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Abstract 

The thesis describes the use of molecular motors in nanofabricated devices 
designed for potential applications in biosensing, computation and detection. We 
utilize the well-established guiding principles for controlling the motion of actin 
filaments propelled by myosin molecular motors, and build upon these 
developments in order to improve upon previously demonstrated techniques, and 
establish new methods that, we believe, offer significant progress in these fields. 
 
One application area, in which use actin filaments and myosin motors, is in 
biosensing. Here we show that with the use of actomyosin, we can achieve fast 
concentration, due to the high speed of actin filaments, in a highly miniaturized 
molecular concentration device. This fast concentration, and small device 
footprint, will allow for rapid read-out and higher signal-to-noise ratios, of 
significance for the development of this field. 
 
We also demonstrate the use of 1D semiconductor nanowires, coated with an 
aluminum oxide shell, as light-guides for biosensing. Because of their high 
surface-area-to-volume ratio, these nanowires are capable of detecting many 
molecular probes over their total surface area. Each nanowire acts as an individual 
detector, with a high signal-to-noise ratio. These nanowires may be used for future 
detection of a variety of molecular probes rapidly and with high sensitivity.  
 
We also use actin filaments propelled by myosin motors, to solve a small-scale 
instance of a mathematical problem encoded in a 2D network of nanoscale 
channels, as a method of biocomputation. Due to their small size, high speed, low 
energy cost, and self-propelled motion, we show that molecular motors offer a 
significant improvement over alternative methods proposed for computing.  
 
Here, localized fluorescence interference contrast detectors were proposed as 
useful components in biocomputation, as a way to achieve more automated 
readout of large numbers of motile objects, a requirement for scaling in our 
biocomputation device. We also demonstrate the use of hollow nanowires to 
achieve transport of actin filaments by myosin motors within the 1D structures, for 
use in our biocomputation device. These hollow nanowires may also prove useful 
in the fundamental study of actin and myosin interactions.  
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Popular science article 

Naturally occurring machines are ubiquitous in nature. For example, plants, algae 
and cyanobacteria use sunlight (radiant energy) and water to create fuel (energy-
rich chemical substances), in the process of photosynthesis. These and other 
chemical substances are also used as energy sources for other reactions in nature, 
such as the generation of motion by molecular motors. Due to their high energy-
efficiency, speed, flexibility and ability to transport cargo, these molecular motors 
have been proposed as nano-sized machines for use in, for example, diagnostics 
and drug discovery. Using state-of-the-art technology, it is possible to control 
these molecular motors in an artificial environment, and harness their unique self-
propelled motion in a range of other applications. Figure 1 shows actin filaments 
transported by myosin motors over a planar substrate. The actin filament is labeled 
with fluorescent molecules to allow for viewing in a fluorescent microscope. This 
thesis is focused on the use of myosin motors, which transport actin filaments, 
however, the kinesin-microtubule motor system is also commonly used for similar 
techniques.  
 

 

Figure 1. Schematic of actin filaments propelled by myosin motors. Myosin is immobilized on a 
substrate. Fluorescently labeled actin filaments glide along the surface as they are propelled by the 
myosin. The conformation of myosin is directly related to the surface properties of the substrate. 

Nano-scale structures. The structural elements, used for controlling molecular 
motor motion, are typically a few hundred nanometers wide (1 nanometer is 1 
billionth of a meter, e.g. 10,000 times smaller than the width of a human hair), and 
a few or few tens of micrometers long, having similar dimensions as the molecular 
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motors (myosin; 5 by 70 nanometers and actin; 10 by several 1000 nanometers). In 
this size range, many individual devices can be patterned onto millimeter-sized 
samples (chips), where experiments are carried out. This type of work is known as 
a lab-on-a-chip technology. Within this thesis I describe the fabrication of nano-
scale structures, such as nanochannels and nanowires, on millimeter sized chips 
for two particular applications i.e. biosensing and biocomputation with molecular 
motors. The continued advancement of these types of structures will likely provide 
more opportunities for molecular motor research to expand in other areas of 
science and medical diagnostics.  
 

 

Figure 2. Scanning electron micrographs of nanostructures for molecular motor control. a) Cross-
sectional view of nanochannel made from polymer resists on top of silicon oxide substrate. Guidance 
through these nanochannels is well controlled in one-dimension. Scale bar: 200 nm. b) Side view of 
nanowires for use in biosensing devices. These nanowires are coated with an aluminum oxide layer 
in order to achieve suitable adsorption of molecular motors for actin filament guidance. Nanowire 
diameter and length here is approximately 200 nm and 1 µm, respectively. Sample tilt: 30°. Scale 
bar: 500 nm. 

Three-dimensional interactions. By harnessing the robustness of these molecular 
motors it has been shown previously, that a variety of devices can be made to 
control the molecular motors and cytoskeletal filaments outside of their natural 
environment. However, these studies use motors in two dimensions, which can be 
seen as a primary limitation in, for example, understanding how myosin interacts 
with the actin under physiological conditions. Therefore, I show here how hollow 
nano-sized tubes (hollow nanowires) can be used to achieve interactions, between 
actin and myosin in a three-dimensional environment, at physiological length 
scales. These hollow nanowires may also prove useful in other applications 
described below. 
 
Biosensing and diagnostics. The primary aim of biosensing is to be able to 
identify the presence of a very small amount of a chemical substance, which is 
useful for example, it patient diagnostics. Through the use of molecular motors 
and engineered nano-structures there is a high potential to be able to sense foreign 
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molecules and diagnose patients, while using a very low sample volume. Recent 
demonstrations reveal that it is possible to collect and concentrate very small 
amounts of molecules on a chip using kinesin molecular motors transporting 
microtubules. Here, I show how myosin molecular motors transporting actin 
filaments can be used to concentrate molecules attached to actin in two-
dimensions on a surface or in one-dimension on nanowires. Here, the devices 
operate in a much shorter temporal and spatial scale than those previously 
demonstrated devices. These results are highly relevant for fast diagnostics and 
performance in lab-on-a-chip technology. 
 
Biocomputation. Molecular motors can also be useful within the field of 
computational mathematics. It is known that problems exist for which there is no 
fast way to determine a solution. These problems arise in areas of, for example, 
cryptography (encryption and decoding) and in optimization (network routing). An 
example optimization problem is the traveling salesman problem, which asks for 
the optimal (shortest) path that a salesman (motile agent) can take to visit all cities 
(points) on a map (network) exactly once. Such problems quickly become difficult 
for modern computers when the number of cities becomes very large. Molecular 
motors, however, have been proposed as a possible substitution. By finding 
solutions in parallel, they can effectively decrease the computation time. Here, I 
show how myosin and actin filaments can be used to find all solutions to a given 
instance of a problem mapped out into a two-dimensional network of nano-sized 
channels, in a fast and energetically efficient way. I also discuss the challenges of 
scaling-up such a device for solving computationally more challenging problems. 
 
Architectural elements. While the above mentioned biocomputation device has 
potential for solving highly complex mathematical problems, the scaling up of 
such a device requires the development of architectural elements to increase 
performance. In scaling up these biocomputation devices, the number of agents 
(actin filaments) and outputs (solutions) also increases quickly. Therefore, I show 
here how oxide coated metal detectors can be used to count and track these 
filaments. A secondary requirement for biocomputation is to provide error-free 
computations, which can be extremely detrimental when scaling up such a device. 
Here, I show how hollow nanowires can be used to transport actin filaments in a 
fully enclosed one-dimensional channel. By using these hollow nanowires, it is 
possible to remove error in the biocomputation network and essentially eliminate 
error. 
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1. Introduction  

The use of molecular motors in lab-on-a-chip technology has expanded over more 
than a decade, with the ability to control the motion of these motors spatially in 2D 
with mico-fabricated tracks 1,2, to more recent demonstrations adding temporal 
control of motion with thermo-sensitive polymers 3 or caged release of ATP 4. 
With these developments, molecular motors have been proposed as valuable tools 
in a variety of applications 5. The utility of molecular motors has been 
demonstrated due to their speed and flexibility, or their robust cargo towing 
capabilities, depending on the type of motors and transporters used. 
 
Molecular-motor based devices 6 offer a significant advantage over micro- and 
nanofluidics based devices due to their capability to run on a chemical fuel supply 
in order to transport molecules, rather than by externally driven power supplies 7. 
For example, in molecular motor powered devices, no external pressure is required 
to transport species, or to perform mixing and sorting, as is fundamental to fluidics 
devices, where pumps and external controls are critical to control of delivery 8-10. 
The two most common molecular motors used are myosin and kinesin, which 
transport actin filaments and microtubules, respectively. Each of these systems are 
capable of self-propelled motion by the conversion of adenosine triphosphate 
(ATP) into adenosine diphosphate (ADP) and an inorganic phosphate ion (Pi). In 
contrast to microfluidics platforms, much of the surfaces designed for microtubule 
and actin transport require less sample solution to operate. Thus these molecular 
motor systems are miniaturized, of particular relevance for lab-on-a-chip 
applications in biosensing 11-13 and biocomputation 14. A detailed description of the 
actomyosin system including a brief discussion of previously developed molecular 
motor devices is provided within Chapter 2. 
 
The need for fast, directed transport of biomolecules is critical for increased 
sensitivity in biosensing platforms 15,16. Previously the kinesin-microtubule system 
has been used as an effective tool in biosensing devices, due to its capability to 
transport large cargos 12,17,18. The actomyosin system offers other advantages, such 
as higher operating speeds, up to 10 times higher than the kinesin-microtubule 
system. Actin filaments are also more flexible than microtubules, and as such, 
allow for the possibility to miniaturize active capture regions required for 
delivering molecules to a detection area. Here we demonstrate the use of 2D 
nanostructures, related to those designed for kinesin-microtubule based 
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biosensing. We show that the actomyosin system is capable of faster delivery, 
while operating on a reduced total surface area. The reduction in size of detectors 
or capture regions is critical for effectively maximizing the use of space on a 
device 13. We also demonstrate biosensing with actomyosin in a 1D platform using 
vertical nanowires. In this device many individual nanowire detectors can be 
arranged in a much smaller area than previous devices. These nanowires have high 
surface-area-to-volume ratios, thus they offer comparatively larger detection sites. 
This increase in the effective detector area allows for higher signal-to-noise ratios, 
a critical component in biosensing applications 16. Both of these biosensing 
devices are described in Chapter 3, with a comparison to other recent 
developments. 
 
In the field of computational mathematics, there exist problems which are 
computationally complex and therefore can be highly difficult to solve, such as 
optimized network routing 19,20, decryption of encoded messages 21-23 and 
predicting protein folding conformations 24-26. For such problems, there are 
currently no existing efficient algorithms that can be used to find solutions in 
relatively fast time scales, particularly those problems for which the solution space 
grows exponentially. This is primarily a concern for modern computers that use 
serial processes to solve problems, and can therefore be overwhelmed with a 
quickly diverging solution space. Previously, alternative computation approaches 
have been developed, for example, DNA 27,28, quantum 29 and microfluidics-based 
10 computation. However, these systems have significant drawbacks in terms of 
scaling-up, an intrinsic parameter required for any meaningful computing 
approach. Molecular motors, however, have been proposed as another viable 
alternative, as they can perform with high fidelity and speed in order to solve 
problems in a highly parallel fashion 30. We have demonstrated the first use of 
molecular motors to solve a computation problem mapped out into a two-
dimensional network of nano-sized channels, in a fast and energetically efficient 
way. Chapter 4 provides the results of this demonstration as well as a background 
on the computationally complex problems of interest, and alternative computing 
approaches. 
 
The biocomputation devices mentioned above can quickly become more complex 
as the problems we would like to encode become more mathematically 
challenging due to scaling-up. As such, they require a large number of agents 
(actin or microtubules) to compute solutions. Therefore, we must rely on more 
sophisticated devices, which can efficiently detect or track agents as they enter and 
exit the network, which is a non-trivial problem. Here we show how fluorescence 
interference contrast (FLIC) detectors can be used to track and to monitor 
direction and speed of filaments. An increase in the sensitivity to error is a 
consequence of the scaling-up of these devices. Therefore, architectural elements 
are also needed to reduce or eliminate error caused by fluctuations in transport 
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throughout the network. Here we demonstrate the transport of actin filaments 
through hollow nanowires, for use as a potential error correction element in these 
biocomputation devises. Chapter 5 is dedicated to describing these architectural 
elements for detecting, sorting or collecting filaments, which can be implemented 
into biocomputation devices to alleviate such bottlenecks. Finally, Chapter 6 gives 
a brief outlook for the future of molecular-motor based devices, including some 
current limitations of the field. 
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2. Actomyosin 

All experiments in this thesis were carried out using the actomyosin molecular 
motor system from rabbit skeletal muscle. Skeletal muscle is formed from bundles 
of myofibrils, which are made up of repeating sarcomere segments; see figure 
2.1a, which are in turn comprised of actin, myosin and a range of regulatory and 
other proteins. Here bundles of the motor proteins (myosin) are arranged in 
hexagonal arrays surrounded by the thin filaments, comprised mainly of actin, 
figure 2.1c. The lattice spacing and sarcomere length depends highly on the type 
of muscle, as well as its state (rest or contracted) 31,32. Sarcomere length in the 
equilibrium or rest state is typically around 2.4 to 2.6 µm for rabbit skeletal muscle 
31.  
 
The process of muscle contraction is complex, involving many factors 33-35. A 
highly simplified view of the process is as follows. After calcium binding to the 
regulatory troponin-tropomyosin complex on the thin filaments, myosin binding 
sites on actin are exposed and myosin motor domains act collectively to pull the 
actin filaments, and in this way, they are responsible for muscle contraction. Upon 
dissociation of the actin-myosin links, as regulated by calcium dissociation from 
the troponin-tropomysin complex, re-extension of the muscle occurs. Essentially, 
the pulling motion is generated by a chemical reaction called adenosine 
triphosphate (ATP) hydrolysis, which is the conversion of ATP into adenosine 
diphosphate (ADP) and an inorganic phosphate ion (Pi). This conversion results in 
a conformational change in the state of the myosin heads bound to actin filaments 
36,37. Accordingly, the turnover of every single ATP molecule by one molecular 
motor will produce force of a few pN with a step size of a few nm 38-40 acting on 
the actin filament causing it to move forward, in a process referred to as the power 
stroke 36. With the release of energy from ATP turnover ~20 kT 6,41, the movement 
of myosin of a few nm, in the force range of a few pN, corresponds to mechanical 
energy of approximately 9 kT, yielding a thermodynamic efficiency up to ~50% 
6,41. 
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Figure 2.1. Schematic of the sarcomere. a) The sarcomere is the most basic repeating unit of muscle 
and is made up of thick and thin filaments. Myosins (thick filaments) are bundled together by their 
tails and join at the center (M-band). Myosins exist within the A-band and in the H-band. Actins-
containing thin filaments are surrounded by the thick myosin-containing filaments in a hexagonal 
matrix. Actin filaments are found in the I-band and are tethered to the Z-line or disk, which divides 
the repeating sarcomere units. Figure based on 34. b) Myosin is shown with two main fragments that 
are obtained e.g. by chymotryptic cleavage. These are denoted: light meromyosin (LMM), 
approximately 80 - 90 nm in length, comprising much of the myosin tail portion, and heavy 
meromyosin (HMM), approximately 60 – 70 nm in length, retaining the primary motor function with 
both motor domains (heads) 42,43. c) Side view of the sarcomere lattice with approximate values 
given 34,44. 

