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The growth of technology in our every day lives has been driven by the dramatic, exponential growth in computing power over the last three decades. The success in this technology has arisen from the steady miniaturization of the circuit elements and their interconnects.  A similar revolution is beginning to occur in electromechanical systems. The traditional forms of this discipline, based on silicon technology, are beginning to have substantial economic impact with applications as accelerometers and integrated fiberoptic switches. However, instead of following a course of miniaturization through semiconductor technology, we can immediately begin to tap the solutions that already exist for nanometer scale actuators: biological motors. These protein complexes are responsible for muscle contractility and the intracellular transport of chromosomes and vesicles. Applications of nanomotors within an engineering system can take several forms. First, they can act as transportation systems moving components between active sites within a factory setting. Second, they can move parts that result in large changes of some macroscopic parameter. An example of this form are MEMS fiberoptic switches where the repositioning or blocking of an optical fiber on the micron scale results in large changes in the transmission of the fiber. We propose to pursue both of these applications by combining the recent technology of nanotube science with motor proteins. Nanotubes are well suited to integrate with the motor proteins as they fall in the same size range for actuation, can be manipulated and functionalized and can be interfaced to macroscopic electrical contacts.  We bring together a team with experience in nanotube science and nanoscale manipulation (physicists and computer scientists) with biologists with expertise in two important classes of motor protein systems: microtubules and actin/myosin. We propose to 1) demonstrate the control of the patterning of motor raceways as functioning tracks for the motion of motor proteins, 2) study the application of single motors and collections of motor proteins and 3) pursue the coupling of biomotors to nanotubes through the control of protein motion by nanotubes (electric potential and force) and through the coupling of biomotor motion with the translation of nanotubes to affect electrical conduction in nanotube circuits.

Obtaining control over biomotor motion and its coupling to objects presents serious challenges to our current understanding of molecular motors. Our research program will by necessity closely couple nanoscale engineering with the basic science of motor proteins. We have brought a similar perspective to nanotubes, where our development of nanotube actuating devices is being based upon fundamental science of nanotube mechanical and interfacial properties. We have begun to understand the properties of nanotubes at interfaces, including their bending, sliding and rolling motion, as well as electronic transport in manipulated structures[Falvo1999, Paulson1999]. This background of nanotube science will inform our attempt to use motor proteins to control the motion of nanotubes, and understand the limitations due to friction and energy loss. We will attempt to transport nanotubes, to bend them as calibrated lateral force loads and to use biomotors to affect nanotube electrical contacts.

Controlled Patterning of Biomotor Motion: In engineering the application of biomotors in designed transportation networks, we need to be able to place the motor railways and to control the motion of biomotor complexes. For the former, we will attempt to pattern the placement of microtubule and actin filaments along predefined networks. We will pursue the positional control of the filaments through patterned molecular functionalization of the substrate.  This can be accomplished through either ebeam lithography or AFM based techniques of patterning silanes. Adsorption can be affected either through the control of local charge or specific binding groups. We will attempt to both grow self-assembled filaments in place and to pattern the adsorption of filaments which have formed in the bulk solution. An example of the above process is the demonstrated selective adsorption from solution of micron-length single-wall carbon nanotubes in place on AFM-patterned aminosilane tracks.
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Single Motors and Motor Collections as Transportation Systems: As a transportation system, we will consider the application of single biomotors and collections of motors. The motor systems that we will study are implicated in organelle and particulate transport in biological systems. Brain myosin-V, presents several advantages for this work within the myosin family.  It has remarkably robust motor activity and is the only known processive myosin, which means that it remains tightly associated with its actin track after each mechanical step[Mehta1999].  In biological systems myosin-V appears to function as a transporter of microscopic organelles and particles and thus may be especially well suited for experiments involving movement of actuators within devices. While single motors are attractive for their small size, they are unidirectional and have stall forces in the range of 5 picoNewtons. Such low forces may be able to move singlewall nanotubes in well-designed support settings. However, groups of biomotors as attached to a single object, demonstrate collective behavior, bidirectionality, and can generate forces in the range of 0.5 nanoNewton. An example of such a system in a biological setting are the kinetochores which are responsible for the majority of chromosome movement during mitosis in vertebrate tissue cells[Rieder1998]. Kinetochores contain both kinesin motor proteins that move toward the plus ends of the microtubule lattice and cytoplasmic dynein motor proteins which move toward the minus ends at the spindle poles.  The activities of these motor proteins are somehow coordinated and regulated to allow kinetochores to move their chromosome initially to the spindle equator in metaphase then in the opposite direction to the spindle poles in anaphase segregation. The Salmon lab has shown that kinetochores exhibit directional instability, an ability to abruptly switch between persistent states of minus and plus directed movement, which is bias in one direction or the other by force[Skibbens1995]. One hypothesis is that directional instability is a property of the cooperative interactions between the plus and minus directed motors at a kinetochore and switching directions is dependent on the directions and magnitude of force.  To explore how combinations of plus and minus motors function in response to force, the nanomanipulation techniques appear to be a very valuable approach to this problem.  Initial experiments would involve attaching populations of conventional kinesins and cytoplasmic dyneins to the same object (bead or nanotube) and measuring their motility along microtubules as a function of steady and transient forces.  
Biomotors/Nanotube Devices: We have produced sophisticated nanotube devices in t-junction configurations using combinations of ebeam lithography and AFM manipulation. Our manipulation system, the nanoManipulator, has allowed us to arrange nanotubes with precision to quantify the effects of nanotube motion on the electrical properties of junctions. We will combine this device processing with patterned chemical functionalization. In cases where electrical potentials will be applied, contacting metal regions and exposed nanotubes can be electrically isolated with the ebeam resist material. This will allow us to expose nanotubes only immediately near the biomotors or nanotube junction, reducing parasitic current pathways in solution.

