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Advancing organic optoelectronics
with charge transfer nanocomposites

Within the last ten years, astonishing advances
have been made in electro-active organic ma-
terials for applications such as organic emis-
sive devices, transparent conducting coatings,
organic sensors, and optical switches.! How-
ever, the development of organics for use in
these technologies is still faced with signifi-
cant challenges. In fact, quantification of opti-
cal-field-coupling mechanisms and the system-
atic description of transport are still far from
being realized in conjugated systems: though
the framework for such understanding has al-
ready been established. What has become clear
is that full realization of conducting polymers
in high-performance applications will require
novel approaches beyond traditional chemical-
doping schemes.

There are countless examples of applications
that are ‘just missed’: one of which is photo-
voltaics.? Organics are quite good at convert-
ing photons into excitons, but it is nearly im-
possible to remove substantial amounts of
these excitations from a polymer layer as a use-
ful current. The difficulty comes from a funda-
mental mismatch of length scales: migration
lengths for the donor-acceptor excitations
(50nm)?® are much shorter than the absorption
lengths required to create the excitations
(500nm). Clearly, it would be useful to engi-
neer optical and electronic phenomena by link-
ing relevant length scales, thus altering the cou-
pling between polymer excitations and photon
fields. In fact, this seems to be possible with
blends of conjugated polymers and dispersed,
single-walled carbon nanotubes (SWNTs).*
Subtly different in concept from polymer-poly-
mer blends, these ‘charge-transfer-
nanocomposites’ (CTNs), as they have come
to be called, can express remarkable electronic
conduction, photo-emissive, and photo-absorp-
tion properties. While fullerenes and their de-
rivatives (such as SWNTSs) were among the first
examples, these concepts have now been ex-
tended to include any engineered nanophase
dispersed into the electro-active polymer ma-

Continues on next page.

Figure 1. To demonstrate how these novel composites could be integrated into display pixel technology
without significant degradation to performance, we used indium tin oxide (ITO), poly-3,4-
ethylenedioxythiophene (PEDOT), and poly(m-phenylenevinylene-co-2,5-dioctoxy- p-phenylenevinylene
(PmPV), with single-walled nanotubes and aluminum tris(8-hydroxyquinoline) (Alg3), plus nile red/AILIF.
Notice the pixel can be shifted between green poly(p-phenylene vinylene) (PPV) and red (NR-doped Alg3)
by changing the driving voltage.
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Figure 2. Nanocomposite devices are far more efficient than pure PPV devices: PPV and PPV+C60
devices are compared here. The percolation threshold is 3% loading.
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trix to create a family of CTNs.

There have already been a number of sur-
prising demonstrations of technology based on
CTNs. Among the most striking is one show-
ing control over the recombination region in
an organic light-emitting diode (OLED). By
using CTNs, shallow trapping states are intro-
duced into the emissive matrix that exhibit field
dependent de-trapping. This results in a nar-
row recombination zone with a field-dependent
position within the structure. When used in
multilayered OLED structures, CTNs allow the
construction of dynamic, multicolored, pixels
as seen in Figure 1.

It has been known for some time that the
nanoparticle (Cﬁo, SWNT, etc.) dispersant, or
the nanophase, introduces a discrete donor-ac-
ceptor state within the HOMO-LUMO gap (the
gap between the highest occupied molecular
orbit and the lowest) of the polymer host. The
next most natural step is to engineer the posi-
tion of this state within the band gap. Then,
one might argue that a greater range of proper-
ties could be tapped. In fact, this can be seen
using standard thin film OLED structures with
a fullerene (C, ) based CTNs. As mentioned
above, these have long been studied for their
potential in photovoltaic applications. This
implies luminescence quenching would be as-
sociated with such a CTN, due to dissociation
of the excitons through resonant energy trans-
fer of the electron to the nanophase. However—
when the emissive polymer is chosen such that
the fullerene levels fall outside of the polymer
band gap—an unusual enhancement in lumi-
nosity of the CTN device is observed (when
compared with the pure polymer devices).” As
seen in Figure 2, this enhancement can be sig-
nificant. Further, OLED structures using car-
bon-nanotube-based CTNs have now been
shown to be compatible with a number of litho-
graphic techniques as seen in Figure 3.

