
 
SANDIA REPORT 
 

SAND2005-6524 
Unlimited Release 
Printed November 2005 
 

 

Assembly and Actuation of 
Nanomaterials Using Active 
Biomolecules 

George D. Bachand, Bruce C. Bunker, Susan B. Rivera, Andrew K. Boal, 
Marlene Bachand, Amanda M. Trent, Erik D. Spoerke, Jun Liu, Darryl Y. Sasaki, 
Steven J. Koch,  Jennifer M. Gaudioso, Gayle E. Thayer, Alex D. Corwin, 
Maarten P. de Boer 
 

 
Prepared by 
Sandia National Laboratories 
Albuquerque, New Mexico  87185 and Livermore, California  94550 
 
Sandia is a multiprogram laboratory operated by Sandia Corporation, 
a Lockheed Martin Company, for the United States Department of Energy’s 
National Nuclear Security Administration under Contract DE-AC04-94AL85000. 
 
 
 
Approved for public release; further dissemination unlimited. 

 

 

 

 

 



 

 
 

Issued by Sandia National Laboratories, operated for the United States Department of Energy by 
Sandia Corporation. 

NOTICE:  This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government, nor any agency thereof, nor any of 
their employees, nor any of their contractors, subcontractors, or their employees, make any 
warranty, express or implied, or assume any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or 
represent that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government, any agency thereof, or any of their contractors or subcontractors.  The 
views and opinions expressed herein do not necessarily state or reflect those of the United States 
Government, any agency thereof, or any of their contractors. 
 
Printed in the United States of America. This report has been reproduced directly from the best 
available copy. 
 
Available to DOE and DOE contractors from 

U.S. Department of Energy 
Office of Scientific and Technical Information 
P.O. Box 62 
Oak Ridge, TN  37831 
 
Telephone: (865)576-8401 
Facsimile: (865)576-5728 
E-Mail: reports@adonis.osti.gov 
Online ordering:  http://www.osti.gov/bridge  
 

 
 
Available to the public from 

U.S. Department of Commerce 
National Technical Information Service 
5285 Port Royal Rd 
Springfield, VA  22161 
 
Telephone: (800)553-6847 
Facsimile: (703)605-6900 
E-Mail: orders@ntis.fedworld.gov 
Online order:  http://www.ntis.gov/help/ordermethods.asp?loc=7-4-0#online  

 
 

 
 
 
 
 
 
 
 
 
 
 
2 

mailto:reports@adonis.osti.gov
http://www.osti.gov/bridge
mailto:orders@ntis.fedworld.gov


   

SAND2005-6524 
Unlimited Release 

Printed November 2005 
 

 

 

Assembly and Actuation of Nanomaterials Using 
Active Biomolecules 

 
George D. Bachand, Bruce C. Bunker, Andrew K. Boal, Marlene Bachand, Amanda M. 

Trent, Darryl Y. Sasaki, Steven J. Koch,  Gayle E. Thayer 
Biomolecular Interfaces & Systems Department 

 
 Susan B. Rivera, Jennifer M. Gaudioso 
Chem-Bio Nonproliferation Department 

 
 Jun Liu, Erik Spoerke 

Electronic & Nanostructured Materials Department 
 

Alex Corwin 
MEMS and Novel Silicon Technologies Department 

 
Maarten P. de Boer 

MEMS Devices & Reliability Physics Department 
 

Sandia National Laboratories 
P.O. Box 5800, MS1413 

Albuquerque, NM 87185-1413 
 
 

Abstract 
 
 
The formation and functions of living materials and organisms are fundamentally 
different from those of synthetic materials and devices. Synthetic materials tend to have 
static structures, and are not capable of adapting to the functional needs of changing 
environments. In contrast, living systems utilize energy to create, heal, reconfigure, and 
dismantle materials in a dynamic, non-equilibrium fashion. The overall goal of the 
project was to organize and reconfigure functional assemblies of nanoparticles using 
strategies that mimic those found in living systems. Active assembly of nanostructures 
was studied using active biomolecules to drive the organization and assembly of 
nanocomposite materials. In this system, kinesin motor proteins and microtubules were 
used to direct the transport and interactions of nanoparticles at synthetic interfaces. In 
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addition, the kinesin/microtubule transport system was used to actively assemble 
nanocomposite materials capable of storing significant elastic energy. Novel biophysical 
measurement tools were also developed for measuring the collective force generated by 
kinesin motor proteins, which will provide insight on the mechanical constraints of active 
assembly processes. Responsive reconfiguration of nanostructures was studied in terms 
of using active biomolecules to mediate the optical properties of quantum dot (QD) 
arrays through modulation of inter-particle spacing and associated energy transfer 
interaction. Design rules for kinesin-based transport of a wide range of nanoscale cargo 
(e.g., nanocrystal quantum dots, micron-sized polymer spheres) were developed. Three-
dimensional microtubule organizing centers were assembled in which the polar 
orientation of the microtubules was controlled by a multi-staged assembly process. 
Overall, a number of enabling technologies were developed over the course of this 
project, and will drive the exploitation of energy-driven processes to regulate the 
assembly, disassembly, and dynamic reorganization of nanomaterials. 
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1.0 General Introduction 
The synthesis/construction of nanoscale materials and devices may be achieved using 