The experimental capabilities that we will bring to bear on this challenging interdisciplinary problem are:

1. Characterization: We will apply a full range of advanced microscopy techniques to the characterization of our actuating systems in-vitro and in real-time including optical microscopy, atomic force microscopy (AFM) and electron microscopy. Especially important is our capability to combine these characterization in single instruments (optical/AFM in solution and SEM/AFM)

2. Force measurements: We have unique capability in creating new structures through manipulation of proteins and nanotubes. We can quantify the generated forces in-situ using AFM or Optical trap technologies, and measure energy loss and complex motion such as rolling.

3. Patterning: We have demonstrated expertise in nanometer-scale patterning through e-beam lithography and through chemical modification of surfaces using self assembled monolayers. In addition, we have demonstrated the ability to manipulate nanotubes within device structures and will use manipulated nanotubes to create nanometer sized contacts to gate motor raceways.

4. Motor proteins: We have extensive experience with the actin/myosin motor system, and with the assembly and imaging of individual microtubules and doing motility assays of purified microtubule motor proteins

Education and training: Our microscopy effort, the nanoManipulator project, is highly interdisciplinary, with a group of 25 students, postdocs and professors from Computer Science, Physics, Library Science and Material Science meeting weekly. In addition we have actively recruited minority graduate students through campus-based summer programs. While this effort has extensive health science collaborations (viruses for gene therapy and fibrin for blood clotting) this proposal would bring biology students directly into the center of this community, and put students from biology, physics and CS at the same lab bench.

Application and Potential Impact: This research effort will lay the foundation for the incorporation of macromolecular actuators and nanotubes into the traditional semiconductor processing setting. We propose to explore biomotors systems as 1) the transportation elements in a nanoscale factory floor 2)as actuators, where the biomotors can effect large-scale changes in a device through their coupling to nanotubes. By combining these two capabilities, one can imagine the ability to reconfigure a device through repositioning of system components on a chip. 

New Dimensions: Superfine, Taylor and Washburn have worked together on microscopy, nanotechnology and health science applications for over 7 years. Salmon (microtubules) and Cheney (actin/myosin) have studied biomolecular motors with a biology perspective. This project will be the first bio-nanotechnology project of this kind at UNC, and will bring nanoelectronic/mechanical processing and characterization expertise together with the control of biomolecular motors. Most important, it will begin the development of a new training for graduate students who go outside of traditional curricula to master their projects.

Roles of Co-PI’s: Superfine brings expertise in scanning probe microscopy of molecular systems, molecular mechanical and interfacial properties and patterned surface functionalization. Cheney will select and purify actin/myosin complexes and design the biochemical parameters for the motor control. Salmon brings expertise in microtubule systems including surface-bound growth, motor motion in-vivo and in-vitro, microtubule mechanical properties and fluorescence microscopy. Taylor leads the effort in the development of microscopy interface technologies that enable the creation and characterization of designed nanometer scale systems. Washburn has 15 years of experience in electron transport in nanoscale systems including nanotubes, nanometer-scale lithography and semiconductor processing. 
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Figure 1. Schematic of Biomotor/Nanotube devices. Top left electrically gated motor raceway with nanotubes as nanometer scale positionable electrodes. Top right is an actuator with the biomotors as the the force transducer. The nanotube/nanotube electrical contact, with atomic position sensitivity, registers force. Bottom left is a Y junction with electrostatic steering gate, bottom center uses potentials or force to stall or reverse collective motor transport. Bottom right is functionalized nanotube as attached load.
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Figure 2. Left: Graduate Student using nanoManipulator system to study AFM manipulation of nanotubes. Center: SEM image of ebeam lithography contacts to nanotubes in a crossed geometry. Right: Nanotubes rolling on graphite (even during collision) due to lattice interlocking.


















1
2/14/00

2
2/14/00

[image: image3.png]Mtor proten)



[image: image4.png]


[image: image5.png]


[image: image6.png]


[image: image7.png][
UNC 1.0kV 6.6mm x13.0k SE(U) 4.00um



[image: image8.png]