When the nanophase-polymer system is cho-
sen such that the nanoparticle trapping state
falls within the HOMO-LUMO gap of the host,
then the donor-acceptor behavior of the CTN
is ideal for bulk heterojunction formation in
photovoltaic applications. C, -bulk-heterojunc-
tion organic photovoltaics are currently being
investigated by a number of groups.® Unfortu-
nately, charge removal requires hopping con-
duction throughout the nanophase, raising the
internal resistance of the device and lowering
the overall external efficiency. An interesting
solution to this predicament was recently at-
tempted using carbon nanotubes.” In this case
the nanotubes form high-mobility pathways out

Figure 3. A Wake Forest University Seal organic light-emitting diode (OLED) made
from nanocomposites. The structure was patterned using standard UV lithography
techniques. The smallest line width of the structure is approximately 100um.

of the device. Unfortunately, this approach has
also has a difficulty: holes are typically trans-
ferred onto the nanotubes and the electrons have
low mobility. Again, engineering the donor-
acceptor state by modifying the energetics of
the nanotubes would be ideal. Recently, we
have demonstrated the ability to substitute
dopant atoms into the lattice of carbon
nanotubes, allowing us to adjust their overall
electron affinities.

At this point, little is known quantitatively
about the interaction between polymers and
nanoscale materials such as carbon nanotubes.
However, the potential impact of CTNs on or-
ganic devices is tremendous. Indeed, prelimi-
nary evidence suggests that they may be a sig-
nificant step forward in electro-active polymer
technologies.
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Type I restriction-modification (R-M) enzymes
are multifunctional, contain multiple subunits,
and provide bacteria with protection against in-
fection by DNA-based bacteriophages: for are-
cent review see Reference 1. They accomplish
this through a complex activity that cleaves the
DNA at random locations that can be far away
(>20 kilo base pairs, kbp) from the enzyme’s
recognition sequence or usual specified cleav-
age site. The R-M enzyme has a powerful AT-
Pase activity: that is, it is good at converting
adenosine triphosphate (ATP) into its diphos-
phate (AD). This conversion process is associ-
ated with DNA translocation (involving the ex-
change or re-arrangement of segments) before
cleavage, and thus to the production of random
cleavage sites. These enzymes are, therefore,
unusual molecular motors: they bind specifi-
cally to sections of DNA and then move the
remainder through this bound complex (see
Figure 1).

The enzyme we are using in our studies (see
Figure 2) is EcoR1241, from the type-IC R-M
family. The fully-functional R-M enzyme com-
prises three subunits (HsdR, M, S) in a stoichio-
metric ratio of R, M,S.>* However, Janscédk et
al.? also showed that the EcoR1241 R-M ho-
loenzyme exists in equilibrium with a sub-as-
sembly complex of stoichiometry R M,S,
which is unable to cleave DNA, but retains the
ATPase and motor activity.* Therefore, we
have available a motor that can translocate
DNA without cleaving it.

A useful molecular motor

The majority of DNA-based molecular motors
are ‘linear-tracking’: they can be likened to rail-
way trains running along railway tracks. These
use the repetitive nature of the DNA sequence
to enable them to move along the molecule.
The best example, and one of the most closely
studied at the single-molecule level, is RNA
(ribonucleic acid) polymerase.*” In single-mol-
ecule studies of this motor, optical tweezers
were used to hold a polystyrene bead attached
to the DNA, while the motor was attached to a
surface.

Type I R-M enzymes, on the other hand, are
unusual as molecular motors: the enzyme binds
to a specific site on the DNA strand and re-
mains bound at that site while moving the ad-
jacent section and so acting as a nano-actuator
(see Figure 2). It can be likened to the spool of
a fishing rod, where the line is the DNA. This
means that a useful device can be constructed
without the motors being directly attached to
the surface: the DNA can be attached instead
(see Figure 3).