two generalized approaches: (1) “top-down,” and (2) “bottom-up.” In the first approach, 
structural, nanoscale features are defined in bulk materials using lithographic or 
imprinting techniques analogous to those employed in silicon micromachining. Although 
quite useful, many of these techniques are inherently slow and often expensive. “Bottom-
up” approaches utilize self-assembly of individual molecules to form complex, 
nanostructured materials. The resulting materials, however, are commonly heterogeneous 
in structure due to the underlying equilibrium constraints.  

The strategies used to assemble and organize nanomaterials in living organisms are 
fundamentally different from the self-assembly strategies used in synthetic materials and 
systems. A key difference in the two strategies is the ability of living organisms to utilize 
energy to assemble materials capable of rearranging, repairing, and adapting based on 
environmental and physiological stimuli. Such direct energy utilization enables the 
assembly/disassembly of much more complex, non-equilibrium structures that overcome 
enthalpic, entropic, and diffusional barriers that inhibit standard self-assembly processes. 
The goal of this project was to explore the active assembly and actuation of 
nanomaterials using active biomolecules. Because these processes involved a wide array 
of highly complex, regulated, and interconnected systems, our work focused specifically 
on the kinesin/microtubule system, as a model system for understanding and exploiting 
energy-driven nanoscale transport systems. 

Active transport systems in living systems play key roles in a wide array of 
physiological process including energy conversion, cellular repair, and muscle actuation. 
In particular, the kinesin/microtubule system is primarily responsible for the directed 
trafficking of macromolecule materials within a cell, removing the constraints inherent to 
diffusion within a gel. In many cases, such directed transport of materials leads to 
macroscopic, phenotypic responses at the cellular or organismal level. For example, the 
ability of fish and other organisms to change color (a macroscopic response) involves the 
energy-drive assembly and organization of pigment granules by kinesin and microtubule 
(a nanoscale process). Kinesin-based transport also has been implicated in the active 
transport of amorphous silica in diatomaceous algae, which in turn is used to assemble 
the complex, protective “skeletons” of these organisms. In the long-term, understanding 
how Nature utilizes such energy-driven assembly processes for “bottom-up” materials 
assembly will help enable the design and engineering of analogous strategies for 
developing novel nanomaterials. 

This report summarizes major accomplishments over the course of this three-year 
LDRD project. The report is divided into five independent sections that present key 
technology development and fundamental science, including: (1) assembling and 
transporting nanocrystal quantum dot nanocomposites, (2) determining the physical 
factors affecting transport of synthetic nanoparticle cargo, (3) characterizing the 
interactions between cargo-carrying biomolecular shuttles, (4) assembling artificial three-
dimensional microtubule organizing centers, and (5) engineering micromachined force 
sensors for biophysics measurements. 
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2.0 Assembly and transport of nanocrystal CdSe quantum dot 
nanocomposites using microtubules and kinesin motor proteins 

 
George D. Bachand, Susan B. Rivera, Andrew K. Boal, Jennifer 
Gaudioso, Jun Liu, and Bruce C. Bunker

 
 
2.1 Abstract 

Nature has evolved dynamic, non-equilibrium mechanisms for assembling 
hierarchical complexes of nanomaterials. A critical element to many of these assembly 
mechanisms involves the active and directed transport of materials by biomolecular 
motor proteins such as kinesin. In the present work, nanocrystal quantum dots (nQDs) 
were assembled and organized using microtubule (MT) filaments as nanoscale scaffolds. 
nQD density and localization were systematically evaluated by varying the concentration 
and distribution of functional groups within the MT structure. Confining nQD attachment 
to a central region within the MT enabled unaffected interaction with kinesin necessary to 
support active transport of nQD-MT composites. This active transport system will be 
further refined to control the optical properties of a surface by regulating the collective 
organization of nQD-MT composites. 