2.1. Motility assays 

In an in vitro motility assay (IVMA), molecular motors, extracted from their 
natural environment, are observed in two main configurations. In the bead assay, 
motors attached to fluorescent microspheres, walk over cytoskeletal filaments that 
are fixed on a surface 45. In the gliding assay used here, we observe the motion of 
fluorescently labeled actin filaments as they are propelled by (glide over) HMM 
adsorbed to the substrate (Fig. 2.2a) 46,47. Here, two glass slides, or a glass slide 
and a structured surface, are joined by double-sided tape in what is known as a 
flow cell (Fig.2.2b). The motors, filaments, assay and buffer solutions are flown in 
on one side, and drawn out of the other by capillary force. A heated objective is 
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used to observe the sample from below (Fig. 2.2c) on an inverted fluorescence 
microscope. 
 
We utilize rabbit skeletal muscle for obtaining myosin II motors and actin 
filaments. However, depending on the application, other animal sources can be 
used for deriving myosin and actin filaments 32. In our studies we use only a 
portion of myosin II, namely heavy meromyosin (HMM). HMM is formed by 
proteolytic digestion of myosin and retains its primary functionality in motility 
assays 48. Actin filaments or F-actin is formed from polymerization of G-actin 
(monomers) into a helical arrangement of 13 G-actin molecules per 6 left-handed 
turns in a 36 nm cross over structure (72 nm for full repeat) 44. Each G-actin 
monomer has dimensions of 5.5x5.5 nm sides with a depth of 3.5 nm 49. The actin 
filament is typically stabilized by phalloidin molecules, which can be fluorescently 
tagged for imaging the filaments 46. The filaments are typically fluorescently 
labeled with: Alexa-488 Phalloidin (APh) or Rhodamine Phalloidin (RhPh) 50 and 
motion can be recorded with the use of a fluorescence microscope using 
appropriate filter sets: fluorescein isothiocyanate (FITC) or tetramethyl rhodamine 
iso-thiocyanate (TRITC) and a CCD camera.  
 
Analysis of this motion can be performed using image analysis software such as 
ImageJ or Matlab and information such as the speed of the filaments can be 
evaluated 51,52. Further information on the quality of the substrate, i.e. the 
uniformity of the surface treatment or variations in topography, can be indirectly 
obtained using these types of assays 53,54. As myosin II are non-processive motors, 
they are not in constant contact with the filament. It has therefore been seen that 
under conditions where filaments are very short < 1 µm and/or HMM density is 
low, a methylcellulose solution is added to IVMAs to keep filaments close to the 
surface where motors are bound in order to facilitate transport 38. Typical filament 
lengths used in IVMAs presented here are observed to be a few micrometers, 
while HMM density is approximately 10 000 µm-2 55. 
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Figure 2.2. Schematic of actomyosin gliding assay and flow cell. a) HMM is immobilized on a glass 
surface. Fluorescently labeled actin filaments glide along the surface as they are propelled by the 
HMM molecules. The conformation of HMM is directly related to the surface properties 55. b) Flow 
cells are created by placing a substrate upside down on top of the glass support slide with double-
sided tape used as spacers 48. Solutions of the HMM, actin and assay buffers are flown in from one 
side and drawn out on the other by a piece of filter paper. c) Viewing of the surface of the substrate is 
performed through the underside of glass slide with a temperature controlled oil immersion objective 
(with an inverted fluorescence microscope). 

2.2. Motility assay applications 

While actomyosin has been used with the aim to develop a variety of applications 
for diagnostics in lab-on-a-chip devices 56-62, other cytoskeletal proteins like the 
microtubule-kinesin system are also used in IVMAs for many similar applications 
3,4,12,18,63-68. The microtubule-kinesin system offers the benefits of the capacity for 
transporting larger cargoes 63 as it is more rigid and its outer diameter (20 nm) is 
twice the size of actin (10 nm), but has a lower maximum speed than actomyosin 
at approximately 1 µm/s. Conventional kinesin is processive and therefore one 
motor can transport a microtubule (with more binding sites than actin) for long 
distances before detaching 69. The actomyosin system has the advantages of high 
speed (up to 20 µm/s), allowing high throughput in future devices and high 
flexibility, enabling further miniaturization of devices 62. The high flexibility of 
actin filaments can also be seen as a draw back in some applications where 
extremely precise control is required, and where fluctuations in the filament 
transport can lead to poor device performance. Utilizing the high speed of actin 
filaments with the stiffness and stability of microtubules would provide an ideal 
system for use in a variety of applications. In one demonstration of such a 
combination, the velocity of transport was low compared to actin filament gliding 
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on HMM 70. Alternatively, the possibility to use actin filament bundles to transport 
large cargo has been demonstrated, e.g. to transport E. coli cells and liposomes 59.  
 
With over a decade of research, a high level of control over molecular motor 
systems is achievable. The most advanced demonstrations thus far have relied on 
microtubules to capture molecules from a bulk solution and/or the surface, and 
transport them to another region for detection 12,18. While some improvements in 
terms of, for example, speed of delivery, can be made, these types of devices 
reveal that molecular motors can be used in lab-on-a-chip applications 
(particularly for biosensing) see further Chapter 3.  
 
Specific examples of advancements over time for molecular motor use in lab-on-a-
chip applications are given in figure 2.3. Among these is the possibility to control 
the motility by surface patterning using selective chemistry 55 (Fig. 2.3a). Physical 
barriers made from polymer resists or SiO2 have also been implemented for 
microtubule-kinesin 2,71,72 or actomyosin 1,73,74 active transport regions (Fig. 2.3a). 
Also, a combination of physical and chemical patterning can be used 75 (Fig. 2.3a). 
With further developments using overhanging roofs 60,76 or enclosed channels 77, it 
is possible to reduce loss of actin and microtubules from guiding channels or 
structures during transport or capture (Fig.2.3a). The use of rectifiers 2,78,79 (Fig. 
2.3b), which can control or change the directionality of motion of cytoskeletal 
filaments, has been a critical development. Molecular concentrators have also been 
developed 12,18,80 for capture and transport of very low concentration of analytes of 
high relevance for diagnostics, see figure 2.3c. While many of these techniques for 
creating physical barriers and rectifiers can be used for both molecular motor 
systems, restrictions, due to the need for narrow channels to maintain 
unidirectional guiding and minimum bending radius, must also be considered 81. 
Further advances using thermally activated polymers 3 (Fig. 2.3d), electrophoretic 
steering 82,83, or controlled release of ATP 4 in order to sort or obtain a temporal 
control over microtubules, have also been presented. The use of more exotic 
substrates, such as HMM coated silicon nanowires 84, glass micron-sized wires 85, 
carbon nanotube networks 86 and recently carbon nanotubes 87 or graphene 88,89 for 
in vitro motility gliding assays has also been developed, verifying that these 
molecular motors can operate on a wide variety of surfaces and geometries. 
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Figure 2.3. Molecular motor applications. a) Schematic of chemical (top left), physical (bottom left), 
and a combination of the two (top and bottom right), in order to guide motion of cytoskeletal 
filaments. Here, kinesin (red and green) transport microtubules (blue). Of these techniques, the use of 
selective chemical patterning and channels with overhanging roofs (bottom right) is the most 
effective at guiding and preventing escape of, e.g. microtubules. b) Rectifiers with closed loops (left) 
or open areas (right) connected to guiding channels are used to correct the motion of actin or 
microtubules. c) Microtubule-kinesin based device to transport and concentrate molecules attached to 
microtubules (MT), using a free standing ceiling for zero loss of MT from collector/detection region 
12. d) Microtubule-kinesin (MT-kinesin) based demonstration of electrical steering with thermo-
sensitive polymers as physical gates 3. 

2.3. Fabrication of nano-scale devices for in vitro 
motility assays 

The ability to fabricate nano-scale devices for high-precision guidance of the actin 
filaments in an IVMA requires high-resolution techniques, such as electron beam 
lithography (EBL) 60 and nano-imprint lithography 74. Here, the fabrication of 
nanochannels is performed with EBL, capable of high precision (down to 10-20 
nm resolution), but is limited in throughput. Scanning electron microscopy (SEM) 
is used to inspect these devices, post processing. A brief explanation of these two 
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techniques is first given below, followed by a general explanation of the 
fabrication process for a nano-scale device, see figure 2.4. 
 
Electron beam lithography. The basic principle of EBL is as follows: electrons 
are generated from a source (either tungsten (W) or lanthanum hexaboride (LaB6) 
crystal under high vacuum, ~10-9 mBar) by inducing a high voltage bias (~10-20 
kV) over the source (the cathode). The ejected electrons are then focused into a 
narrow beam by electromagnetic lenses and scan coils (deflector plates), which 
work in series to adjust the shape and deflection of the beam. As the beam of 
electrons is focused towards the substrate, apertures with micrometer-sized 
openings are used to tune the size of the beam. All of the components are situated 
vertically inside of a column, which resides above the stage where the sample is 
placed in a high vacuum environment (~10-6 mBar). Overall, the stability of the 
system housing the electron source will determine the quality of the exposure, as 
weak sources, large drifts and poor control of the beam will greatly affect the 
outcome despite good control over other preparation methods. 
 
EBL exposure. As the beam reaches the sample, it is capable of scanning over a 
very small area before the sample must be moved for further exposure. As the 
sample sits on a piezoelectric driven stage, high precision movements of the 
sample, coinciding with the previously exposed areas and un-exposed areas, is 
achievable. The parameters used for exposure are included in the following 
equation: 

! = !∗!
!!  (2.1) 

where I is the current of the beam, typically on the order of 0.02 nA, t is the dwell 
time of the beam (often in ms), i.e. the time that the beam rests in one position 
before moving on, and s is the step size (range of tens of nm or less), equal in the x 
and y-directions. D is the dose (on the order of a few to a few hundreds of 
µC/cm2), input by the user during exposure, and is generally set by guidelines 
according to the resist manufacturer or by carrying out a series of dose tests. 
Alternatively, single pixel lines or dots can be exposed, which require a one or 
zero dimensional step size input respectively. 
 
EBL resists. We use an electron beam sensitive polymer resist as a mask, in order 
to write our intended pattern of channels or open areas onto substrate. Here we use 
polymethyl methacrylate (PMMA), a so-called positive resist for EBL. As the 
narrow (~10 nm in diameter) beam of electrons, scans over the surface of the 
resist, chains in the polymer begin to break, thus weakening the resist in the 
exposed regions. After exposure, in a process called development, these damaged 
areas are removed by a brief rinsing in solution. Other resists like hydrogen 
silsesquioxane (HSQ), can have opposite properties. These negative resists 
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become hardened, i.e. undergo cross-linking, during EBL exposure and remain 
after development. In order to control the fidelity of the pattern exposure with 
EBL, one must consider a number of variables which can influence the dose D, in 
equation 2.1, e.g. the resist used, thickness of resist and substrate, the substrate 
material, size of the aperture used, the accelerating voltage, and the pre- and post-
exposure treatments, including baking time and temperature, development and 
finally ashing and etching if required.  
 
Scanning electron microscopy. Verification of the size and shape of the 
nanostructures is often performed using scanning electron microscopy (SEM). 
Here the set-up is similar to that used in EBL but the stage is free to rotate and tilt 
such that cross-sectional views of the sample are more easily obtained. Prior to 
SEM, organic material, e.g. resist, must be coated with a metallic layer to make it 
conductive and to prevent significant damage and deformation due to charge up of 
electrons at the surface of the material. Typically a few nanometers of metal are 
sputtered onto the surface under low vacuum for SEM viewing. SEM imaging 
works by converting electrons (i.e. secondary electrons or backscattered electrons) 
generated from the surface of a conductive material into an image via a photo-
detector. The number of electrons collected on the detector will influence the 
resolution of the image, therefore increasing the acceleration voltage can enhance 
the signal to noise ratio. However, too high accelerating voltages can cause 
damage to the surface. Therefore, only a few kV is used for viewing the resist-
based nanostructures. For larger structures on the micrometer scale, optical 
microscopy is a suitable alternative for imaging the overall quality of the device.  
 
Fabrication procedure. In this work we use actomyosin motility assays in flow 
cells, made from placing a glass slide beneath a nanostructured surface and 
flowing solutions through the cell by capillary force 48, as shown in figure 2.2b. 
The most simple of these surfaces (a single layer nanochannel) is schematically 
illustrated in figure 2.4. i) a Si substrate, with a thermally grown SiO2 layer on top, 
is cleaned with isopropanol (IPA) and acetone to remove possible debris. The 
thickness of the oxide layer is typically a few hundred nanometers and can be 
adjusted depending on the application. Then, ii) a photosensitive resist is spin 
coated and baked on top of the sample. Here we use PMMA, but it can be replaced 
by any other electron beam sensitive (positive or negative) resist, according to the 
application. iii) After exposure, regions of damaged resist are removed (in the case 
of positive resists) with developers such as methyl isobutyl ketone (MIBK) and 
cleaned with IPA.  
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Figure 2.4. Schematic of single layer nanochannel fabrication. The substrate (SiO2/Si) is i) cleaned 
and photoresist (PMMA) is ii) spin coated on top. iii) Then, the resist is exposed with EBL according 
to the desired pattern. iv) Next, the resist is developed and oxygen plasma ashing can be applied to 
remove resist residues in the channel. v) Finally, a chemical surface treatment can be performed to 
allow functional motility only in the preferred regions. vi) In an IVMA, HMM is adsorbed to the 
bottom of the nanochannel and actin filaments are propelled through the channel over them. 

Plasma ashing. In order to remove possible residues of the resist layer in channels 
after development, the sample is subject to Plasma ashing for a brief time, 
typically 15 seconds. Plasma ashing is a technique, which uses microwaves to 
ionize oxygen gas in a vacuum and react with a substrate to remove residues of 
resist material. The sample is placed into a chamber (the microwave) and oxygen 
is pumped into the vacuumed chamber at a pressure of approximately 5 mbar. 
When the microwave is started, the oxygen gas becomes ionized and is drawn to 
the substrate where it reacts chemically with the resist material. At lower 
temperatures and short time scales (as in this case) the process is relatively gentle 
and does not damage the substrate. The ashing rate in this case is a few 
nanometers per tens of seconds.  
 
Double-layer nanostructures. For a double-layer system, a layer of lift-off-resist 
(LOR) is spin coated onto the surface and baked prior to spin coating of PMMA. 
This LOR-layer is used for creating channels with slight overhanging edges (see 
Article I and IV) useful for filament guiding and confinement 60. These double 
layer systems are also important for metallization techniques where metal contacts 
are required (see Article IV and V). For IVMA tests, however, LOR was omitted 
where possible, as this layer often contributed to a large background fluorescence 
signal (see Article I and III). 
 