DNA translocation by Type I R-M enzymes
was assayed (quantified) in bulk solution us-

e

HsadR

Figure 1. DNA translocation: the solid block represents
the recognition sequence for the enzyme. The enzyme

binds at this site and, upon addition of ATP, DNA

Figure 2. The type-l restriction-
modification enzyme EcoR124l.

translocation begins. During translocation, an expanding

loop is produced.

Figure 3. Motor activity of the type-I R-M enzyme: (a) The yellow block on the DNA represents the binding
(recognition) site, with the enzyme—represented by the green object approaching from the top—about to
dock onto it. (b) The motor is bound to the DNA at the recognition site and begins to attach to neighboring
sequences in the strand. (c) The motor begins to translocate the adjacent DNA sequences through the
motor/DNA complex, which remains tightly bound to the recognition sequence. (d) Translocation produces
an expanding loop of positively-supercoiled DNA. The motor follows the helical thread, resulting in
spinning of the DNA end (illustrated by the rotation of the yellow cube). (e) When translocation reaches the
end of the linear DNA it stops, resets, and the process begins again.

ing protein-directed displacement of a DNA tri-
plex:* we determined a translocation velocity
of 400+32bp/s at 20°C. The data showed a bi-
directional translocation for the R, complex
and, importantly, the R, complex could still
catalyze translocation in a single direction. The
latter reaction is less processive, but can ‘re-
set’ to either direction whenever the DNA is
released.

Thus, we have a molecular motor that binds
to a DNA molecule and pulls the end of the
strand toward it. The DNA can easily be sur-

face-attached, producing a nanoactuator, and a
wide variety of ligands or objects can be at-
tached to the other end of the molecule to al-
low easy detection of movement (see Figure
4). In our recent studies, a magnetic bead is
attached to the distal end of the DNA and a
magnetic-tweezer setup is used to measure
translocation. We have determined the rate of
translocation for single molecules and the ATP-

Continues on next page.
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dependence of the motion.®

Potential use of the motor

By definition, the motor is a nanoactuator. As
part of a EU-funded 5th Framework Research
and Development Project, we are developing a
molecular magnetic switch that links the bio-
logical and silicon worlds (Mol Switch). This
project set out to produce a biological molecu-
lar motor that could ‘pull” a ‘string’ through
itself, acting as a nanoactuator: and we have
succeeded in producing such a device. Attached
to one end of the ‘string’ was a magnetic bead,
whose movement could easily be detected and
which acted as a molecular dynamo. The
‘string” used was DNA (a nanometer-wide
thread), to which the bead was easily attached
(aroutine procedure in molecular biology). We
are currently developing a self-assembly pro-
cess to build the nano-actuator on a silicon sur-
face.

Keith Firman

Reader in Molecular Biotechnology
School of Biological Sciences
University of Portsmouth, UK
E-mail: keith.firman@port.ac.uk
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Figure 4. The ‘Mol Switch’ device: a Hall-effect sensor generates electrons as the magnetic bead rotates.
The current produced can be used to drive electronic devices, thus linking the biological and silicon
worlds.
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Nanotechnology to go:
active transport by motor proteins

Central technologies in the macroscopic world
involve the transport and manipulation of ob-
jects: either over long distances—using rail-
ways, ships, or planes—or over short distances,
as in an assembly line. In nanotechnology, we
can often rely on diffusion to move molecules
and nanoscale objects into position or trans-
port them over short distances, but active trans-
port under user-control is mostly limited to
pushing objects around with the tip of a scan-
ning-probe microscope. In contrast, cells use a
large number of specialized motor proteins to
distribute specific molecules and organelles to
defined locations. These nanoscale transport-
ers permit cells to achieve non-uniform distri-
butions of molecules, to greatly accelerate the
delivery of critical building blocks, and to ac-
tively reorganize their internal structure in re-
sponse to external stimuli. Taking advantage
of these attributes would be very desirable in
micro- and nanoscale devices, however, cur-
rent molecular-scale synthetic motors do not
yet achieve the functionality of their biologi-
cal counterparts.