2.2 Introduction 
The formation and intrinsic properties of materials from living systems are inherently 

different than those of synthetic materials. While synthetic materials may be self-
assembled using equilibrium-regulated processes, Nature has developed a wide array of 
non-equilibrium based strategies for directing the assembly and adaptive organization of 
materials at the nano- and molecular scale. Exploiting such strategies for use in 
composite nanomaterials may permit the incorporation of dynamic and adaptive 
properties based on biomimetic assembly processes1,2. A key aspect in these strategies is 
the ability to direct the assembly, transport, and organization of materials at specific 
locations.  

The biomolecular motor kinesin has been well studied with respect to its role in 
actively transporting intracellular materials (e.g., vesicles, chromosomes) along 
cytoskeletal networks composed of microtubule (MT) filaments3,4. Conventional kinesin 
moves along MT filaments in 8-nm steps by alternating between two conformational 
states in an asymmetric hand-over-hand mechanism5,6. Further, the processive nature of 
kinesin movement along MTs enables long-distance transport of molecular cargo, a 
critical function, for example, in neuronal cells. Kinesin and MT filaments also interact to 
self-assemble complex, three-dimensional structures such as the mitotic spindles formed 
during mitosis7,8. The force generated by kinesin and MTs are subsequently used to 
segregate chromosomes during the anaphase stage of mitosis. The dynamic nature and 
forces produced by kinesin and MTs also play an important role in reorganization of 
nanoscale materials in living systems, such as the melanophores that induce color change 
in fish9.  

Based on the broad role that kinesin and MTs play in living organisms, modified 
versions on this system have been investigated as a means of transporting synthetic 
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nanoscale cargo in integrated systems10-12. Such directed transport systems may be ideally 
suited for developing nanostructured materials in which the morphology and 
configuration of base materials can be regulated through non-equilibrium assembly 
processes. Although MTs can be readily functionalized with inorganic materials13-16, the 
kinesin-based active transport mechanism is disrupted due to interference caused by the 
inorganic coating. In order to preserve unimpeded interaction with surface-tethered 
kinesin that provide motion, it is essential that the assembly and organization of 
nanoscale materials on MTs be systematically controlled and evaluated. To this end, two 
key challenges surrounding the assembly and transport of composite MT-nanoparticle 
structures must be addressed: (1) insuring that a nanoparticle interacts with only a single 
MT (i.e., preventing agglomeration), and (2) insuring that nanoparticle cargo does not 
affect binding and transport by kinesin. To investigate these issues, we assembled a 
variety of nanocomposite structures using MT filaments as nanoscale scaffolds, and 
evaluated the ability of kinesin to transport these structures. Here we report the assembly 
and organization of CdSe nanocrystal quantum dots (nQDs) using MT filaments. 
Unabated, kinesin-based transport of linear chains of nQDs on MTs was subsequently 
demonstrated by modifying the MT structure, and localizing nQD binding. Extension of 
this technology may permit the incorporation of active and dynamic nQD structures in a 
host of biocompatible devices and materials.  

2.3 Assembly of nanocomposites using MT scaffolds 
Two strategies were used to assemble composite structures using MT filaments to 

organize CdSe nQDs. Biotin-streptavidin linkage was used in both strategies to couple 
nQDs to MTs based upon the high-binding affinity and commercial availability of the 
functionalized CdSe nQDs. In the first strategy, the relationship between biotin 
concentration in a MT and the formation of nQDs structures was systematically 
evaluated. To regulate the density of the nQD cargo, the concentration of biotinylated 
tubulin was varied between 0 and 100% by adjusting the ratio of biotinylated to unlabeled 
tubulin. Random incorporation of biotinylated tubulin into MTs during polymerization 
resulted in MTs with final biotin concentrations of 0, 6.25%, 12.5%, 25%, 50%, and 
100%. In all cases, 20 µg of unlabeled/biotinylated tubulin (Cytoskeleton Inc., Denver, 
CO) was suspended in 4 µl of BRB80P (80 mM PIPES pH 6.9, 1 mM MgCl2, 1mM 
EGTA, 10% glycerol, 1 mM GTP), and then polymerized at 37°C for 20 min. 
Polymerized MTs were stabilized by adding 9 µl of BRB80T (BRB80 with 10 µM taxol). 
Biotinylated MTs were then coated with nQDs by adding 2 µl of streptavidin-coated 
nQDs (Quantum Dot Corp., Hayward, CA) to each sample, and incubating at room 
temperature with gentle shaking for 30 – 45 min. Both CdSe Qdot™ 585 (emission at 
585 nm) and Qdot™ 605 (emission at 605nm) streptavidin conjugates were used in these 
experiments. The nQD-MT solutions were then brought to a final volume of 200 µl 
BRB80T. Images were collected with a CCD camera (Q-Fire, Olympus America Inc., 
Melville, NY or Orca II ER, Hamamatsu Corp., Bridgewater, NJ) and analyzed using 
AnalySIS (Soft Imaging Systems, Lakewood, CA).  