IVMA preparation. Prior to use in IVMA the surfaces must be treated with a 
chemical in a functionalization process (Fig. 2.4) in order achieve proper 
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absorption of molecular motors to the intended regions and channels. Most of 
surfaces described in this thesis are treated with trimethyl chlorosilane (TMCS), in 
a chemical vapor deposition (CVD) process. Silanization takes place in an inert 
environment, i.e. under nitrogen flow in a glove box where O2 and H2O levels are 
sub parts per million. TMCS adheres specifically to SiO2 surfaces and creates a 
moderately hydrophobic layer to which the HMM can bind by their tail end 90 and 
thus maintain functionality, i.e. can transport actin filaments 61,73. Finally, wetting 
of the channels can be performed, by steaming of the surfaces for short times (less 
than 1 min), in order to prevent air bubbles from forming in the structures just 
prior to the IVMA 60. 
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3. Biosensing with molecular motors 

Molecular motors have been proposed as biosensors due to their ability to achieve 
active transport as opposed to passive, diffusion-based transport, without the need 
for pressure-driven flow 62,64. Recent demonstrations with microtubules and 
kinesin 12,18, however, are slow compared to other techniques 91,92. Here we 
demonstrate the use of faster and more flexible myosin molecular motors and actin 
filaments in order to reduce the detection time and further reduce the size of the 
device, respectively. 
 
In a broad definition a biosensor is a device that incorporates biological 
recognition elements, such as antibodies or oligonucleotides, and detects, by 
optical, electrical, or electrochemical means, a target analyte (e.g. antigen, DNA, 
enzyme). The main challenge is to amplify the signal of the target molecule, which 
is often low due to low sample concentrations, with respect to that of the bulk 
volume. Relevant analyte concentration is typically in the femto molar (fM) range 
16, i.e. a few thousand or hundred molecules per mL or µL, respectively. It is 
therefore necessary to increase the amount of the target analyte at the detection 
site, or reduce the detection area in order to increase the signal to noise ratio. If the 
detection site is reduced, the transport time of target analyte to the detector should 
also be increased, this is possible e.g. through directed, rather than diffusion-
limited transport 16. Therefore, molecular motors offer a significant advantage, due 
to their ability to actively transport molecules 5.  
 
Within the field of molecular-motor based biosensors, the most common technique 
is to use conjugation chemistry in an enzyme-linked immunosorbent assay 93 
(ELISA), so-called sandwich assays. Here an antibody or linker molecule (e.g. 
biotin) is attached to microtubules 4,65,68,94,95 or actin filaments 56,96,97 and the 
fluorescently labeled antigen is captured from solution, from specific loading 
stations 98 or in a pre-incubation step 99. Through molecular motor propulsion, the 
target molecule can then be transported to a detection region, where the 
fluorescence signal of the labeled antigen (or loaded molecule, e.g. streptavidin, 
quantum dot or liposome) is read out optically.  
 
The transport of analyte molecules can be from a larger open area, to a central 
location 12,13,17, or, as was demonstrated in one device, along the edge of the large 
open area 18. The limit of detection achieved was shown, for one microtubule-
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kinesin system evaluated, to be on the range of fM to nM 12. However, the use of 
large open regions and detection sites, used in microtubule-kinesin based devices, 
can be seen as a draw back, as further miniaturization would allow for an increase 
in the number of detection sites per device, thus increasing reliability in readout. 
Here we use myosin motors (specifically HMM) to transport labeled actin 
filaments in a concentration mechanism. We show that the time required for 
concentration and the total active device area is much faster and smaller, 
respectively, than previous molecular motor devices, primarily due to the high 
speed (up to 10 µm/s) and flexibility for actomyosin. We also use oxide-coated 
nanowires as fluorescence read-out detectors. Here, the fluorescence signal from 
actin filaments, transported by myosin motors along nanowires, is guided to the tip 
of the nanowire, where it is read out. This construct enables enhanced signal-to-
noise ratio due to the high surface area to volume ratio of the nanowire detectors.  

3.1. Molecular detection by concentration 

Within the context of molecular concentration with actomyosin, two primary 
challenges are considered in the device design: i) the ability to concentrate analyte 
molecules at a high rate and ii) the ability to detect very low concentrations of 
analyte from the bulk solution. First, we use the guiding effect of sloped walls 13,53 
to concentrate filaments to the detector. Second, we rely on miniaturized 
collector/detector regions (trapping zones, TZ), which are much smaller than the 
transport areas (loading zones, LZ) where actin filaments are initially bound.  

3.1.1. First-generation device  

In a first-generation device, the loading zones (area ≈ 34x40 µm2) were designed 
to collect filaments from the solution and to direct them 58 to the trapping zones 
(area ≈ 11x11 µm2) via nanochannels, of approximately 250 nm width at their 
base, see figure 3.1a. We placed heart-shaped rectifiers along the length of the 
nanochannels to prevent filaments from escaping back into the LZs. For each 
nanochannel, we placed three rectifiers in series, with radius of curvature = 3 µm, 
resulting in high cumulative rectifying efficiencies of approximately 96%. We also 
assigned control loading-zones (CTR-LZ), which were not connected to the TZ, in 
order to correct for photo-bleaching in LZ and TZ. Whereas, in a fully realized 
device, all LZs would be connected. The entire structure was made using EBL 
applied to a double layer of resist (PMMA on LOR, see Ch. 2.3 and Article I, for 
further information on fabrication details). 
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Figure 3.1: Molecular concentrator. a) Dark field optical micrograph of concentrator structure, with 
components labeled. Myosin motors propel actin filaments across the surface of large open areas of 
loading zones (LZ). The LZ configuration allows actin to be concentrated (via nanochannels) 
towards the central area or trapping zone (TZ) where they are confined. Rectifiers (rec) are aligned 
along the nanochannels to create uni-directional guiding in the case where filaments may escape 
from the TZ. Non-connected regions or control loading zones (CTR-LZ) were used as control areas, 
to which the fluorescence signal of the LZ and TZ could be compared. b) Z-stack (maximum 
projection) of fluorescence micrographs during motility assay. Color coding for clarity. Time span is 
approximately 5 min in total after addition of ATP to the flow cell.  

In this device, actin filaments accumulate, from solution, at the loading zones. 
Once ATP is added, actin filaments are transported to the detector regions where 
they are trapped, figure 3.1b. The fluorescence signal of the detector region (TZ) 
increases with time, while that of the transport regions (LZ) decreases. Here, we 
would like to quantify the rate accumulation of filaments at the TZ, and also to 
know if all of the filaments transported from the LZs were arriving at the TZ, and 
contributing to the increased fluorescence signal, i.e. not lost due to, e.g. escape. 
This is important when considering the limit of detection achievable in this device. 
We, therefore, first examined the rate of decay of the fluorescence signal at the 
LZs, i.e. filaments exiting the LZs, in order to determine the expected rate and 
maximal increase in the TZ.  
 
After addition of ATP, the rate of fluorescence decay can be estimated according 
to the following equation:  

! ! =!! ∗ ! ∗ !"# −!!! + !!! (3.1) 
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where I0 is the initial fluorescence intensity, f is the fraction of motile filaments, k+ 
is the decay constant, and B is the background signal. Experimental data from a 
single LZ, and theoretical fit according to equation 3.1, are plotted in figure 3.2. 
 

 

Figure 3.2: LZ depletion over time. Total fluorescence intensity of the background-subtracted ratio 
of the LZ (yellow dashed line, inset) and CTR-LZ over 6 min recording time. Black arrow indicates 
addition of ATP. Data is normalized to the readjustment time for maintaining focus after ATP 
addition. Black curve indicates fit of data from readjustment time, t = 60 s, according to equation 3. 

The fluorescence signal of the TZ increased by a factor of about 2.6, 1 min after 
addition of ATP (Fig. 3.3a). At 5 min after ATP addition, the fluorescence 
intensity ratio reached a value of approximately 3.4. The theoretically predicted 
average filament density ratio at steady-state (CT

ss) and time zero (Ci) is given by: 

Css
T

!!
≈ !!∗!
(!!!!!)

!!
!!
+ 1 !!(3.2) 

where k+ and k- are the rate constants for emptying and filling in the LZ and TZ 
respectively. The ratio of the area of the LZ and TZ is given by AL and AT and f is 
the fraction of motile filaments in the LZ. According to the rate of emptying in the 
LZ connected to the TZ, and equation 3.2, we expected the ratio of fluorescence 
intensity of the TZ/CTR-LZ to be approximately 2.5 times higher than the 
experimental observation 5 min after ATP addition, see figure 3.3b. 
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Figure 3.3: Concentration over time. a) Background subtracted ratio of the total area of the TZ (red 
dashed line, inset) to one CTR-LZ (green dashed line, inset). Black arrow indicates addition of ATP. 
The readjustment time for maintaining focus after ATP addition was approximately 20 s. Fluctuation 
in the intensity data are indicative of filament escape from the TZ, likely due to overcrowding. b) 
Theoretical increase in concentration ratio for TZ over CTR-LZ, modeled fit from equation 3.2 and 
data in Figure 3.2.   

Concluding remarks. We were able to increase the signal to noise ratio at the TZ 
by a factor of 3 with accumulation of fluorescently tagged actin filaments 2 min 
after ATP addition (see Fig. 3.3a). Here we reduced the transport areas, i.e. the 
initial regions of capture (from a previously reported device 12 by a factor of 3.1) 
and the detection region (by a factor of 3) in order to reduce the overall footprint 
of the devices. However, the performance of the concentration device was not as 
theoretically predicted. From equation 3.2, and the rate of decrease in the loading 
zone, we expected an increase in the fluorescence signal at the trapping zone to be 
approximately 10 times higher than the experiment result at steady state.  
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In the CTR-LZs filaments were able to escape at the sharp vertex and therefore 
contributed to a larger background signal due to filaments floating in solution. 
Several filaments escaped from the TZ as the density of filaments increased, and 
on occasion, the overcrowding caused filaments to escape back up through the 
nanochannels to the LZs. The LOR layer used in the double resist layer design 
contributed to a large background fluorescence signal. From our observations, we 
could see that the maximal signal was found in a region of approximately 1 µm 
from the edge of the TZ. In order to improve the device, therefore, the TZ area 
should be directly reduced further into a ring-like object 58. Alternatively, detectors 
could be positioned in this region in order to selectively retrieve information at the 
detection site, for example in the use of magnetic particles for analyte pre-
separation 99. Considering these issues, we revised the structure of the loading 
regions, nanochannels and trapping zone as a way to further increase the 
effectiveness of the concentration technique based on myosin propelled actin 
filaments. We also relied on Monte Carlo simulations to aid in the optimized 
design of the loading zones, to provide faster enrichment at the TZ area, details are 
given in Article I.  

3.1.2. Second-generation device  

On basis of the above considerations, a second-generation device was developed, 
where we modified both the loading zones and the trapping zone. We also 
removed rectifiers, as the new TZ design was self-rectifying, see figure 3.4a. Here, 
the CTR-LZs were also modified with small rings (radius = 1 µm), in order to 
prevent filament detachment a sharp intersections 58, see figure 3.4b. The resulting 
concentration device was markedly more effective, in that the signal-to-noise ratio 
from the TZ dramatically increased (Fig. 3.4c). We also omitted the LOR layer, in 
order to reduce background fluorescence. However, due to this omission, there 
were no over-hanging roofs, and over-crowding in the TZ lead to detachment of 
filaments. 
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Figure 3.4: Scanning electron micrographs and fluorescence micrograph of second-generation 
molecular concentrator. a) SEM close-up of detection region connected to loading zones via 
nanochannels. b) SEM close up of non-connected loading zones. Rings are placed at the vertices to 
prevent filament loss due to sharp angle approach. Surfaces are coated with 5 nm Pt prior to SEM 
viewing. c) Z-stack (average projection) of fluorescence micrographs (1 min time span) of molecular 
concentrator, after ATP addition. The optimized geometrical configuration allows actin to be 
concentrated (via nanochannels) at a high rate towards the central ring where they become trapped 
without the use of rectifiers. 

Figure 3.5 shows an example of the fluorescence intensity in the TZ for the first 
three minutes of recording in one device. Here, we see that the increase of the 
fluorescence signal of the TZ was enhanced by a factor of 4 above that of the first 
generation device in the first two minutes. This rapid increase in fluorescence 
stabilized quickly. From the same theoretical predictions used in the first-
generation device, we estimated an expected increase of fluorescence intensity at 
the TZ to be 7 times higher than the experimental average. This lower than 
expected signal was likely due to the absence of overhanging roofs on the TZ, thus 
also causing the fluorescence signal to fluctuate and decay slightly over time. The 
use of ceilings 12 would prevent filament escape and rapid overcrowding, which 
lead to ejection of filaments from the TZ or escape back up through the 
nanochannels into the LZs. The use of rings at the vertices of the CTR-LZs did 
prevent, to a large extent, the loss of filaments from these regions. However, again 
due to the lack of roofs, some filaments escaped in these areas as well.  
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Figure 3.5: Concentration over time for second-generation device. Ratio of background-subtracted 
fluorescence in TZ to average of three CTR-LZs over 3.3 min. Black arrow indicates addition of 
ATP. The concentration rate for the device was approximately twice as fast as for the first generation 
device. Several spikes in the intensity data are indicative of filament escape from the TZ, due to 
overcrowding. 

3.1.3. Future directions 

There was a measureable improvement in the two critical features (rate of 
concentration and S/N) of a molecular-motor based biosensor, between the first- 
and second-generation devices and to previously demonstrated devices. First, the 
rate of concentration was approximately twice as fast from the first to the second-
generation device, meaning that the time required for observation could be greatly 
reduced when investigating multiple devices on a chip. This rate in the second-
generation device was an order of magnitude faster than a correspondingly similar 
demonstration with microtubules and kinesin motors 12. Secondly, the signal-to-
noise ratio improved by a factor of 4 in the transition from the first generation 
device to the second. Here, the theoretical prediction for the increase in signal-to-
noise for both devices was much higher than the experimental results, likely due to 
the problems described in device performance, in particular to filament loss in the 
detection regions due to over-crowding.  
 
While the reduction of the TZ improved the signal-to-noise ratio in this second-
generation device, the restricted number of filaments allowed in this area 
prevented stable accumulation. It would therefore be interesting to employ similar 
roof like structures as shown in previous devices 12 in order to capture all filaments 
entering to the detection site. Alternatively, one could build up the walls of the 
device, making it more difficult for filaments to escape; however, it is likely that a 
slightly overhanging roof 60 would still be required. It should also be noted that 
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recording of multiple devices on a chip is possible, with minimal loss of filaments, 
if for example, an ATP-free solution is added to the flow cell inducing a rigor state 
in the HMM motors subsequent to completed concentration of filaments in the TZ. 
If the rate of transport is as fast as shown in the second-generation device, then the 
bulk of the filaments carrying cargo would have arrived at the TZ within one to 
two minutes, before being halted. By shutting off the transport, a chip patterned 
with potentially thousands of devices within one square millimeter area could be 
monitored and recorded in a few hours time. 

3.2. Nanowires for molecular detection 

Due to their small size and high surface-area-to-volume ratio, nanowires are ideal 
surfaces for molecular sensing, and have been shown to achieve a very low level 
of detection in the sub-femto molar range 100,101, with correspondingly high signal-
to-noise ratios. Nanowires used as biosensors represent a growing field in the 
areas of intracellular monitoring 102,103, studies of cell activity 104-106 and molecular 
sensing 107-109. These techniques typically operate by sensing a change in 
conductivity in the wire, instead of a fluorescence signal, and are therefore 
referred to as “label-free”. These types of devices, while reportedly highly 
sensitive, only interpret change in conductance as an event, and cannot specifically 
identify if the analyte is bound to the surface of the nanowire without using 
fluorescent probes to check. These devices are also limited, in the number of 
individual wires addressable on a single chip 110,111. Here we demonstrate the use 
of vertical, freestanding nanowires as molecular detectors based on their light-
guiding properties. With the actomyosin molecular motor system, we can directly 
correlate an event (analyte recognition) with the motion of the actin filaments 
moving up or down the nanowires. In this configuration, potentially hundreds of 
thousands or millions of individual nanowire detectors can be accessible on a 
single chip, thus offering the potential for a higher level of multiplexing and 
increasing reliability in read-out. 
 