To explore the full potential of active trans-
port on the nanoscale, we are pursuing a hy-
brid approach employing biological motors
integrated into synthetic elements, such as
microfabricated devices.! A focus of our re-
search is the design of a motor-protein-based
‘molecular shuttle’, which is capable of trans-
porting molecular-sized cargo along predeter-
mined tracks under user control.> Such a
nanoscale transport system could then serve as
a module in a nanoscale assembly line, as a
means of transporting analytes in a biosensor,
or as a component of an adaptive material.

One possible task by which motor proteins
can add completely new attributes to
microfluidic devices is sketched in Figure 1.
Kinesin motor proteins have a cargo-binding
tail and two feet to bind specifically to, and
walk along, microtubules: the latter are tubu-
lar assemblies of the protein tubulin with a di-
ameter of 24nm. The kinesin motors are teth-
ered to the surface by their tails and, in the pres-
ence of ATP (adenosine triphosphate, the en-
ergy source) the motors can bind to the micro-
tubules and move them along. The microtu-
bules can be functionalized with specific link-
ers, such as biotin, to permit selective loading
of cargo. Different surface modification ap-
proaches have been developed to effectively
guide the movement of microtubules in com-
plex networks of micron-scale tracks (see Fig-
ure 2).

A wide range of optical techniques can be
used to interact with these shuttles. Most im-
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Figure 1. A molecular shuttle based on the motor-
protein kinesin. Kinesin motors are adsorbed in
microfabricated tracks and translate microtubules
(with diameter 24nm and length 5um) across the
surface. They use ATP as fuel. Cargo can be
loaded onto the moving microtubules via specific
linkers, such as biotin/streptavidin. Molecular
shuttles will serve as nanoscale transporters in
lab-on-a-chip applications, for example. Repro-
duced with permission from Nano Letters 3, pp.
1651-1655. © 2003. Am. Chem. Soc.

portantly, fluorescence microscopy is an ideal
tool to determine the position of molecular
shuttles by detecting the fluorescence of dyes
or quantum nanodots linked to the microtu-
bules. While fluorescence microscopy permits
the observation of multiple shuttles moving in
a large field-of-view with a high repetition
rate—and without interfering with the move-
ment—photons can also be used to control
molecular shuttles. We have used, for example,
the photo-detachment of a ‘caging’ group from
ATP to control the availability of fuel to the
motors. A similar technique, taking advantage
of photo-cleavable biotin linkers, can poten-
tially be used for the controlled unloading of
cargo. Optical tweezers can be used to create
well-defined forces on the order of a few pN,
opposing the action of individual motor pro-
teins and leading to insights into force creation
and mechanisms of movement.

Figure 2. Tracks for molecular shuttles are defined
by photolithography. Using fluorescence
microscopy, the dye-labeled microtubules can be
visualized as they move with a speed of ~1um/s.
The tracks are visible due to autofluorescence of
the photoresist. This track geometry defines the
direction of movement (clockwise through the
lower-left ring).

We are currently putting molecular shuttles
to work as transporters in lab-on-a-chip devices,
as self-propelled probes in surface imaging, and
as miniature actuators for force measurements.
These applications are often inspired by the
many uses of motor proteins in natural organ-
isms, providing a rapidly expanding list of
novel applications that illustrate new engineer-
ing solutions made possible through bio-
nanotechnology.
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First self-assembled micro-robots powered by muscle

Complex and versatile biological units, cells
have extremely elaborate mechanisms to sus-
tain, regulate, and assemble themselves. Muscle
cells also have their own unique features, such
as high-order organization at the molecular
level, high power density, and the ability to use
glucose as energy. Engineering these amazing
cells onto electronic microchips is an initial,
but key, step to fabricating autonomous intel-
ligent hybrid micro-machines that can be di-
rectly powered by glucose via physiological
fluids and can respond to environmental
stimuli.