A number of nQD-MT structures were assembled by random incorporation of 
biotinylated tubulin in MT filaments. Incorporation of as little as 6.25% biotinylated 
tubulin resulted in linear chains of nQDs along the length of MT filaments that were 
easily observable by fluorescence microscopy. At high concentrations of biotinylated 
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Figure 2.1. Fluorescence micrographs of CdSe nQD-MT structures formed at 
concentrations of 100% (A) and 25% (B) biotinylated tubulin. Clustering of nQDs 
within individual MTs was observed by fluorescence microscopy (C) and atomic 
force microscopy (D), independent of biotin concentration. 
tubulin (i.e., 50 & 100%), assembly of nQD-MTs resulted in the formation of a variety of 
3D aggregate structures (15 – 25 µm in size), mainly consisting of random, net-like 
formations (Fig. 2.1A). Interactions of a single nQD with multiple MT filaments are 
likely the basis for the assembly of these 3D structures. Such aggregate structures were 
not observed at concentrations less than 25% biotinylated tubulin. Further, the highest 
density of linear nQD chains was observed at a concentration of 25% biotin (Fig. 2.1B), 
and generally decreased as a function of decreasing concentrations of biotinylated 
tubulin. Clustering of nQDs within individual MTs was frequently observed (Fig. 2.1C), 
irrespective of the biotin concentration. In control experiments where no biotinylated 
tubulin was incorporated into the MT filaments, nQDs were randomly dispersed with no 
specific binding to the MTs.  

Atomic force microscopy (AFM) and transmission electron microscopy (TEM) were 
used to further examine the dispersion of nQDs within individual MT filaments. For 
AFM experiments, nQD-MT assemblies were imaged in BRB80T buffer solution in 
tapping mode on a Digital Instruments Nanoscope IIIa Multimode scanning probe 
microscope with Olympus tips (nominal spring constants of 0.06 N m-1). Freshly cleaved 
mica was incubated in the AFM fluid cell with a poly-l-lysine solution (1 mg/mL) for 30 
min. The fluid cell was then flushed with buffer, and the poly-l-lysine-coated mica was 
imaged to establish a baseline. The MT solution (4 µM) was injected into the fluid cell 
and incubated for approximately 1 hr to allow reasonable MT surface coverage. The fluid 
cell was flushed with buffer again prior to imaging. TEM samples were prepared by 
adsorbing nQD-MTs to SiN grids (SPI Supplies, West Chester, PA) coated with 
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microtubule-associated proteins; TEM was performed using a Philips CM 30 TEM at 300 
kV. AFM topographic imaging confirmed the observation of nQD clustering within 
individual MT filaments. Linear segments of uniformly coated nQDs were distinctly 
separated by shorter segments of uncoated tubulin (Fig. 1D). The average heights of the 
uncoated and nQD-coated regions of these MTs were approximately 16 and 32 nm, 
respectively, which agrees with the known size of each component. TEM images (not 
shown) also suggested that the dispersion of nQDs on MTs was relatively dense with 
small gaps between highly decorated regions. Overall, the results suggest that MTs 
“phase separate” in which the biotinylated tubulin tends to segregate in regions that are 
distinct from the biotin-free regions.  

The observation of segmented nQD-loading on MTs motivated an alternate strategy 
(strategy 2) for assembling nQD-MTs in which centralized cargo-loading regions were 
formed within the MT structure. The underlying rationale of this strategy was to define 
specific regions within a MT for binding cargo, while leaving MT ends to free to interact 
with kinesin motor proteins. To assemble these structures, biotinylated MT “seeds” were 
initially formed, and then used to initiate polymerization of fluorescently labeled tubulin. 
The biotinylated seeds were assembled by suspending 20 µg biotinylated tubulin in 4 µl 
BRB80P, followed by polymerization for 90 sec at 37°C. These seeds were stabilized by 
adding 200 µl BRB80T, collected by centrifugation at 25,000 x g for 30 min, and 
resuspended in 4 µl BRB80P. Biotinylated seeds (1 µl) were then added to 20 µg of 
fluorescein isothiocyanate (FITC)-labeled tubulin that had been resuspended in 4 µl 