Nanowire field effect transistors. Existing nanowire biosensors operate as three 
terminal field effect transistors (FET). The nanowire serves as the conducting 
channel, and is typically doped with boron or phosphorus 112. The nanowires are 
often functionalized with selective surface modifications, i.e. chemical or 
biological linkers (receptors). Detection of analyte is read out by a change in 
nanowire conductivity, induced by accumulation of target molecules at the surface 
of the nanowire, arriving from the bulk solution.  
 
Challenges in NanowireFETs. Many challenges are encountered in the 
development of bio-nanoFETs; three such examples are listed here. One example 
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is the difficulty in correlating an electrical readout with a particular event at low 
analyte concentrations, due to low signal to noise ratio and lack of information in 
label-free approaches 112. Operation of devices in the sub-threshold regime when 
the carrier (dopant) concentration is low, such that accumulation of molecules 
yields a non-linear response in the conductance, can improve the signal to noise 
ratio and limit of detection 113. A second challenge is the ability to operate under 
biologically relevant conditions, due to e.g. dampened signal strength or electrical 
screening of charge. Aside from operating in a sub-threshold regime 113, the use of 
a metal-oxide shell has recently been shown to improve long term stability of 
devices in a physiological model solution 114. Finally, analyte transport limitation, 
i.e. slow transport of a low concentration of molecules to the detection site, 
hinders rapid detection of probes 16. This third limitation is relevant for 
nanowireFET design, regardless of the fabrication method, i.e. top down versus 
bottom up 115. Most commonly, the nanowire is horizontal on a surface and the 
target molecules are delivered by diffusion-limited transport to the nanowire 
sensor from microfluidic channels. The flow into these channels can be pressure 
driven flow over the nanowire, however, molecules must be able to diffuse down 
to the surface, or static without any external pumping of solution 109. This 
limitation can be overcome, however, by active solution exchange above the 
nanowireFET with controlled mixing 116 in order to reduce response time.  
 
Nanowires as light-guides. Here, we rely on an optical read-out method that 
allows for direct observation of the sensing platform. By employing vertical 
nanowires, we make use of their total surface area, allowing many molecules to 
attach all around the wire at once and thus increase the signal-to-noise ratio. With 
the use of actomyosin, we can directly follow an event (fluorescent probes at the 
surface), when an actin filament travels up or down a nanowire. Both the core 
material, gallium phosphide (GaP) semiconductor nanowires, and the shell, Al2O3 
act as bio-benign surfaces 117,118, important for biological applications. We observe 
that light emitted from fluorescent probes, attached to filaments moving along the 
length of the wire, is emitted from the wire tip. By focusing on the top of the 
nanowires, we can collect the fluorescence signal from all wires (in one field of 
view) at once.  We predict that the nanowires act as light-guides for the labeled 
actin filaments moving along the length of the wire, and discuss this possibility in 
terms of material properties and optical configurations. Figure 3.6 provides a 
schematic representation of the set-up of our nanowires with actin filaments and 
HMM. 
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Figure 3.6: Schematic of actomyosin on nanowire arrays used for light guiding. Fluorescently 
labeled actin filaments can be detected moving on the surface of Al2O3 coated GaP and on top of the 
nanowires. As the filaments travel vertically along the wires the Al2O3 shell acts as a light-guide 
such that the fluorescence emission from the filaments is enhanced and detected locally at the tip of 
the nanowires.  

Nanowire fabrication. In order to fabricate these structures, we use a standard 
bottom-up lithographic approach 119, shown in figure 3.7. Briefly, the GaP 
substrate is coated with resist (e.g. PMMA or ZEP) and EBL is used to expose the 
pattern of dots into the resist, figure 3.7a-b. The sample is then immersed in 
developer solution in order to remove the exposed resist and placed into an 
evaporator where a thin film of Au (~20 nm) is deposited on the surface, figure 
3.7c. After lift off of the resist and unwanted Au, only the Au particles remain, 
figure 3.7d. The sample is placed in a growth chamber, and wires are grown by Au 
particle assisted vapor liquid solid growth, with metal organic vapor phase epitaxy 
(MOVPE) 120,121, figure 3.7e, see details below. After the samples are removed 
from the growth chamber, they are coated with Al2O3 in an atomic layer deposition 
(ALD) process, figure 3.7f. In ALD, samples are placed in a growth chamber, and 
the substrate is heated to 250 °C. Alternating cycles of water and 
trimethylaluminum (TMAl) are introduced to the sample chamber and flow 
parallel to the surface. The duration of gas pulses is ~15 ms. For each cycle of H2O 
and TMAl, a monolayer of Al2O3 is formed. Here we typically run 600 complete 
cycles yielding an approximately 60 nm thick layer of oxide material. 
 
Nanowire growth. The nanowire growth process, while highly sophisticated 121, 
can be explained in a few steps. 1) The GaP substrate is placed on a rotating disk 
(susceptor) inside a glass growth chamber and heated to, e.g. 470 °C. In order to 



  

42 

avoid surface decomposition, the precursor material, phosphine gas (PH3; molar 
fraction ~1.2*10-1), is simultaneously supplied to the growth chamber via carrier 
gas (H2) with a flow of ~6 l min-1. This annealing step is required remove surface 
oxide, and to allow the Au nanoparticles to form an alloy on the surface (i.e. in a 
liquid phase) with the growth material 122. 2) The precursor material, trimethyl 
gallium (TMGa; molar fraction ~4.3*10-4), is then added. 3) As the material 
accumulates in the Au droplet it becomes supersaturated and nucleation occurs 
below the droplet 122. Once this nucleation occurs, a GaP layer is formed at the 
interface and the process continues as long as the Au particle is supersaturated 122. 
4) Growth is halted by switching off the gases, once the desired length is achieved, 
and the substrate is allowed to cool down. Typical growth rates, under these 
conditions, are on the order of 1 µm per minute or less. Our substrate, with (111)B 
crystal orientation, is used in order to achieve nanowire growth perpendicular to 
the surface 121. 
 

 

Figure 3.7: Schematic of fabrication of nanowire arrays. a) Resist is spun on the surface of the GaP 
sample.  b) Electron beam lithography is used to expose dots in an array pattern and the sample is 
developed in order to remove exposed resist. c) Au is deposited on the surface of the sample. d) The 
unwanted Au is removed from the surface leaving only the Au particles required for growth. e) The 
samples are placed in a reactor and grown using metal organic vapor phase epitaxy. f) Al2O3 is 
coated on top of the nanowires in an atomic layer deposition process.  

Nanowires for guiding actomyosin. Initially, we were motivated by the possibility 
to use arrays of nanowires for guiding of actin filaments at the surface e.g. at the 
bottom of the nanowires. This type of guiding was previously demonstrated for 
rectification of axons extending from neural cells 123. As the uni-directional 
guiding of actin filaments has been shown in nanochannels to be limited to a width 
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of approximately 300 nm 60, we decided to place this as our upper limit in 
nanowire spacing, see for example figure 3.8a. We evaluated the performance of 
these nanowires in a standard IVMA. Here we used actin filaments, fluorescently 
labeled with APh. Due to high background fluorescence in the TRITC filter, we 
did not use RhPh labeling. In these assays, we could see transport of actin 
filaments along the surface of the substrate and along the top of the nanowire 
arrays. We could not identify filaments moving between wires on the surface and 
therefore increased the spacing between wires in order to improve the localization.  
 
In this step we included a variety of nanowire designs in order to investigate 
further, the guiding on top or potentially on the bottom of the wires, see figure 3.8. 
Among these designs, we aimed to achieve a concentrating effect, whereby 
filaments could enter at the top of a dense array and be guided by a meandering 
path of wires to a circular array and become trapped, see figure 3.8a-b. This 
guiding effect, was not successful, however, as filaments would be guided on top 
of the pattern from multiple access points and did not adhere to a specific path or 
directionality, figure 3.8d. In another configuration, we aligned a straight row of 
wires to a large inwardly spiraling structure, in order to observe the cut off radius 
for guiding, figure 3.8c,e. This attempt was also unsuccessful, as filaments could 
climb onto the structure at multiple points and even connect across large gaps in 
the spiral. Here we saw that filaments spent a similar amount of time on the wires, 
regardless of the radius of curvature of the structures, and that the movement was 
sporadic and random, i.e. without any directionality defined by the nanowire array. 
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Figure 3.8: SEM and fluorescence images of nanowire designs for actin filament guiding. a) Dense 
arrays of wires, with approximately 200 nm spacing, intended to act as a guiding channel between 
wires. b) Meandering arrays of wires connected to circular arrays of varying diameters on one end 
and to dense arrays, as in panel a, on the other end. c) Circular arrays of wires in an outwardly 
spiraling configuration connected to a straight array of nanowires. d) Maximum projection of 
meandering arrays connected to dense patters (as in panel a and b). Fluorescence micrographs 
integrated during a time span of 1 min. Filaments moving in both upward and downward directions. 
Occasionally filaments span the gap between structures. e) Maximum projection of spiraling array, 
integrated over 1.8 min. Narrow arrays in b and c are composed of three nanowires across the width. 

Nanowires as light-guides. The final array of wires tested included wires aligned 
in sparse arrays, with 1 µm square spacing and 5 µm length, shown in figure 3.9a. 
In these arrays, filaments tended to spend the same time on top of the wires as in 
the other structures, but we also noticed another phenomenon. We observed 
blinking wires in arrays with 1 µm inter-wire spacing, see figure 3.9b. This 
observation led us to believe that the fluorescence emission of filaments, moving 
up or down the wires, was guided and emitted at the tip of the wire. 
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Figure 3.9: SEM and fluorescence images of nanowire designs. a) SEM image of sparse arrays of 
wires, with approximately 1 µm spacing. b) Maximum projection over 46 s of nanowire array in 
IVMA. Filaments are seen gliding across the tops of nanowires. Bright points indicate filaments 
moving up or down nanowires. Nanowire length = 5µm. Figure modified from Article II. 

In order to quantify the emitted fluorescence at the tip of the wires, we compared 
the intensity of an outstretched filament moving horizontally over the array to its’ 
intensity while moving vertically down a nanowire. The ratio of the vertical versus 
horizontal intensity is plotted in figure 3.10a. We can see that longer filaments 
tend to have higher intensity ratios, which may be related to the focal depth, in the 
likelihood that light is simply collected from a larger portion of the wire, rather 
than just the tip. In order to rule out the possibility that light intensity at the tip of 
the wire could be due to a large collection depth along the wire, we estimated the 
depth of focus according to the following relationship: 

!= !∗!!" +
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where λ ≈ 490 nm is the excitation wavelength, n = 1.52, is the index of refraction 
for the oil immersion objective, with a magnification of M = 100X, and numerical 
aperture of NA = 1.4. The pixel size of the camera is d = 0.165 µm, giving a depth 
of focus ~0.5 µm. This is only a fraction of the 5 µm long wires used here. 
Therefore, we would not expect that the light from the filament is simply recorded 
along the full length of the wire. This short depth of focus is also not expected to 
contribute to differences between long and short filament intensity ratios shown in 
figure 3.10a, as the shortest filament observed was longer than 1 µm. To further 
confirm the limited depth of focus, we compare the fluorescence intensity of a 
filament, which is stationary, vertically along a nanowire, to a filament that is 
stationary horizontally on the substrate (at the bottom of the nanowire array). The 
region of interest (ROI) in both cases is a 3X3 pixel2 area. During the same time 
course we collect the fluorescence intensity in each ROI when focusing at the top 
and bottom of the sample, see figure 3.10b. From these curves, we can see that the 
fluorescence intensity emitted at the nanowire tip does not contribute to the 
fluorescence signal when focusing on the surface, at the bottom of the nanowires. 
We also do not see a contribution in fluorescence from the stationary filament, at 
the bottom of the nanowires, when focus is at the top of the nanowires. This 
information further supports our prediction that the GaP nanowires coated with an 
Al2O3 shell act as optical waveguides for light emitted from fluorescently labeled 
actin filaments, moving vertically along the nanowires.  
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Figure 3.10: Intensity ratio and measured fluorescence comparison. a) Background-subtracted 
fluorescence intensity ratio of filaments moving horizontally along the tops of nanowires versus 
filaments moving vertically along wires. Region of interest (ROI) is 3X3 pixel2 area centered at the 
filaments’ brightest point (center or ends) and centered at the tip of the nanowire.  b) Background 
subtracted and normalized fluorescence intensity in 3X3 pixel2 ROI: centered at nanowire tip with 
stationary filament attached vertically along nanowire (blue curve) and on a stationary filament 
attached on the sample’s surface just outside the array (black curve). For first 3.4 s and from ~15 s 
the camera is focused on the tips of the nanowires, while at 3.8-14 s the camera is focused on the 
bottom of the wires at the sample’s surface.  

Light-guiding mechanism. Due to the limited depth of focus of imaging during 
motility and the measured comparison of filaments in figure 3.10b, we can say for 
certain that the fluorescence intensity of a filament moving vertically along a wire 
is not fully detectable under normal imaging mode. Therefore, we conclude that a 
light-guiding effect is occurring as filaments are traveling vertically down or up 
nanowires. While this effect is not fully theoretically described within this work, 
we predict that the mechanism is most likely due to total internal reflection of a 
portion of the light emitted, from fluorophores on the actin filament. Total internal 
reflection is achieved when light travelling from a medium of a given refractive 
index to a medium of lower refractive index is incident at or above a minimum 
critical angle according to the following equation: 
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Here, ni is the refractive index of the medium and θc, is the minimum angle from 
the normal, at which light is totally internally reflected. This value is ~28.3° and 
~51.5°, for the GaP-Al2O3 and the Al2O3-H2O boundaries respectively. The 
incident light (emitted from excited fluorophores on the actin filaments) should 
therefore be partially internally reflected in the boundary of the GaP core and the 
Al2O3 shell, and from the Al2O3 shell to the surrounding medium to a lesser 
degree, due to a more dramatic change in the refractive indices of the core-shell 
material than the shell and surrounding medium. The light is thereby guided along 
and emitted at the tip of the nanowire, enabling our oxide coated semiconductor 
nanowires to act as wave guides 124,125. 

3.2.1. Future applications 

As a basis for future applications of these devices, it is highly relevant to perform 
theoretical modeling of the nanowire arrays to determine the in-coupling of light 
and wave propagation along the wires 126. In this way information about the core 
semiconductor material, the diameter of the core, the thickness of the oxide shell 
and the material used, as well as spacing, and lengths of the nanowires are 
important parameters to consider, as well as determining the ideal excitation and 
emission wavelengths for optimal light-guiding 127. It has been shown that metal-
oxide nanoribbons also function as light-guides 125. By implementing alternative 
fabrication techniques, such as top-down etching, metal-oxide nanowires can also 
be created, thus eliminating the need for expensive growth substrates and growth 
techniques, which could reduce cost in device development.  
 