We have recently made significant progress
in this work. A novel self-assembly system for
automatically integrating cardiac muscle cells
from neonatal rats on a silicon-based mechani-
cal skeleton has been established.! Using this
system, we have fabricated a group of muscle-
powered micro-robots. Engineering muscles to
fabricate artificial robots, such as swimming
fish, had already been done using conventional
techniques. However, we employed self-assem-
bly, eliminating the need for a muscle-bundle
isolation step and subsequent manual integra-
tion of the isolated tissues with the mechanical
structure. More importantly, in the context of
our work, self-assembly means that the indi-
vidual cells can not only localize where desired,
but also automatically self-assemble onto the
legs as described below.

To spatially-self-assemble individual cells
onto functional muscle tissues, a polymer called
poly-N-isopropylacrylamide (PNI), which
can undergo phase transitions in water in re-
sponse to environmental temperatures,” was
introduced. It was incorporated onto the
microfabricated machine components through
patterning. This intelligent polymer has the
ability to fill the gap between terminals and
support cells for their healthy growth and dif-
ferentiation during the assembly period. The
PNI subsequently dissolves in the culture me-

dium to release the assembled tissues, thus en-
abling their freedom to contract at room tem-
perature. In addition to being a sacrificial ma-
terial, this polymer is also a negative material
that inhibits cell growth. Were this not the case,
the individual muscle cells would grow errati-
cally and form a tissue layer, rather than ori-
ented bundles.

Gold film has been shown experimentally
to be a positive material, thus it has ability to
promote cell growth. The element also has ex-
cellent tensile strength, oxidation resistance,
and can be tailored easily. The combined
integration of PNI and Au with Si-based
microdevices has, therefore, allowed us to fab-
ricate the first self-assembled muscle-powered
micro-robots: they have a maximum moving
speed of about 40um/s and can work for more
than four hours, though not continuously.

The Au-film thickness has dramatic effects
on the motion observed from the assembled
muscle bundles: a thicker film leads to a bend-
ing motion, while a thinner film results in a
contraction. The bending motion reduces fric-
tion, enabling the robots to quickly move for-
ward. In addition, the metal film store the en-
ergy from the muscles’ contraction, the release
of which allows the legs to relax. In analysis of
the detailed moving mechanism of the micro-
robots (see Figure 1), it was found that friction
played a crucial role in robot motility.

We also worked with material interfaces and
phase-transition issues.® In order to control the
tight adhesion of cells at desired locations, at
least three types of interfaces had to be dealt
with: living /non-living components, mainly
muscle/Au; organic/inorganic materials such as
PNI/Si and Au/Cr/PNI; and inorganic/inorganic
materials such as Au/Cr/Si. In addition, two-
material phase-transition processes were con-
sidered in order to guarantee the freedom of
motion of the muscles and their integrated de-
vices when needed. First the PNI liquid solu-

tion dries to a solid (for the subsequent deposi-
tion of the Au films), then it transitions from a
solid gel state to a liquid solution, after which
it finally dissolves in the culture medium to
release the muscle bundles and devices.

Subsequent work will include the integra-
tion of our system with piezoelectric materials
which, on exposure to the motion-induced
stress, undergo a deformation that causes them
to generate electrical charge. Our idea is to in-
tegrate a muscle bundle with a piezoelectric
unimorph, with the force produced by the
muscle used to deform the piezoelectric com-
ponent. Such muscle-powered generators are
under development* and, if successfully real-
ized, will demonstrate that glucose—a ubiqui-
tous renewable source—can be converted to
electrical energy. Eventually, such devices
might be used to power MEMS devices or
stimulate damaged nerves.
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Figure 1. Schematic diagrams show the sequential movement of the second microrobot during one step. (A) Before contraction of the leg. (B)
During contraction of the leg. (C) After relaxation of the leg. Blue, green and red bars mark the start positions of the inorganic scaffold and the
motile leg, and the final position of the motile leg, respectively.
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Myosin motors show their muscles in nanotechnology

We are working to use molecular motors for
the controlled transportation of cargo for
nanotechnological applications, mimicking
transportation processes in the living cell. Myo-
sin is the molecular motor underlying muscle
contraction and several other cellular processes:
myosin molecules are organized into well-or-
dered filaments from which myosin motor do-
mains extend and bind to filaments of another
protein called actin (Figure 1a). There is over-
whelming evidence that muscle contraction
occurs as a result of structural changes in the
myosin motor domain, powered by the cellu-
lar fuel, ATP (adenosine triphosphate). On the
basis of these structural changes the motor do-
mains, like a tug-of-war team, translocate the
rope-like actin filaments producing shortening
of the muscle.

