechanical energy. Their collective behavior offers a means of using
the free energy of chemical fuels to fabricate organized systems of particles. They
may thus offer a route to functional assemblies that cannot be accessed by other
means. Individually the motors move in a random direction according to physics
that has been well-established by our groups.**'° But collectively, the motors give
complex behaviors similar to the chemotaxis, phototaxis, or predator—prey
phenomena normally seen only in biological systems.”

The construction of functional nano/microbots capable of emergent collective
behavior requires the following design elements: (1) autonomous movement through
catalysis; (2) control of directionality through chemical gradients; and (3) inter-motor
communication via chemical signals. As discussed below, we have “proof of principle”
examples of each of the above design elements, both separately and in combination.

2 Background

Several breakthroughs from our laboratory make the design of micro/nanobots
based on catalytic motors possible. The first of these advances is our ability to fabri-
cate catalytically active multi-metallic rods or aggregates. We have demonstrated
that platinum/gold rods (2 pm length, 300-500 nm diameter) can “swim” by self-
electrophoresis up to 20 pm s~'.* Outside of biological systems, this was the first
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Fig. 1 Schematic illustrating self-electrophoresis. Hydrogen peroxide is oxidized to generate
protons in solution and electrons in the wire on the platinum end. The protons and electrons
are then consumed with the reduction of H,O, on the gold end. The resulting ion flux induces
an electric field and motion of the particle relative to the fluid, propelling the particle towards
the platinum end with respect to the fluid.?

example of microscale objects moving by catalysis. They do this by catalyzing the
decomposition of hydrogen peroxide (H,0,) (Fig. 1), and the rods move along their
axis with platinum end forward, as our electrokinetic model predicts.>®!*!" Several
important capabilities have been added to the basic auto-mobile device. Among
these are (1) steering; (2) the ability to carry cargo; (3) chemotaxis; and (4) collective
behavior.

Steering of catalytic nanomotors

“Steering” capability is added by incorporating nickel (magnetic) stripes. The nano-
motors can thus be “remote-controlled” by weak magnetic fields.'?

We further demonstrated control over catalytic motors by designing platinum/
gold structures with different geometries, such as “microgears” that rotate in
hydrogen peroxide solutions (Fig. 2)."* We have also expanded our work to include
immobilized catalyst systems that can be used as micropumps. These silver/gold
pumps (Fig. 3) are capable of “pumping” tracer particles due to the electrochemical
decomposition of hydrogen peroxide (or other redox fuels*) on the bimetallic
surface. 3510

Cargo-carrying catalytic nanomotors

We were able to attach a prototypical cargo: polystyrene microspheres to platinum/
gold nanomotors, which can then be transported (Fig. 4)."* Assuming

PSU GEAR with Pt

Fig. 2 100 um diameter gold “microgears” with platinum “teeth” can rotate ~360° s~' in
aqueous hydrogen peroxide systems.'?
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