Another potential route, would be to use axial heterostructure nanowires 
previously demonstrated as a bio-barcoding platform 128. These nanowires contain 
fluorescent segments, which, in our set up, could be used to locally excite 
fluorescent probes at specific locations along the nanowire.  This local excitation 
can also be combined with other fluorescent techniques, such as fluorescence 
resonance energy transfer (FRET), by using locally excited fluorescent probes on 
the nanowire surface to excite molecules in a lipid bilayer or in a cell membrane 
129. This type of highly localized sensing would be useful to investigate the 
possible penetration of a wire into a cell, for cell injection studies 118,130,131, or the 
conformation of a lipid bilayer on the nanowires 132, determined by fluorescent 
molecules labeled along the exterior the cell membrane or bilayer. If for example a 
wire has broken through the membrane 130 or if the membrane or bilayer is fully 
wrapped around the wire 106,132, the use of fluorescent nanowires would allow for a 
simple optical check to see if, for example, molecules could be injected into a cell, 
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without the need for tedious and time consuming transmission electron 
microscopy or focused ion beam milling of the cell 106.  
 
An effective tool in such biosensing techniques is the ability to increase signal-to-
noise and reduce the amount of false positives caused by, for example, non-
specific binding of molecules. In order to improve signal-to-noise and increase 
read-out reliability, several repeats of similarly treated nanowires in an ordered 
array could be used. We demonstrated the use of square arrays of approximately 
2500 nanowires in less than 80 µm2 area. The possibility to increase this number 
of nanowires to a few hundred thousand in a few hundred square microns area is 
also readily achievable using EBL in short time scales. Moreover, using state-of-
the-art lithography techniques such as nano-imprint lithography, one could pattern 
an entire wafer with millions of nanowires in relatively fast time scales 133, while 
obtaining highly consistent samples in parallel. Finally, a higher level of 
sophistication for such nano-biosensors using light-guiding would be achieved by 
multiplexing the nanowire sensing capabilities 111. The possibility of such a 
sensing platform in the same device would require the use of microfluidic 
channels used as spacers between arrays, in this way individual regions of the 
device could be functionalized to detect a variety of target molecules. 
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4. Computation devices 

The identification of intractable mathematical problems 134, and need for faster 
ways to solve them, has lead towards the search for alternative methods of 
computing, extending beyond the grasp of modern serial computers, to more 
parallel approaches. Examples like the Subset Sum Problem (SSP) and the 
Traveling Salesman Problem (TSP) become intractable when the number of 
variables, i.e. the set of numbers or cities, respectively, is very large. These 
problems belong to a class of mathematical problems known as NP-Complete 135. 
The combinatorial nature of these problems requires a parallel approach in order to 
solve instances for which serial computation is impractical. Molecular motors, on 
the other hand may be used as to solve such computationally complex problems in 
comparably fast time scales, as they are naturally small, energy efficient and self-
propelled, i.e. they do not require an externally driven power supply. We 
demonstrate the ability to solve an instance of the SSP using actin filaments and 
microtubules propelled by myosin and kinesin molecular motors, respectively, in a 
two-dimensional network, as a new parallel computing method. This chapter 
describes the benefits and limitations of alternative parallel computing techniques, 
and the advantages and challenges of using actomyosin-based computation in 
terms of scalability and energy efficiency. 

4.1. Computational problems 

Decision problems. In order to understand NP-Completeness, we build on the 
most basic class of problems known as decision problems. A decision problem is a 
class of problems that poses questions having a yes or no answer, for a generic 
instance of the problem 135. Suppose we have the following problem: for a given 
real and positive integer, n, e.g. n = 13, does m, a real and positive integer, e.g. m 
= 7 divide n evenly? If yes then m is a solution if no it is not a solution. Because 
we can easily check if m divides n evenly in this case, the problem can be solved 
quickly. In this example, the possible inputs would be the set of natural numbers.  
In a general sense, the decision problem can be described as the set of instances D, 
having a set of yes solutions in that set Y ⊂ D 135. 
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Time complexity and the class P. The time required for solving a decision 
problem will determine its complexity. Figure 4.1 shows the time growth for 
finding solutions using polynomial f(n) = C*nx and exponential g(n) = C*kn 
algorithms for a given problem. For comparison, the functions plotted are: the 
polynomial function f(n) = n3 and exponential function g(n) = 2n, where n 
represents the set of natural numbers. A decision problem, which can be solved in 
polynomial time, is a class P problem. This means that for a given instance of the 
problem, a polynomial time algorithm exists for finding solutions of yes or no. 
Such problems include, the example given above, i.e. does m divide n evenly? A 
problem which cannot be solved in polynomial time is generally referred to as a 
class E problem, and it can be stated that P ⊂ E. It is for those more difficult 
problems, i.e. those having exponential time complexity, that we find the most 
interesting in real world applications, e.g. in optimal network routing 19,20, protein 
folding 24-26, and cryptography 21-23. The order of the time complexity O(f(n)), is 
based on the function (algorithm) used to solve a given problem, i.e. if the 
function is polynomial f(n) = C*nx, the time complexity is polynomial O(nx). For 
algorithms that include both exponential and polynomial components the order of 
the function will be dominated by the exponential function for large values of n. In 
consideration of computation techniques, using a highly parallel computation 
method would be beneficial for solving problems, which have exponential time 
complexity, faster and potentially reduce them to polynomial time complexity 136. 
 

 

Figure 4.1. Graph representing exponential (red curve) and polynomial (black curve) time growth in 
arbitrary units (A.U.) of time. For small values of n, there is little difference between exponential and 
polynomial time growth, however, as n increases the complexity of problems requiring exponential 
algorithms for finding a solution becomes quite demanding and therefore have a rapidly increase 
time constraint. In this example x = 3.   
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Non-deterministic polynomial time problems and P vs. NP. A non-deterministic 
polynomial time (NP) problem is a decision problem for which the solutions 
having a yes instance also have proofs, which can be verified in polynomial time. 
Here, non-deterministic means that for a given input, multiple outputs can exist. If 
a problem or system is deterministic then each input will yield a specific output, 
i.e. a single pre-determined result must exist for every input whether or not is a yes 
or no solution. A proof is a mathematical equation or logical argument that verifies 
the truthfulness of a statement. It is not known if there exists a polynomial time 
algorithm for solving NP problems, that is if P = NP or if P ≠ NP. In mathematics 
this is one of the most challenging problem which is currently unanswered 137. In 
general, this problem asks: if an NP-problem has a solution, which is verifiable in 
polynomial time, is there an exiting algorithm, which can be used to solve it in 
polynomial time? The verification of whether P = NP or P ≠ NP holds significance 
not only in the field of mathematics, but also in other areas governed by 
computational complexity such as artificial intelligence, game theory, logistics, 
biological processes, e.g. protein folding, and cryptography.  
 
NP-complete and hard problems. The class of NP-complete problems are more 
difficult to solve than P-problems due to their exponential time complexity, that is 
finding solutions to these problems generally requires exponential time. A few 
examples of known NP-complete problems are the Boolean satisfiability (SAT) 
problem, the knapsack problem, and the Traveling Salesman problem (TSP) 135. 
The TSP is typically represented as an optimization problem that searches for the 
shortest path, which connects a number of different points n, on a graph 138. For 
example, if a salesperson must visit a number of cities n, the question is: what is 
the shortest path that they should take in order to visit each city exactly once? 
Written as a decision problem, the question would be: given a number of points on 
a graph, e.g. n = 30, does a path p exist which goes through all n exactly once, 
such that the length of p, is less that or equal to, e.g. k = 100? It is clear that as the 
number of cities increases, this problem requires exponential time to solve. This 
problem is most commonly found in optimized network routing in, for example, 
social, biological or wireless networks 19,20. NP-hard problems are at least as hard 
as NP-complete problems, however, they are not required to be within NP or to be 
decision problems 135. They do not necessarily have solutions that are verifiable in 
polynomial time. For the TSP example above, an NP-hard version would ask for 
all possible paths pi, passing through all points once, with lengths less than or 
equal to a given k. 
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Figure 4.2. Schematic of decision problems. U are all of the decision problems in the universe. NP 
are non-deterministic polynomial time problems, e.g. those for which if you are given a solution, you 
can determine if it’s true in polynomial time. NP-complete are not expected to be solvable in 
polynomial time, but given a specific solution, it can be verified in polynomial time. NP-hard 
problems are at least as hard as the NP-complete but may not be in NP. P problems are calculable in 
polynomial time. A question as to whether all NP are solvable in polynomial time, i.e. is NP = P?, is 
currently up for debate.  

A schematic is used in figure 4.2, in order to describe graphically the relatedness 
of the different types of decision problems. If P = NP, then problems for which 
only an exponential algorithm currently exists, may be solvable in polynomial 
time. The class of NP-complete problems, for instance, could be solved if P = NP, 
since by definition a problem can only be NP-complete if it is in NP and if all 
problems in NP are transformable to that problem in polynomial time 135.  

4.1.1. Subset Sum problem 

Here we focus on the subset sum problem (SSP) 139, which is a NP-complete 
problem relevant to computational complexity theory and in cryptography 140-143. 
We chose the SSP as it is readily translatable into a 2D graph composed of 
isomorphic unit cells, in which we encode the problem. The SSP can be described 
in two versions. One version is the same sum problem, in which one would like to 
know a subset of distinct positive real numbers which sum to the same value from 
a given set 144. In the other, integer relation version, we want to find all possible 
sums, which can be found from a given set, including the set values 145. In the 
encoded network, for small sets, we can identify solutions to both of these 
versions of the SSP. Mathematically, we can describe the SSP as follows. Given a 
set S = (s1, s2, ..., sn), and the set or weights, W = w1, w2, ..., wn, (wi ∈ {0, 1}), is 
there a subset of S’ ⊂ S and W such that: 

! = !!!!!
!!!   (4.1) 
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where T is a positive real integer? As the size of S increases the problem becomes 
increasingly more difficult to solve. Because W is a binary set, the possible 
combinations of the set is given by 2n, therefore the time it takes to cycle through 
all possible combinations of W, is 2n, and it is therefore assigned to the exponential 
time class. If we would ask for all possible target sums T that exist for a given set 
S, this problem would be classified as an NP-hard problem. For a special class of 
SSPs, namely the super increasing SSP, a public-key cryptographic system was 
designed by Merkle and Hellman in 1978 22. This cryptographic system uses a 
super increasing set A = (a1, a2, ..., an), such that each successive ai is greater than 
all values in the set summed together, which come before it, and a method by 
which the order of the set is scrambled (encoding the message) into a new set A’ = 
(a’1, a’2, ..., a’n). The power of such an algorithm for cryptography relies on the 
value of n and the number of bits used for each ai. 

4.2. Parallel computing methods 

As some problems - mathematical or biological - require highly parallel 
processing, other computing techniques have been investigated as alternatives due 
to their potential computational efficacy. DNA computing, for instance, under 
development for two decades, started by using DNA strands to perform a simple 
computation of the TSP 27. Although other methods have been proposed 28,146,147, 
issues with this technique persist, such as a need for large quantities for reaction 
volumes 148 and time constraints 149-152. Quantum computing has been proposed as 
another alternative 153, however, it is still far from establishing a significant 
contribution to solving difficult problems, due in part to limitations such as 
decoherence 29,154.  
 
Other computing techniques exist for problem solving. Here a few of these 
methods are discussed briefly for context. The computing techniques described 
below do not necessarily all belong to biocomputation, but are listed as a point of 
reference. Each method for computing is discussed in terms of practical 
implementation or use, including a description of scalability and time 
requirements. 

4.2.1. DNA-computation 

Adleman computing model. DNA-based computing was first demonstrated by 
Leonard M. Adleman in 1994. A single string of DNA is comprised of the bases: 
adenosine (A), thymidine (T), cytosine (C) and guanidine (G). These bases join to 
form pairs (A with T and C with G), and thus make complementary strands of 
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DNA from single strands. In this seminal work, Adleman used DNA to solve the 
TSP or directed Hamiltonian graph by a brute force method, which requires i) each 
vertex or “city” on the graph should be visited exactly once ii) paths should start at 
a specified vertex vin and end with a different vertex vout. The graph described in 
Adleman’s experiment included seven vertices (v1, v2, ..., v7), and the algorithm 
for finding the Hamiltonian path from v1 to v7 was as follows: i) generate random 
paths through the graph, ii) keep only those paths which start with v1 and end with 
v7, iii) if the graph contains n vertices, keep only paths which enter exactly n 
vertices, iv) keep the paths for which each vertex is visited only once, v) if any 
path remains it is a solution, if not, there is no solution 27. Here the vertices were 
single DNA strands of randomly generated oligonucleotides consisting of 20 
nucleotides (20-mer) sequences denoted as (O1, O2, ..., O7).  Here the edges of the 
Hamiltonian graph were made up of 20-mer bases, which were two 10-mer 
complementary bases for the different vertices, for example, O1 could be joined to 
O2 via a O1!2 string in a ligation reaction. Figure 4.3 gives an example of two 6-
mer vertices joined to a complementary 6-mer edge. 
 

 

Figure 4.3. Schematic of a DNA computation event. The two vertices O1 and O2 comprised of 6-mer 
bases (oligonucleotides) are joined together by the “edge” O1!2, which contains half of the 
complementary bases for O1 and half for O2. This union creates the path from O1 to O2. 

In Adleman’s work, a computation event or operation was denoted as the 
formation of double strands of DNA from single strand compliments of the 
associated 20-mer vertices and edges in a ligation reaction. These ligation 
reactions took place in test tubes where, 50 pmol quantities for each vertex and 
edge were used. An estimated 10 14 operations were achieved in the first step. The 
strands were then subject to polymerase chain reaction (PCR) to amplify only 
paths that started with O1 and ended with O7. Following amplification, the DNA 
double-strands could be sorted based on molecular weight corresponding to the 
length of the strands. Thus, the strands with a length consisting of exactly 7 
vertices could be identified. While other NP-complete problems have been 
experimentally solved using DNA 155, much of the work in this field has focused 
on devising new algorithms for solving different NP-complete problems using 
DNA 28,149,150.  
 
Potentials and pitfalls. A primary benefit of DNA computing is that it is believed 
to achieve high parallelism and a capacity for vast amounts of storage, e.g. 1 µmol 
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of DNA can potentially store up to 2 gigabytes of information 149,155. The energy 
efficiency is also unprecedented, as Adleman estimated that each ligation reaction 
requires only approximately 5 10-20 J/operation (~12 kT/operation) 27. A 
significant drawback of DNA computing, however, is that the scalability 
requirements are quite high. DNA quantities needed for computations scale 
exponentially as the problem size, i.e. 2n, and for large n, this is impractical to 
implement 148. For instance, in a DNA-based computation of the Maximal Clique 
problem, demonstrated by Ouyang et al., the number of vertices n is restricted to 
27 at picomolar concentrations of DNA, due to an exponential increase in the 
amount of DNA initially required for all possible paths to be searched 155. They 
estimate that increasing to nanomolar concentrations would allow for up to 36 
vertices, while further increase in the number of vertices, thus increasing the 
complexity of the problem, would not be feasible 155. Time constraints exist, as 
mentioned above, as each ligation reaction “computation” and readout of these 
reactions can be time consuming 27,155, and require further optimization or newer 
faster methods for read out. Error rates are also important to consider when 
working with DNA-computing, which can arise from reaction based errors and 
those from the instability of the reaction volumes or the molecules themselves, i.e. 
non-specific or weak binding of oligonucleotides 150.  
 