 

 
Figure 2.2. The structural composition of composite nQD-MT filaments formed with 
strategy 2. (A) Schematic illustration of a MT filament with a central biotinylated 
region with attached nQDs, surrounded by FITC-labeled tubulin. (B) Fluorescence 
micrograph showing the nQD-MT filaments composed of FITC-labeled tubulin 
(green) and nQD-coated region (red). 
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BRB80P. Following polymerization at 37°C for 20 min, the composite FITC-biotin MTs 
were stabilized by adding 8 µl BRB80T, followed by the addition of 2 µl of streptavidin-
coated nQDs to coat the cargo-binding region. The MT-nQD solutions were incubated at 
room temperature with gentle shaking for 30 – 45 min, and then brought to a final 
volume of 250 µl. nQD-MT assemblies were then viewed by fluorescence microscopy; 
images were collected and analyzed as described above. 

The resulting nQD-MT assemblies were composed of a central biotinylated core 
(with attached streptavidin-nQDs) surrounded by FITC-labeled tubulin (Fig. 2.2A). The 
nQD-MT-coated regions varied from <0.5 to 15 µm in length, with FITC ends ranging 
from <0.5 to 5 µm (Fig. 2.2B). The polarity of the MT was easily noted based upon the 
unequal rate of polymerization from opposing ends of the biotinylated seeds. Further, a 
percentage of the MTs possessed only a single end composed of FITC-labeled tubulin, 
likely resulting from shearing of the MT filament post-polymerization. Compared with 
prior experiments, aggregate 3D nQD-MT structures were not observed with this 
polymerization scheme, despite the formation of MT seeds using 100% biotinylated 
tubulin. Overall, these composite nQD-MT assemblies demonstrate the ability to 
assemble and organize localized regions of nQDs. This strategy may be further adapted to 
forming a number of nQD-binding regions, each with a distinct attachment chemistry, 
which in turn would enable attachment of nQDs with different sizes and emission spectra. 

2.4 Transport of nanocomposite assemblies 
Inverted motility assays17 were used to evaluate kinesin-based transport of the various 

nQD-MT structures. A full-length, histidine-tagged Drosophila melanogaster dimeric 
kinesin was expressed and purified from Escherichia coli as previously described18. 
Standard flow cells were constructed using a microscope slide, double-sided tape, and a 
#1 glass coverslip. A solution of casein (0.5 mg/mL in BRB80) was infused into a flow 
cell (5 minutes) followed by a solution of Drosophila kinesin (~5 nM in BRB80 + 0.2 
mg/mL casein + 1 mM MgATP) for 5 minutes. The motility solution (40 nM nQD-MT in 
BRB80 + 0.2 mg/mL casein + 10 µm taxol + 1 mM MgATP) was then infused into the 
flow cell. nQD-MT transport was observed using an Olympus IX71and 100x oil-
immersion lens; time-lapsed images were collected using a CCD camera. Binding affinity 
between kinesin and nQD-MT was estimated by counting the number of MTs in a given 
field of view (65 x 50 µm) and dividing by 3.25 to standardize the values in number of 
MT per 1,000 µm2. Transport velocities were calculated by estimating the distance 
traveled by an nQD-MT following subtraction of sequential images. A minimum sample 
size of fifteen nQD-MTs was used to estimate velocities for each variation. 
Tetrarhodamine isothiocyanate (TRITC)-labeled MTs were used as a control for 
comparing the velocities of nQD-MTs. Analysis of variance on ranks was used to 
evaluate differences in transport velocities.  