The in vitro motility assay has been an im-
mensely valuable technique for studying the
actin-myosin function. Myosin molecules and
actin filaments are first isolated from minced
muscle by biochemical purification methods.
Myosin molecules are then allowed to bind to
a surface in a disordered arrangement (Figure
1b). Subsequently, fluorescence-labeled actin
filaments may be observed as they are pro-
pelled by the myosin motors fuelled by ATP.
A key limitation of this assay is that the motor
proteins are disordered on the surface. Thus,
methods that can position and orient them
would be a major improvement, allowing ba-
sic studies of motor-protein function in an or-
dered arrangement similar to that in the living
cell. Furthermore it would open for the use of
motor proteins in controlled cargo transporta-
tion.

We and others have therefore started work
to reconstitute motor protein order in vitro us-
ing micro->? and nanofabrication** techniques
to create a motor-protein chip. Here we focus
on our recent experiments*® with the actin-
myosin system. Since the actin filaments are
rather flexible, rectification of their sliding re-
quires a track width significantly less than
1mm. To achieve this, we have used state-of-
the-art nanopatterning methods such as elec-
tron beam*’ and nanoimprint lithography® to
create tracks for myosin-motor immobilisation
and subsequent guidance and rectification of
actin-filament sliding. Most often we have used
a bilayer resist system (see Figure 2) for the
creation of protein tracks and the suppression
of myosin function outside tracks, respectively.
This system has now been markedly improved.

Thus, by fine-tuning the composition of the
ATP-containing solution, and by exchanging
the protein-binding resist for chemical-vapor-
deposited trimethylchlorosilane monolayers,
we have achieved complete confinement of
function with no ‘untamed’ filaments moving
outside the allowed tracks.

Furthermore, the use of high-throughput
nanoimprint lithography will enable us to de-
velop the motor-protein chip into a routine bio-
logical-testing system with important future
implications for drug testing and so forth.
A disposable chip would also facilitate the
use of motor proteins as nanomechanical com-
ponents in commercial devices. The feasibil-
ity of such applications is supported by our
recent observation that myosin function
may be preserved for up to 12 days on
trimethylchlorosilane-derivatized surfaces.’

In a factory-on-a-chip application, the task
of the motor proteins would be to transport
molecular cargoes—e.g. enzymes—between
different chip locations. It would be particu-
larly interesting to achieve modes of transport,
e.g. in closed loops, that are not readily
achieved using microfluidics. As a prerequi-
site for the development of a factory-on-a-chip,
we recently demonstrated the cargo-carrying
capability of myosin-propelled actin filaments.®
Thus, streptavidin-labeled CdSe quantum dots
were readily attached to, and transported by,
biotin-labeled actin filaments: achieved with-
out limiting the maximum sliding velocity.
Considering the quantum dot diameter
(>10nm), this result suggests that most enzymes
(<10nm) would be readily transported by actin
filaments.
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Figure 1. The actin-myosin motor system.

A: Schematic illustration of ordered
arrangement of the myosin Il molecules and
actin in living cells with indication of different
parts of myosin molecule. Crystallographic
structure of myosin head (upper right)
printed using The Protein Explorer software.’
Except for the crystal structure, the drawing
is approximately to scale with an actin-
filament diameter of 5-10nm.

B: Schematic illustration of a conventional in-
vitro motility assay. Isolated myosin
molecules in a disordered arrangement on
the surface cause the actin filaments to slide
in random directions in the in the presence
of ATP (indicated by curved arrow).
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