As the problem of scaling, related to amount of DNA required and large error 
rates, persists, the use of DNA computing will not be a viable potential alternative 
to solving NP-complete problems 156. Beyond NP-complete problems, however, 
DNA-computing techniques like biomolecular automation, DNA self-assembly 
and DNA-origami have been investigated to gain information on molecular 
processes and can even be used for molecular diagnostics 151,157-163. 

4.2.2. Quantum computation 

Another alternative form of computing has developed from the field of quantum 
mechanics. The quantum computer was first envisaged by Feynman in 1985, when 
he concluded 164, “...the laws of physics present no barrier to reducing the size of 
computers until bits are the size of atoms, and quantum behavior holds dominant 
sway”. Subsequently, many researchers have attempted to design and build this 
imagined quantum machine 165, which could potentially surpass modern computer 
performance in generating solutions to intractable problems 153,166.  
 
While bits, 0 or 1, in an ordinary computer, exist in definite 2n number of states, 
quantum binary digits (qubits) |0> or |1>, can exist in a superposition of these 
states as 2n states simultaneously. Since the qubits of a quantum computer can 
perform many operations quickly and simultaneously, the advantage of quantum 
computing is therefore, that those NP-complete problems with an exponential time 
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complexity could potentially be solved in polynomial time. The task of building a 
completely isolated system is a primary hurdle for quantum computing 167. This 
barrier is caused by quantum decoherence, as any contact with the outside 
environment can potentially cause serious perturbations in the phase of the qubit 
thus introducing error 168. Increasing decoherence time beyond that of the actual 
running time of the experiment is therefore a prerequisite. The use of quantum 
error correction, however, can be used to compensate for these errors to some 
degree, a key in scalability of such devices 169. 
 
Quantum computing holds significant relevance in the field of cryptography 29. 
Secure encryption is vital for maintaining security for sending and receiving 
information and validation of the sender’s signature in, for example, Internet 
banking transactions. Prime factorization is used in encryptions, for example in the 
RSA-problem, named after the designers Ron Rivest, Adi Shamir and Leonard 
Aldeman. The RSA-problem uses the product, n of two prime numbers (currently 
a few hundred digits long) and a ciphering and deciphering algorithm to create a 
public key and private key 23. In order for the integrity of the encryption to hold, it 
is essential that the private key is kept hidden. Modern computers are limited in 
deciphering “cracking” these types of problems, where a private key, shared 
between two users, contains a large number of bits n, requiring 2n-1 attempts in 
order to search through all possible combinations. This brute force attack would of 
course take exponential time and resources as n becomes larger and larger. It is 
believed that if quantum computing reaches the level of development that is 
predicted, it could be used to decrypt these public keys in polynomial time scale 
thus affecting the security of RSA and other cryptosystems. 
 
Potential benefits from quantum computers include the application to very large 
scale integration (VLSI) advancement. VLSI is limited in the reduction of the size 
of transistors that can fit onto the surface of a chip due to, among other things, 
direct source-drain tunneling, extending from quantum mechanical effects that 
dominate at small scales 170. Taking advantage of quantum computing could help 
to increase the performance of current VLSI devices or replace them altogether. 
Testing of these devices containing millions or billions of transistors is also a 
daunting task, considered to be NP-complete 171. Using quantum computing, it 
could be possible to quickly determine the quality of a given circuit reducing time 
and costs in production and manufacturing 171.  
 
Though a variety of material and techniques are being evaluated for creating a 
quantum computer 168, to date only very trivial problems have been solved by 
quantum computing such as the factorization of numbers with up to three digits 
172,173. However, with improved error correction 174, it is likely that we will see a 
technological breakthrough for this field in the not too distant future, though 
widespread commercial availability is much further down the road. 
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4.2.3. Other computation techniques 

Other types of computing are under development including neuronal and optical 
computing and spintronics among others, which aim to either supplement or 
replace modern computing techniques. Neuronal computing could also be used in 
solving NP-complete problems 175. It has also been proposed that neural networks 
can be used to encode some type of logical programming in order to perform 
digital calculations such as AND and OR operations 154. More commonly, research 
is aimed at using neural networks as a model system, where networks of artificial 
design are connected in a similar way as neurons in living systems 176-178. This 
form of computing holds potential for instance in recognition development, useful 
for human-machine interaction 176,179. Optical computing is another technique that 
has been under development for the last few decades 180-183, it relies on 
replacement of electrons, used in standard computing, with photons produced from 
lasers or diodes 184. Spintronics or magneto-electronics is under development as a 
replacement or complement to current transistor technology and is based on the 
intrinsic spin of electrons and their magnetic moment and charge 185,186. 
Microfluidics has also been used for solving a small-scale instance of an NP-
complete problem 10. However, the ability to scale up the problem would require 
unreasonably large external pressures to force fluids through channels and is not 
suggested to be a viable computing approach 10, but may be useful for 
supplementing DNA techniques 187. 

4.3. Biocomputation with molecular motors 

As the above mentioned methods of computing offer their own benefits and 
drawbacks, none of these have been able to outperform a modern computer, as yet. 
There exists another alternative, i.e. biocomputation with molecular motors, which 
may offer this possibility, due to their small size, energy efficiency and self-
propelled motion, i.e. they do not rely an externally driven power supply.  
 
Biocomputation with molecular motors was envisaged by Nicolau et al., where 
they discussed the possibility to use thousands of molecular motors to perform 
highly parallel computation in a nano-scale device 30. In their work, they described 
a directed network, which encodes the subset sum problem (SSP). In our work, we 
demonstrate the realization of such a directed two-dimensional network, where 
molecular motors propel actin filaments and microtubules (agents) through a series 
of junctions terminating at exits, where all possible subsets (solutions) for a 
specific instance of the SSP can be read out. 
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Development of a proper network for encoding the mathematical problem of 
interest is at the basis of designing a functional biocomputation device. However, 
other components are also required to fulfill criteria related to scalability of such a 
device. Figure 4.4 gives an overview of a generic biocomputation device. The 
essential device components are i) large source inlet, required for delivering many 
motile objects needed for computation, ii) parallel computing network with all 
possible paths leading to a solution in the given problem, iii) junctions which can 
be designed for desired functionality, i.e. passive junctions connected to active 
junctions that are responsible for agents making decisions or gated junctions 
which can be used to control agents in time, adding an extra dimension to the 
problem solving, and iv) detectors which enable local read out of filaments, useful 
for error reduction in detection. 
 

 

Figure 4.4. Schematic example of biocomputation device. In a directed network, agents (actin or 
microtubules) should enter at one inlet and traverse the network in a consistent forward direction. 
Individual junctions should be passive, allowing objects to continue on their path, or active, with the 
capability to stop or start motion or change the trajectory from left to right, for example. Detectors 
should be included at exits in order to count the number of motile objects exiting at a particular 
solution. They may also be included throughout the network to enable tracking up solutions to the 
starting point. 

In order to encode our problem of interest, namely, the SSP, we write the 
mathematical formulation, shown in equation 4.1, in terms of motion of motile 
objects in the device. We choose the set of positive real integers (S = s1, s2, ... sn), 
for example, s1 = 2, s2 = 5, and s3 = 9. At every si, the motile object can move in 
the x-direction or the y-direction by a number of steps set by the value of si, i.e. 
+2, +5, or +9 for s1, s2, and s3, respectively. If the object moves in the x-direction 
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there is an increase (addition) in the final solution value. If the object moves in the 
y-direction, there is no increase in the final solution value. We assign binary 
values (0,1) for adding in the x-direction and determine the possible solutions or 
target sums T:  

! = ! ∗ !!!
!!!   (4.2). 

Figure 4.5 shows a schematic representation of the graph for the set [2, 5, 9], i.e. 
the instance of the SSP we encode. For each si we add to the total solution value, 
so that if we go two steps in the x-direction at s1 and five steps in the y direction at 
s2, then nine steps in the x-direction at s3, the final sum is: (1*s1 + 0*s2 + 1*s3 = s1 
+ s3 = 2 + 9 = 11). This path is shown in figure 4.5 in yellow. If the motile object 
starts from the entry point and moves only in the y-direction, the sum is given by: 
(0*s1 + 0*s2 + 0*s3 = 0), this path is the trivial solution and is given by the blue 
curve in figure 4.5. Exits which are target sums T (2, 5, 7, 9, 11, 14 and 16) as well 
as the trivial solution 0. Those exits which are not target sums (1, 3, 4, 6, 8, 10, 12, 
13 and 15) are shown in pink Because the graph is directed, no values can be 
subtracted from the sum, i.e. only positive integer addition is possible. 
 

 

Figure 4.5. Schematic of subset sum graph for the set [2, 5, 9]. Filled circles represent junctions 
where x or y movement is possible, while open circles represent junctions where no change in 
direction can occur. The motile objects start at the upper left hand corner. The exits are marked by 
their corresponding values. Exits marked in green are target sums T while those marked in pink are 
not target sums. Two example paths are shown by dashed lines: the trivial solution, T = 0 (blue), and 
the sum T = 11 (yellow). Figure modified from Artice III. 
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4.3.1. Device design 

Unit cells. Depending on the given set S, the SSP is translated into a two 
dimensional graphical network of isomorphic unit cells. The unit cells consist of 
two types of junctions: split-junctions (S-junction, filled circles in figure 4.5), and 
pass-junctions (P-junction, open circles in figure 4.5). Each type of junction is 
designed to guide the motile objects so that they can solve the problem, as long as 
they obey the encoded architecture of the junction design. S-junctions are designed 
as crossings, allowing the filaments to go either in the same direction as they are 
traveling or to turn, with an expected split of 50 percent. P-junctions are designed 
to only allow the filaments to continue in the same direction from which they 
came. Figure 4.6 provides details on the unit cells for both the P- and S-junction 
designs. For P-junctions, filaments entering from side A or B exit at 2 or 1, 
respectively. S-junctions allow filaments to randomly turn, when entering from A 
or B, to exit at either 1 or 2.  
 

 

Figure 4.6. Schematics and scanning electron micrographs of the two types of junctions. a) Unit cell 
of P-junction with designed paths depicted by colored arrows, i.e. filaments coming from A and 
exiting at 2 (A2) is an intended path, but filaments entering at A and exiting at 1 (A1) is not an 
intended path. b) Unit cell of S-junction with colored arrows showing the designed paths. Here, for 
example, A2 and A1 are both intended paths. c) Scanning electron micrograph of P-junction. 
(d) Scanning electron micrograph of S-junction. Scale bar in c-d is 500 nm. SEM images were 
obtained after sputtering samples with 5 nm of Pt. Figure modified from Article III. 
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Device fabrication and design. The device fabrication was performed as described 
in Chapter 2.3. PMMA was used as a resist mask to create structures with EBL, 
see figure 2.4 for detail. The design of the computing network is based on the set 
[2, 5, 9], comprised of rows of S- and P-junctions, as shown in figure 4.7. Here we 
make use of the guiding properties of edges 53 by including many loading zones, 
i.e. regions for filament landing and transport 53,60, connected by nanochannels, 
which lead filaments to the computing network. Heart-shaped rectifiers 2,79, shown 
in figure 4.7, are also included in the design at strategic positions in channels 
leading to and from the network. These rectifiers maintain filament directionality 
such that filaments are concentrated to the entrance of the network and no filament 
should be able to turn around and enter from the wrong direction, i.e. the exits.  
 

 

Figure 4.7. Dark field optical micrograph of biocomputation device design for the set [2, 5, 9] and 
schematic of rectifier. a) A series of loading zones (large open areas) are used for adsorption of 
functional HMM molecules to the surface for transport of actin filaments. Heart shaped rectifiers are 
added to filament guiding channels for directed movement to and from the computing network. See 
figure 4.6 for details on the junctions. Exiting filaments are collected and recycled through the 
network via feedback loops at the exit row. b) Rectifiers are designed to direct traffic flow in 
connecting channels, such that all filaments are forced to move in one preferred direction (black 
arrows). Those filaments traveling in the wrong direction (red arrow) will be guided into the 
rectifiers (based on the geometry used) and will be redirected (green arrows).  Figure modified from 
Article III. 
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4.3.2. Error requirements and device performance 

In order to confirm the device performance the junctions were first tested and 
evaluated for error. In the following subsection a description of error in the 
junctions is described. Finally, the overall device performance is described in 
terms of the exits where individual filaments arrived. A brief discussion is also 
included on possible improvements to the device.  
 
Error in junctions. Errors in P-junctions can be propagated through the network 
and lead to the filaments exiting at positions, which do not correspond to target 
sums for the set. This is rather important to understand when designing the 
junctions and when deciding on the particular motile objects that will be used, as 
higher flexibility of actin filaments versus microtubules can lead to higher error at 
the crossings 188. If defects exist in P-junctions early on in the network, causing 
filaments to change their trajectory, this could lead to a number of incorrect 
calculations (additions) in the network for every subsequent row of S-junctions 
that the filaments encounter. Depending on the number of n in the chosen set (S = 
s1, s2, ... sn), and the magnitude of each n, the significance of properly working P-
junctions is more severe. As the magnitude of n grows, the number of P-junctions 
increases, therefore error in P-junctions could lead to a higher number of filaments 
arriving at incorrect solutions at the exits thus reducing signal (actual target sums) 
to noise (incorrect solutions).  
 
An uneven distribution in S-junctions could lead to another form of error. That is 
to say, if too few filaments are directed in one side of the junction over the other, 
then this biasing could significantly reduce number of filaments at a given target. 
If the number of filaments arriving at a particular target sum is too low, i.e. on the 
same level as the “noise” caused by error in P-junctions, this target sum could be 
missed altogether.  
 
Junction performance. Table 4.2 and 4.3 summarize the performance for each 
type of junction. The P-junctions and S-junctions were analyzed by tracking 
individual filaments through the devices. This information was used to gauge the 
performance of the junctions and as an input to Monte Carlo simulations of overall 
device performance (see figure 4.8). 
 

 A1 A2 B1 B2 Tot A Tot B Tot 
# Filaments 55 1885 1706 23 1940 1729 3669 
Total Fraction 2.8% 97.2% 98.7% 1.3%    

Table 4.2: P-junction performance in the [2, 5, 9] subset sum device. A1, A2, B1, B2 denote the 
paths taken through the junction. For example: “A1” indicates a filament that entered the device 
through channel A and left the device through channel 1. Paths for which the P-junction was 
designed are shown in black. Those paths not intended in the design are shown in red. The total 
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fraction was obtained by taking the ratio of the number of filaments following a given path from one 
side divided by the total number of filaments entering the junction at that side. 

 A1 A2 B1 B2 Tot A Tot B Tot 
# Filaments 429 437 262 364 866 626 1492 
Total Fraction 50% 50% 42% 58%    

Table 4.3: S-junction performance in the [2, 5, 9] subset sum device. A1, A2, B1, B2 denote the 
paths taken through the junction. The total fractions for A and B were obtained by taking the ratio of 
the number of filaments following a given path from one side divided by the total number of 
filaments entering the junction at that side. 