Although single chains of nQD-MTs were assembled through random incorporation 
of biotinylated tubulin (strategy 1), kinesin-driven transport of these nQD-MTs was 
significantly inhibited by the presence of nQDs. The presence of attached nQDs, even at 
biotinylated tubulin concentrations as low as 6.25%, decreased the kinesin-binding of MT 
by an order of magnitude (Fig. 2.3). As a whole, kinesin binding of nQD-MTs was 
significantly lower (P < 0.001) compared with control, TRITC-labeled MTs (Fig. 2.3). 
Further, nQD-MT binding by kinesin was not dependent on the biotinylated tubulin 
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Figure 2.3. Comparison of the binding affinity of control (TRITC-labeled) and nQD-
coated MTs as a function of varying biotinylated tubulin concentration (strategy 1) 
and structural composition (strategy 2). QD605 and QD585 seeds represent MTs in 
which the only the central region of the MT contained biotinylated tubulin and 
attached nQDs. Binding affinity was estimated by counting the number of MTs in a 
given field of view (65 x 50 µm) and dividing by 3.25 to standardize the values in 
number of MTs per 1,000 µm2. 
concentration, suggesting that the relative density of nQDs on a given MT was not a 
significant factor with respect to kinesin affinity. Three-dimensional aggregate structures 
were not observed bound by surface-tethered kinesin at any concentration of biotinylated 
tubulin. In addition to the reduction in nQD-MT binding, the relatively few bound nQD-
MTs were unable to be transported by kinesin regardless of biotin concentration in the 
MT filament. Although rare, short segments of nQD-MTs were observed to move at 
biotin concentrations below 25%; linear translations of entire nQD-MTs was never 
observed. Based on these results, uniform functionalization of MT filaments with nQDs 
appears to block the necessary interactions required for both the binding and transport of 
MT by kinesin. Movement of MT segments suggests that nQD-coating of MTs sterically 
inhibits or eliminates fundamental interactions between the kinesin and MTs, 
compromising both shuttle adsorption and transport. Because kinesin contacts both the α 
and β tubulin subunits during transport19,20, processive movement of kinesin is likely 
disrupted due to steric interference based on the relative size of the streptavidin-coated 
nQDs (~10-15 nm) with respect to tubulin dimers (~8 nm). The observation that portions 
of a given nQD-MT can be responsive at low biotin concentrations, however, suggests 
that modification of the MT structure may permit successful kinesin-based transport. 
Moreover, kinesin-based transport may potentially be maintained by changing the 
effective length and position of the linker, which in turn would increase the associated 
distance between the tubulin dimer and functionalized nQD, and may permit unaffected 
interaction between the kinesin motor domain and tubulin. 

Inverted motility assays were subsequently performed to evaluate the kinesin-based 
binding and transport of nQD-MT composites formed using strategy 2 (i.e., MTs with a 
centrally defined nQD-binding region). The overall kinesin-based adsorption of these 
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2.5 Conclusions 
In summary, our results establish a platform for assembling microscale structures of 

CdSe nQDs using MT scaffolds, as well actively transporting these photonic structures 
using biomolecular motors. Although the ability to transport microscale cargo using MT 
shuttles has been previously reported21, our work demonstrates the ability to exploit the 
polymer nature of the MT structure to assemble and organize nanoparticles into 
composite structures that subsequently can be actively transported at synthetic interfaces. 
This system will provide enabling technologies for developing composite nanomaterials 
that incorporate biomimetic processes for assembling and configuring base material 
components. In the future, the use of lithographically defined surfaces10,22-26 will be 
explored as a mechanism for directing the transport of  the nQD-MTs in microfluidic 
systems with the goal of regulating fluorescence resonance energy transfer events among 
nQDs of different sizes and emission spectra. Such a capability may permit the future 
integration of active and dynamic photonic materials in biocompatible materials and 
systems.    
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3.0 Physical factors affecting kinesin-based transport of synthetic 
nanoparticle cargo 

 
Marlene Bachand, Amanda M. Trent, Bruce C. Bunker, and George D. 
Bachand

3.1  Abstract 
Recently, kinesin biomolecular motors and microtubules filaments (MTs) were used 

to transport metal and semiconductor nanoparticles with the long-term goal of exploiting 
this active transport system to dynamically assemble nanostructured materials. In some 
cases, however, the presence of nanoparticle cargo on MTs was shown to inhibit 
transport by interfering with kinesin-MT interactions. The primary objectives of this 
work were (1) to determine what factors affect the ability of kinesin and MTs to transport 
nanoparticle cargo, and (2) to establish a functional parameter space in which kinesin and 
MTs can support unimpeded transport of nanoparticles and materials. Of the factors 
evaluated, nanoparticle density on a given MT was the most significant factor affecting 
kinesin-based transport of nanoparticles. The density of particles was controlled by 
limiting the number of available linkage sites (i.e., biotinylated tubulin), and/or the 
relative concentration of nanoparticles in solution. Nanoparticle size was also a 
significant factor affecting transport, and attributed to the ability of particles ≤40 nm in 
diameter to bind to the “underside” of the MT, and block kinesin transport. Overall, a 
generalized method of assembling and transporting a range of nanoparticle cargo using 
kinesin and MTs was established.  