In P-junctions, filaments recorded as making a wrong turn resulted in an overall 
error of 1-3%. This error lead to filaments exiting at incorrect sums (non-target 
sums) ~12% of the time or 273 incorrect sums out of a total of 2251 filaments 
counted at the exits. Though the error rate averaged over all P-junctions is low, a 
noticeable amount of “noise” is present, i.e. the S/N ratio ranges from 3 – 14.  For 
S-junctions, the splitting ratio was in the range of 42/58 splitting for filaments 
entering at B, and 50/50 splitting for filaments entering at A, see figure 4.6 for 
junction details. This slightly higher bias on one side of the S-junctions was not 
significant enough to disturb the signal to noise ratio, i.e. target sums were 
statistically significantly different from non-target sums (p < 0.001; unpaired two-
tailed t test). However, coupled with a higher error for P-junctions, this slightly 
uneven distribution could potentially have a detrimental effect when too few 
filaments are used in calculations. For example, doubling the error in P-junctions 
to 4% and maintaining the sample splitting for S-junctions, we no longer have a 
statistically significant difference for the trivial solution T = 0. Decreasing the 
total number of observed filaments exiting by two orders of magnitude (a 
possibility when scaling up for n > 30), while maintaining an error in P-junctions 
of 2%, results in suppression of target sums due to and low S/N ratios.  
 
Device performance. After confirmation of the performance of the junctions, the 
full device (see figure 4.7) was evaluated. The results are summarized in figure 4.8 
and include a comparison with Monte Carlo simulations of the device. The 
simulations are based on the experimental error tolerance of the junctions and the 
number of observed filaments for the device tested. The results show that the 
device performed as expected, i.e. all target sums of the set used, were found by 
the filaments, and the experimental results are well reproduced by the simulations. 
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Figure 4.8. Solving the [2, 5, 9] subset sum problem by actin-filaments as agents. a) Average 
projection of several hundred typical fluorescence micrographs (t ≈ 50 s) of actin filaments moving 
through a [2, 5, 9] device. b) Experimental results obtained from 2251 actin filaments arriving at 
exits. Error bars represent the counting error (�n). c) Monte Carlo simulation results (mean ± 
standard deviation of 100 simulations) using the same number of total filaments, the measured error 
rates of the P-junctions, and measured splitting ratios of the S-junctions. (a-c) Green numbers and 
bars correspond to correct results (subset sums of the set) and magenta numbers and bars represent 
incorrect results. Figure modified from Article III. 

Future considerations: scaling up. As mentioned above, an uneven distribution in 
the S-junctions is present, and this is partially reflected in figure 4.8, where the 
target sums have an unequal number of filaments across the set. This uneven 
distribution becomes more important when we consider the scaling up of such a 
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device. For larger sets, the number of filaments used must be increased based on 
the number of target sums predicted. As the magnitude of each si in the set S 
increases, we will observe a Gaussian distribution at the exits, with low number of 
filaments at very low and very high target sums. Therefore, the number of 
filaments required to find all target sums may need to be increased. This may be 
possible with enzymatic splitting filaments as they travel through the network 189. 
It is also relevant to consider the possibility of manipulating the design of the S-
junctions to obtain a more even distribution of filaments at each target sum. In this 
way, the total time required for a significant number of filaments to reach each 
target sum can potentially be reduced. For sets with higher si values, the 
importance of P-junction performance is also critical. As the magnitude of each si 
increases, the number of P-junctions also increases, and thus the error can grow 
quickly across the device, leading to lower signal to noise ratio at the exits. This, 
coupled with an uneven distribution of filaments, can lead to an inability to 
identify target sums over the non-target sums. Therefore, in a scaled-up device, 
one would like to have an error tolerance << 1 % in P-junctions. 
 
Other requirements, related to scalability, include the monitoring of many numbers 
of exits (in large sets) and for counting filaments (potentially thousands) upon 
exiting. Therefore, detectors could be placed at the exits so that filaments can be 
automatically and efficiently tracked while leaving events in the bulk of the graph 
largely unknown. Here we would simply like to record “local” regions where 
filaments are detected and where we could easily ascertain that only filaments, 
which have been directed from the network, are counted. The design of such local 
detection points is described in the following chapter as well as a discussion on the 
removal of false positives, such as filaments moving in the wrong direction, and 
those passing by in solution. 
 
Summary. In order to summarize the results of our biocomputer, we note the 
following points about the scalability and performance of the device. 
1) The unit cells are planar and modular, and thus fully scalable. This particular 

advantage over, for example, microfluidics-based networks 10, is important in 
terms of engineering and versatility between molecular motor usage. 

2) The size of the physical network grows polynomially as ~N2, while the size of 
the problem grows exponentially. As a result, a full device encoding the SSP, 
capable of competing with a modern PC, e.g. for N = 30, can fit onto a 2 inch 
wafer. Details provided in supplemental information for Article III. 

3) The agents (molecular motors) used are small, fast and self-propelled. Similar 
to DNA-computing, the system does not require an external driving force in 
order to operate. 

4) As a result of the high speed of the agents (~10 µm2/s for actin filaments), the 
time required to find solutions is fast, and in a fully scaled device, e.g. for N = 
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30, our biocomputer can potentially out-compete a modern PC in solution 
time.  

5) The energy efficiency of our agents is high, with and estimated energy 
requirement of 2 10-14J/operation, compared to modern electronic computers 
requiring ~3-6 10-10 J/operation 190.  

6) The read out of solutions, in a fully scaled device, may be slow, without use of 
architectural elements (described in Ch. 5), and therefore, may be a limiting 
factor in terms of the ability of our biocomputer to compete with a PC. 

7) The error in junctions, particularly in pass-junctions, is a limiting factor, in 
terms of accurately determining solutions (target sums in the SSP) to the 
problem. Therefore, error-free pass-junctions (discussed in Ch. 5) must be 
implemented in a fully scaled device, in order to increase accuracy.  
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5. Architectural elements 

The previous chapter described the biocomputation network in which motile 
agents (actin filaments) are used to solve the SSP. This chapter provides details on 
architectural elements, see figure 4.6, which are designed to improve readout and 
reduce error in the biocomputation device. One element is a fluorescence 
interference contrast detector, enabling the possibility to track individual 
filaments, moving through or exiting the network, at checkpoints. By cross-
correlating the signal from pairs of detectors, we can ascertain the direction of 
motion and reduce error in counting. Another element is a hollow nanowire, which 
allows fully confined uni-directional transport of actin filaments. With these 
hollow nanowires, we can create error free pass-junctions in the network, thus 
greatly improving the signal to noise regarding the readout of filaments at exits. 

5.1. Detection: fluorescence contrast checkpoints 

Fluorescence interference contrast (FLIC) is an optical method that has been 
developed for many biological applications 191-195. In an IVMA where actin 
filaments (or microtubules) are fluorescently labeled with fluorophores, we can 
optimize signal to noise with FLIC to enhance the optical (fluorescent) signal in 
contrast to the background. The optical signal can then be used to count many 
actin filaments at local detection points. In applications where one would like to 
track many filaments, for example, at the exits, in a biocomputation device, we can 
use FLIC detectors, in which individual filaments could be identified and the 
number of false positives could be reduced. The basic principles of this method are 
described below. 

5.1.1. FLIC Theory 

Fluorescence interference contrast can be used to turn on or off the signal of a 
fluorescent object near a surface, based on a fundamental optical phenomenon. 
Light from an excitation source impinges on a reflective surface, e.g. Si, through a 
semi-transparent oxide layer, e.g. SiO2. This incoming light is then reflected and 
subsequently excites fluorophores on the actin filament above the silicon oxide 
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surface. The emission signals of the fluorophores excited directly by the source or 
indirectly by reflected light can interfere. This interference can be either 
constructive or destructive, due to a phase shift in the reflected signals, thus 
enhancing or quenching the detected fluorescence respectively, see figure 5.1.  
 

 

Figure 5.1. Schematic of FLIC concept. Here hSiO2 (the thickness of the SiO2 layer) can be tuned in 
order to adjust the enhancement or quenching of the fluorescence signal of excited fluorophores on 
the actin filament. See equation (5.1) for more detail. 

These interference patterns can be used to determine the position of a fluorescent 
object, e.g. a labeled actin filament or microtubule, above the surface of the SiO2, 
with high precision and nanometer accuracy 192,194,195, and is represented as a 
double sin squared modulation of the intensity 193 according to: 
 

!!"#$ = !"#2 2!
!!"

!!"!2ℎ!"!2+!!ℎ!"#$% !!"2 2!
!!"

!!"!2ℎ!"!2+!!ℎ!"#$%  (5.1), 

 
where excitation (λex) and emission (λem) wavelengths depend on the fluorescent 
molecule used. The indices of refraction for the oxide and medium of immersion 
are determined by the system used. The thickness of the oxide layer above the 
reflective surface or the height that the fluorescent object sits above the surface, 
can be modified, in order to induce constructive or destructive interference in the 
emission signal of the fluorescent object. In this way, FLIC can be used to 
characterize numerous experimental systems, as a way to gain a deeper 
understanding of biophysical interactions and their applications 193-195.  
 
Figure 5.2 shows the normalized fluorescence intensity plotted as a function of the 
oxide thickness hSiO2, for TRITC and FITC excitation and emission wavelengths. 
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The indices of refraction for water and SiO2 are nw = 1.33 and nSiO2 = 1.46. Finally, 
the height of the fluorophore is hactin = 40 nm, determined by the height that actin 
filaments are held above the surface by HMM 195. For thicker layers of SiO2 (> 
300) nm, the FLIC curve will become “smeared” or spread primarily due to the 
objective having a finite numerical aperture and the fluorophores having 
polychromatic emission 193. This smearing is not represented in figure 5.2. In order 
to take full advantage of the FLIC effect, oxide layers above the reflective surface 
are desired to be less than a few hundred nanometers. One can also use a 
combination of different thicknesses of SiO2 in order to create regions of local 
enhancement and quenching of the fluorescence signal.   
 

 

Figure 5.2. Graph of FLIC curve for SiO2 on Si. Using equation 5.1, the maximum and minimum 
intensity contrast can be found for the two filter sets if interest in our experiments with actiomyosin. 
The tetra methyl rhodamine iso-thiocyanate (TRITC) filter set corresponds to λex = 540 nm and λem = 
605 nm (dashed green curve). The fluorescein isothiocyanate (FITC) filter set corresponds to λex = 
488 nm and λem = 519 nm (solid black curve). See text for details. 

5.1.2. Device Design 

In order to create local detection points on the surface that would later be 
integrated with the biocomputation device, we set up a scheme where Au lines 
coated with SiO2 acted as the reflective surface “locally” on a patterned SiO2/Si 
chip. Here the Au lines were placed patterned perpendicular to the nanochannels 
running between two large regions (loading zones) where actin filaments could 
move freely and enter the nanochannels. Loading zones and nanochannels were 
fabricated from a double-layer resist system (PMMA/LOR), for details see Article 
IV. As the filaments passed the Au lines (covered with SiO2) their fluorescence 
signal was effectively increased. Figure 5.3 gives an example of such a local 
enhancement where one filament is passing over three consecutive 2 µm wide Au 
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lines with 2 – 3 µm wide gaps in between. It is clear that there is enhancement of 
the fluorescence signal. We would like to be able to ensure that filaments can be 
distinguished easily above the noise level and to identify the direction of 
movement (applicable for biocomputation).  

 

 

Figure 5.3. Fluorescence micrograph and intensity profile of filament on and off the FLIC detectors. 
a) Fluorescence micrograph from an IVMA. A single filament (~12.2 µm long) passes over three 
consecutive Au lines (2 µm wide) in the nanochannel. SiO2 is added hSiO2 = 240 nm above the Au 
lines creating local enhancement. The channel region is demarcated by two dashed lines. Channel 
width is approximately 260 nm wide at the base. b) Fluorescence intensity profile of the filament 
(black curve) is shown including a reference trace (red curve) corresponding to the intensity profile 
along the red line in (a). The intensity profile measured with a single pixel wide line approximately 
21 µm long. The filament extends slightly over the third Au line (from left to right). In the last 
segment of the figure (denoted “Channel”) no filament is present. 

5.1.3. Cross-correlation 

In order to reduce the errors in this design, we make use of cross-correlation, by 
which the fluorescence signal from two detectors (D1 and D2) can be correlated. 
Errors in this case may be attributed to filaments that pass by the detectors going 
the wrong way along the channels or filaments that may be floating in solution, 
causing an increase in the fluorescence signal when passing by the detectors. 
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Using this method, we can also identify the speed of the filaments. As shown in 
figure 5.4, we have two Au lines used as individual detectors, spaced a few 
microns apart. As a filament passes the first detector the signal (D1) on this 
position is increased accordingly, while the second detector has only a background 
signal. As the filament encounters the second detector, the signal (D2) is recorded, 
but with some time delay from the first detector. Each detection region can be 
plotted and the signals can be cross-correlated by shifting one detector’s signal 
back in time with respect to the other based on the physical positioning. For 
example, in figure 5.4, D2 would be shifted back in time with respect to D1 in 
order to identify the maximum signal, corresponding to overlap of filament peak 
signals. The correlated signal of a filament passing both detectors is expected to be 
significantly higher than the background signal (uncorrelated). The multiplied 
intensity of the two correlated signals can be used to significantly remove noise 
from the background and increase the fluorescence signal of individual filaments, 
while at the same time removing those filaments that are possibly floating by in 
solution or passing the detectors in the wrong direction.  
 

 

Figure 5.4. Two-line detector system. Here two filaments (observed by visual inspection) travel past 
each 2 µm wide (w) detector (D1 and D2) separated by 5 µm spacing. The background-subtracted 
fluorescent signals from the filaments are plotted over time for each detection position. The detection 
window corresponds to the 2 µm wide Au detectors at the nanochannel location. A single-pixel wide 
line is used to measure the fluorescence across the length of each detector. Here D2 would be shifted 
back in time with respect to D1 and the combined signal would be at a maximum after about 1 
second shift time. Inset: Detectors having the same width, and a given separation. A single filament 
of length l (red) passes by the detectors from D1 to D2 as indicated by the arrow.  

The cross-correlation method can be useful for identifying individual filaments 
and increasing signal to the noise, however, some errors can invariably remain. 
Considering the IVMA procedures used for actomyosin, the lower limit on the 
length of the filaments that can be tracked will be (l > 1 µm). This is due to the 
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limited motility of actin filaments, shorter than 1 µm, in the absence of 
methylcellulose 196. Such a restriction is relevant for nanotechnological 
applications where actomyosin is used 55,58. If two filaments are traveling in the 
nanochannel and have a separation below the minimum (i.e. < detector width, w), 
the filaments may be recorded as a single filament. The minimum resolvable 
filament separation distance may be adjusted by increasing the frame rate, 
however, the speed or the standard deviation of filament speed, which can be 
caused by non-uniformity in the HMM layer or slight defects in the device, can 
lead to difficulties in resolving closely spaced filaments 38,79. A more detailed 
evaluation of the detector widths, spacing and filament lengths is described in the 
Article IV. 
 
Summary and outlook. Local signal enhancement and error reduction in filament 
tracking is possible with the FLIC and cross-correlation techniques described. The 
ability to use FLIC detectors in a scaled-up version of our biocomputation device 
is possible with EBL or UV-lithography. In one configuration, the exits of the 
network can be positioned over a pair of detectors running the length of the device.  
In another arrangement, multiple detectors with varying spacing can be placed 
along the exits of the biocomputation network. In this way, it should be possible to 
select out filaments from different exits by performing different time shifts when 
cross-correlating filaments. This may be necessary, if, for example, the exits are 
aligned with very short spacing in between. Also, by placing these FLIC detectors 
throughout the network, we may be able to track different rows of junctions to 
identify information on splitting ratios etc.  