3.2 Introduction 
The intrinsic properties of biological materials differ considerably from those of 

synthetic materials. Whereas synthetic materials are relatively static, living systems 
actively consume energy to assemble, reconfigure, and dismantle materials in a highly 
dynamic and non-equilibrium manner. These energy-driven processes enable biological 
materials to adapt to continuously changing environmental conditions and stimuli. 
Recently the ability to integrate biomolecular components and processes with synthetic 
nanoscale systems has been demonstrated,27-30 and provides an impetus for developing 
dynamic and adaptive materials using active biological components. Exploiting and 
integrating such active assembly processes into nanocomposite materials opens the door 
to developing new classes of materials in which the assembly, configuration, and 
disassembly can be programmed or self-regulated. To this end, the overall goal of our 
work is to utilize active transport systems used by living systems to assemble, organize, 
and transport nanocomposite materials in microfluidic environments.  

Kinesin motor proteins and microtubule filaments (MTs) represent one of Nature’s 
elegant means for transporting nano- and molecular scale materials within a cell. This 
transport system plays a key role in a number of physiological processes such as 
mitosis,31,32 as well as in response mechanisms such as the color changing ability of many 
fish.9 Although kinesins can be grouped into a number of different subfamilies, the 
overall structure and morphology of all kinesins are relatively similar and include a motor 
domain, a neck-linker region, and in many cases an α-helical coiled-coil tail region. In all 
cases, the motor domain is responsible for ATP hydrolysis and translation along MT 
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filaments in an asymmetric hand-over-hand manner,5,6 producing a relative force of 5 – 8 
pN,33-36 or 40 – 60 pN·nm of work per step, with an efficiency ~50%.4,33  

Based on the overall dimensions and work output, kinesin is an ideal candidate for 
integration as a biomolecular actuator and transporter in hybrid nanodevices and 
materials. The stochastic nature of kinesin movement along MTs favors the use of the 
inverted motility geometry (Fig. 3.1) as a means of transporting nanoscale cargo over 
long distances. In this geometry, kinesins are adsorbed to synthetic surfaces, and propel 
MTs as “molecular shuttles” across a surface.10 Work by Hess et al. demonstrated the 
ability to transport synthetic cargo on MT shuttles using streptavidin-coated microspheres 
attached to biotinylated MTs. 21,37 More recently, the ability to assemble streptavidin-
coated nanocrystal quantum dots (nQDs) on biotinylated MTs was reported using two 
strategies: random incorporation of biotinylated tubulin, and defined localization of 
biotinylated tubulin28,29. Kinesin-based transport of nQD-MTs, however, was observed 
only in assemblies in which biotinylated tubulin was localized to a central region within 
the MT.29 In contrast, gold nanoparticles (Au-NPs) assembled on MTs with random 
incorporation of biotinylated tubulin were successfully transported by kinesin and MT 
shuttles.28 For both Au-NPs and nQDs, the nanoparticle-coated MTs were assembled 
before use in gliding motility assays, which may be problematic due to attachment of 
nanoparticles to the entire surface of the MTs, which in turn could inhibit kinesin 
interaction with the MT surface.  

Based on these results, the goal of the current work was to develop a generalized 
strategy for transporting a wide array of nanoparticle cargo using the kinesin/MT active 
transport systems. The specific objectives were (1) to determine what factors affect the 
ability of kinesin and MTs to transport nanoparticle cargo, and (2) to establish a 
functional parameter space in which kinesin and MTs can support unimpeded transport of 
nanoparticles and materials. An alternative approach to that used in prior work was used 
(Fig. 3.1), and involved assembling nanoparticles on MTs subsequent to the attachment 
of the MTs to surface-tethered kinesin. This approach should localize nanoparticle 
assembly to the tops and sides of the MTs, and alleviate any potential steric inhibition of 
kinesin transport due to the presence of nanoparticle cargo.   

 
 
Figure 3.1. Schematic diagram of the protocol used to assemble and transport CdSe 
nQDs (A) and polystyrene microspheres (B, C) on MTs in the gliding motility assay. 
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3.3 Experimental details 

For these experiments, varying degrees of biotinylated MTs were prepared by co-
polymerizing biotinylated and tetramethylrhodamine isothiocyanate (TRITC)-labeled 
tubulin to obtain defined ratios (e.g., 6.25, 12.5, 25, 50 and 100% biotin). Polymerization 
was performed in BRB80 (80 mM Piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES), 1 
mM MgCl2, 1 mM ethylene glycol-bis(2-aminoethylether)-N,N,N',N'-tetraacetic acid 
(EGTA), 1 mM GTP, and 10% glycerol at 37ºC for 20 min. Biotinylated MTs were 
subsequently stabilized with BRB80 and 10 µM taxol, and stored at room temperature. 
TRITC-labeled MTs (100%) were polymerized as described above, and served as a 
control. All experiments were conducted within 12 hrs after polymerization.  