5.2. Hollow nanowire tunnels 

Here, we employ hollow nanowires (HNWs) to control transport of actin 
filaments, fully confined to 1D motion, useful for precise guiding at junctions in a 
biocomputation device as described in Chapter 4. In this section, we describe the 
method used to fabricate HNWs 118 and the interfacing of these wires with an in 
vitro motility gliding assay.  
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Figure 5.5: Schematic illustration of actin transport through hollow nanowire. HNWs made of Al2O3 
are deposited on a SiO2 surface. Myosin propels actin on the 2D surface and through the HNW in 
1D. This type of control over the conformation of myosin and actin can be used in biocomputation 
networks (see Ch. 4) and potentially to study fundamental interactions of the molecular motor and 
cytoskeletal system. 

5.2.1. HNW fabrication and alignment 

Fabrication of HNWs. The HNWs are fabricated from particle-assisted MOVPE 
growth of gallium phosphide (GaP) nanowires coated with Al2O3, as described in 
Chapter 2. Here, however, we do not pattern the Au particles in an array, but use 
aerosol deposition 197 to generate Au seed particles (~80 nm diameter with a 
density of ~1/µm2) on the GaP surface for growth. In figure 5.6, a schematic of the 
fabrication process is shown. Briefly, Al2O3 coated GaP nanowires (Fig. 5.6a) are 
embedded in a resist by spin coating, leaving only the tips exposed (Fig. 5.6b). 
Next the sample is subject to etching with Argon plasma for approximately 15 
min. This gas sputtered onto the surface of the sample, attacking and etching away 
the tips of the nanowires (Fig. 5.6c). Subsequently, the sample is exposed to 
oxygen plasma, for approximately 20 min, in order to remove the resist. Finally, 
the sample is immersed in nitro-hydrochloric acid (HNO3:HCl; 1:3) in order to 
remove the exposed GaP core (Fig. 5.6d). The etching rate of GaP wires is 
approximately 1 µm per minute. 
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Figure 5.6: Schematic of hollow nanowire fabrication. a) GaP nanowires are used as a template for 
deposition of the ~60 nm thick Al2O3 shell deposited by atomic layer deposition. b) The coated 
nanowires are embedded in resist with the tips of the wires exposed. c) Etching of the tips is 
performed with argon plasma. d) Next, oxygen plasma is used to remove the resist, and the cores of 
the nanowires are removed by acid etching. 

Our aim was to investigate the transport of actin filaments inside the HNWs. In 
order to do this, we can confine the HNWs under metal barriers, as a way to 
ensure that transport was inside the HNWs and not above or alongside 84 them. We 
first transfer HNWs to another surface (SiO2/Si) and add metal lines on top in a 
lithographic process. The transfer is typically performed by contact method, i.e. 
using a piece of cleanroom tissue to break nanowires from their substrate and then 
to gently swipe it over the substrate intended for use. However, this results in a 
highly random distribution of wires on the surface. Here an alignment strategy 198 
is used to enable precise placement of HNWs. Afterwards, metal contacts are 
aligned on top of the HNWs, in order to segment off areas of active transport, see 
figure 5.7. Whereby, HNWs act as tunnels between the regions. In this way, actin 
filaments could only reach the neighboring areas by traveling through the HNWs. 
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Figure 5.7: Schematic and image of HNWs with Au barriers. a) HNWs are aligned on the surface 
and Au barriers are placed on top of wires using EBL and metal evaporation. b) Scanning electron 
micrograph of HNW confined by Au barriers.  

Aligning HNWs. In order to align HNWs on a surface we first start with creating 
alignment markers as a guide for a series of lithographic steps. A double-layer 
resist system (LOR/PMMA) was added to a SiO2/Si sample surface and EBL was 
used to create alignment markers for subsequent lithography steps. After Au 
deposition and lift-off we spin coated PMMA resist onto the surface as previously, 
and performed EBL to form wells slightly larger than the HNW dimensions. After 
development and plasma ashing, we deposited the wires into the wells using a 
brushing technique. This was performed by rinsing a brush in IPA, touching the 
brush to the surface of the HNW sample, and then to the surface of the sample. 
After this, we removed the resist, leaving behind only the HNWs on the surface, 
and again added a double-layer resist (LOR/PMMA) to the sample. The sample 
was then exposed to EBL and metal evaporation to form Au barriers over the 
HNWs. Finally, excess Au and resist was removed and the sample was silanized 
with TMCS in order to promote functional HMM binding to the SiO2 surface. 
Figure 5.7a shows a schematic of HNWs covered with Au lines in a diamond 
pattern used. Scanning electron microscopy was used to confirm confinement 
positions of HNWs (Figure 5.7b). The yield in each lithographic step reduced 
slightly, in lift-off, spin coating and alignment steps. The final yield of accessible 
HNWs in target positions was approximately 9%. 
 
Transport of actin filaments through HNWs. After fabrication and silanization, 
we performed IVMA experiments with actin filaments and HMM as previously 
(see Ch. 2). HNWs that were identified as correctly confined under Au barriers 
were observed to either transport filaments or to be clogged by actin filaments. In 
the latter case, no transport was observed, as blockage was likely due to inactive 
HMM heads inside the HNWs. We therefore investigated those HNWs that 
seemed to transport filaments. Here we found that on average filaments were 
transported at a rate of ~4 filaments per minute (36 events in 5 min. for two HNWs 
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observed under identical conditions). An example of transport is shown in figure 
5.8. 
 

 

Figure 5.8: Fluorescence micrograph series of actin filament transport through HNW. a) Actin 
filament approaches the HNW (green arrow indicates trailing end of filament). b) Filament partially 
inside of the HNW. c) Filament inside the HNW with dark mid-section due to non-transparent Au. 
Scale bar:  5µm (a-c). Figure modified from Article V. 

Active versus passive transport. The question as to whether actin filament 
transport is driven by HMM motors adsorbed inside the HNWs, or if it is diffusion 
based, is first addressed. We first tracked actin filaments traveling through two 
HNWs of length l ≈ 2.9 µm under identical conditions, figure 5.9. Then, we 
estimate the time required for actin filaments, of the same lengths, to diffuse (by 
1D diffusion) through the length of a HNW, of similar dimensions to our 
experimental tests. The 1D translational diffusion coefficient for an actin filament 
(long rod-like object) moving close to a surface can be written as 199,200:  
 

!!! =
!!!
2!η! !" !!

!  (5.2), 

 
where kbT = 4.1 10-21 J, η =1 10-3 kg m-1 s-1, L is the filament length and r = 40 nm, 
the distance from the underlying surface 195. From equation 5.2, we can calculate 
the expected travel time tp, of a filament diffusing through a HNW of length l as: 
 

!! =
!2

2!!!
 (5.3). 

 
Here we see that the travel time is relatively constant for long and short filaments, 
i.e. those filaments longer or shorter than the length of the HNW. However, the 
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expected travel time of a diffusing filament, based on equation 5.3, increases 
linearly with filament length.  

 

Figure 5.9: Comparison of active versus passive transport of actin filaments through HNWs. 
Experimental data for two HNWs of l ≈ 2.9 µm shown as black and green triangles demonstrating 
constant transport time for filaments of length (L) shorter and longer than the length of HNWs, 
respectively. Blue line shows estimated transport time for filaments based on equation 5.3. Figure 
modified from Article V. 

We did not see a significant difference (p = 0.54, two-tailed unpaired t test) 
between the speeds of filaments traveling through the HNW having a shorter (< 
2.9 µm, grey box in figure 5.9) or longer length than the HNW. However, we do 
see a significant difference (p < 0.0001, two-tailed unpaired t test) between the 
average speed of filaments traveling through the HNW in 1D (2.44 ± 0.14 µm/s; 
mean ± standard error of mean; n = 36) and those on the surface in 2D (9.91±0.17 
µm/s; n = 30). Importantly, the consistent transport time for filaments shorter and 
longer than the length of the HNW lead us to believe that the transport is likely an 
active process, driven by HMM inside the HNW and not due to passive diffusion. 
 
A full investigation into the cause of the reduction in speed for filaments inside 
HNWs was outside the scope of this study, however, some factors can be 
proposed. The most likely cause of a lower speed inside the HNW could be due to 
reduced number of HMM inside compared to outside 38. Alternatively, 
overcrowding of HNWs by filaments that become stuck inside, due to inactive 
HMM or sub-optimal diameters of the HNWs, could also be reasons for reduced 
speed inside.  
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5.2.2. Potential and future use 

After confirmation of actin filament transport through HNWs, we propose that 
such architectural elements can be used as error-free crossings in a biocomputation 
device (see Ch. 4). These fully enclosed tunnels would essentially eliminate error 
at the pass junctions, as filaments would not be able to make wrong turns.  
 
Furthermore, these HNWs could be used to add an extra element of control in the 
biocomputation network by electrostatic gating 83,201. This may be done by 
generating an electric field through the HNW, possibly using a back gate on the 
sample substrate and using the Au lines that cross over HNWs as top contacts. 
Under the influence of the highly localized electric field, the charged actin 
filaments could potentially be stopped and started.  
 
Previously, HNWs have been investigated for cell injection studies, where they 
may be used as syringes in order to inject or extract molecules to and from cells 
118,130. It may also be possible to use HNWs, with HMM adsorbed inside, in order 
to achieve directed transport of molecules, attached to actin filaments, into cells. 
Beyond these applications, the possibility to use the HNWs for more physiological 
studies is also interesting. As much of the work performed with actomyosin in 
conventional IVMAs is limited to interactions in only 2D 46, or 1D 84, we have the 
capability here, to study HMM interaction in all directions around actin filaments, 
while maintaining 1D transport of filaments. With this higher level of interaction 
and the similarity to the physiological length scale for actin-myosin in the 
sarcomere, there is a further possibility to investigate the fundamental interactions 
of the myosin-actin complex 202.  
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6. Conclusions 

Biosensing. Two separate devices and methods were presented here as potential 
biosensors. First, we demonstrated molecular concentration, with actin filaments 
propelled by HMM as probes, concentrated in a 2D plane. We achieved faster 
concentration, in a more highly miniaturized area, than previously developed 
devices based on kinesin molecular motors 12. While, the sensitivity or limit of 
detection of this device, has yet to be fully investigated, the potential utility of this 
device remains. With a high speed of operation and extremely miniaturized 
detection area, hundreds or even thousands of these devices can potentially be 
patterned in 1 mm2 area onto a single chip, where readout can be performed 
quickly and accurately. 
 
Secondly, we demonstrated the use of nanowires as biosensors. With this method 
of detection, we can observe a direct localization of fluorescence from target 
molecules (labeled actin filaments) by utilizing light-guiding properties of Al2O3 
coated GaP nanowires. This method has promise as a future detection system, 
extending beyond molecular motors, to encompass a variety of fluorescent probe-
based biosensing mechanisms 203. For example, the nanowires can be used to 
detect analyte in an ELISA based assay 93, with the potential for higher signal-to-
noise ratio due to their intrinsically higher surface-area-to-volume ratio. They may 
also be used to detect conformational information of cell membranes 129 or lipid 
bilayers 132 coating the nanowires. The utility of such a system can be further 
developed, by tuning the physical dimensions of the nanowires, the spacing and 
surface chemistry, as required.  
 
Computation. An alternative method to computation, using molecular motors, was 
also shown. We encoded a mathematical problem (the Subset Sum problem) into a 
2D network, and used molecular motors to find all possible solutions. This entirely 
novel approach to solving such problems offers a potentially large improvement 
over alternative methods proposed, as they are not competitive in time efficiency, 
construction and cost or scaling up of the problem/solution space. The scaling up 
of the proof-of-concept biocomputation device shown here should, in principle, be 
realizable with the use of current state-of-the-art lithographic approaches, such as 
nano-imprint lithography, where full wafer-scale devices can be printed in a 
fraction of the time required for EBL techniques. The ability to scale up the size of 
the problem is a requirement, in order to demonstrate the utility of our 
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biocomputation method. A primary challenge for such a scaled up device would be 
in the monitoring of all exits in the device. As such, there may be other 
geometrical configurations, yet to be devised, which would prove to be more 
advantageous for fast readout of solutions.  
 
Detection. Finally, localized detectors were proposed as useful components in 
biocomputation. The utility of FLIC can be found also in combination with the 
molecular concentration devices shown here. Where local FLIC effects can be 
used to enhance the fluorescence signal of pico or even femto molar 
concentrations of target molecules. These FLIC detectors can be highly useful for 
integrating more automated counting of large numbers of motile objects, a 
requirement for scaling in our biocomputation device. It should however, be 
considered how one should deal with data storage of a large-scale device, where 
observations for larger sets could lead to hours of IVMA recordings.  
 
Hollow nanowires were also demonstrated to achieve actomyosin motility inside, 
i.e. transport of actin filaments by HMM motors within the 1D structures. As 1D 
tunnels, they can be of primary use in our biocomputation device, where complete 
control of motion must be achieved to enable error-free pass-junctions. The 
placement of these HNWs at each P-junction in a biocomputation network can be 
facilitated by the alignment strategy shown. Furthermore, electrostatic control of 
actin filaments traveling through HNWs may also be possible to integrate within a 
biocomputation network. These HNWs may also prove useful in the fundamental 
study of actin and myosin interactions as the dimensions are relevant to the 
physiological length scale of the sarcomere, the basic repeating unit in skeletal 
muscle.  
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Abbreviations 

ADP – adenosine diphosphate 
 
ALD – atomic layer deposition 
 
Al2O3 – aluminum oxide 
 
APh – Alexa Fluor 488 phalloidin 
 
ATP – adenosine triphosphate 
 
CTR-LZ – control loading zone 
 
CVD – chemical vapor phase deposition 
 
DNA – deoxyribonucleic acid 
 
EBL – electron beam lithography 
 
ELISA – enzyme-linked immunosorbent assay 
 
FET – field effect transistor 
 
FITC - fluorescein isothiocyanate 
 
FLIC – fluorescence interference contrast 
 
GaP – Gallium Phosphide 
 
HMM – heavy meromyosin 
 
HNW – hollow nanowire 
 
HSQ - hydrogen silsesquioxane 
 
IPA – isopropanol 
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IVMA – in vitro motility assay 
 
LMM – light meromyosin 
 
LOR – lift off resist 
 
LZ – loading zone 
 
MOVPE – metalorganic vapor phase epitaxy 
 
MIBK - methyl isobutyl ketone 
 
NP - nondeterministic polynomial 
 
P – polynomial 
 
PH3 - phosphine 
 
P-junction – pass junction 
 
PMMA – polymethyl methacrylate 
 
PCR - polymerase chain reactions 
 
Qubit – quantum binary digit 
 
RhPh - rhodamine phalloidin 
 
SAT - Boolean satisfiability problem 
 
SEM – scanning electron microscopy 
 
S-junction – split junction 
 
SSP – subset sum problem 
 
TMAl – trimethylaluminum 
 
TMCS – trimethylchlorosilane 
 
TMGa – trimethylgallium 
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TRITC – tetramethyl rhodamine iso-thiocyanate 
 
TSP – travelling salesman problem 
 
TZ – trapping zone 
 
VLSI – very large scale integration 
 
λem – wavelength of emission light 
 
λex – wavelength of excitation light 
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