The inverted, gliding motility assay17 was used to assemble and transport 
nanoparticles using MT scaffolds. A dimeric kinesin from Drosophila melanogaster was 
expressed and purified as previously described,18 and used for all motility assays. 
Standard flow cells were constructed from a microscope slide, double-sided tape, and a 
#1 glass coverslip. A solution of casein (0.5 mg/mL in BRB80) was infused into a flow 
cell for 5 min, followed by a solution of Drosophila kinesin (50 mM imidazole, pH 7.0, 
100 mM NaCl, 1 mM MgCl2, 2 mM EGTA, 0.1 mM ethylenediaminetetraacetic acid, 5% 
sucrose (w/v), and 50 mM β-mercaptoethanol) for 5 min. A solution containing the 
biotinylated MTs in motility solution (BRB80, 0.2 mg/ml casein, 1 mM ATP, 10 µM 
taxol, 20 mM dextrose, 0.02 mg/ml glucose oxidase, 0.008 mg/ml catalase, and 0.5% β-
mercaptoethanol) was then infused into the flow cell, and incubated for 5 min. Lastly, a 
solution of streptavidin-coated nanoparticles was infused into the flow cell, incubated for 
2 – 15 min, and washed with 2 volumes of fresh motility solution (without nanoparticles).  

Forty- and 1000-nm NeutrAvidin-coated yellow-green fluorescent (505/515) 
microspheres (1% solids, Molecular Probes Inc.) and QDot®525 streptavidin-conjugated 
nQDs (Quantum Dot Corp.) were used as nanoparticle-cargo in these experiments. These 
particles provided a range of sizes (i.e., ~15, 40, 1000 nm), as well as differing 
compositions (i.e., polystyrene versus CdSe). Dilutions of each nanoparticle type and size 
were prepared in motility solution in order to evaluate the effect of particle density on 
kinesin-based transport. The 1000-nm microspheres were diluted 1/250 (120 fM); the 40-
nm microspheres were diluted at 1/500 (1 nM), 1/5,000 (100 pM), and 1/50,000 (10 pM). 
Streptavidin-coated nQDs were diluted 1/100 (10 nM) and 1/1,000 (1 nM). 

All samples were examined by epifluorescence microscopy using an Olympus IX-71 
inverted microscope and 100x oil immersion lens. Time-lapse images (1 sec intervals) 
were collected using a Hamamatsu Orca II-ER CCD camera, and subsequently processed 
using MicroSuite AnalySIS software (Soft Imaging Systems). Transport velocities were 
estimated by measuring the distance traveled by a MT (or particle) between subtracted 
images, and dividing by the time interval between images. Analysis of variance was used 
to determine statistical differences in transport velocity based on the percentage of 
biotinylated tubulin, particle size/type, and nanoparticle dilution.  

3.4 Results & Discussion 
Nanoparticle transport using MT shuttles 

Transport of 1000-nm polystyrene spheres (120 fM concentration) was demonstrated 
using kinesin and MTs in the inverted motility geometry (Fig. 3.2a). In general, only a 
few 1000-nm spheres (i.e., 1-4) were attached to a given MT, and did not appear 
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dependent upon the percentage of biotinylated tubulin. Thus, the percent biotinylated 
tubulin and density of particles on a MT did not significantly affect transport velocity (p 
= 0.678; Table 3.1). The average transport velocity for biotinylated MTs carrying 1000-
nm spheres was 0.53 µm/sec, and was consistent with control MTs without attached 
spheres. Based on the low viscous drag associated with an attached sphere (e.g., ~5 fN 
for a 1000-nm sphere) compared with force exerted by kinesin (5 pN/motor)33-36, kinesin-
driven transport of relatively large particles should be possible. For example, if we 
assume that surface-tethered kinesin interact with only a single protofilament in a given 
MT and are working in a concerted manner, a maximum of 125 kinesin are capable of 
binding per 1 µm of MT, resulting in a maximum net force of 625 pN (or ~62 pN per µm 
of MT if only a fraction (e.g., 10%) of the available sites are occupied by kinesin). By 
solving Navier-Stokes equation for the radius necessary to produce a drag force of 62 
pN, a particle of ~12 mm in diameter would be required to completely stop the collective 
force of the kinesin and 1-µm MT. These calculations do not, however, account for 
additional factors such as increased drag due to the close proximity of the sphere to a 
boundary, or the increase in the apparent sphere weight as the overall size increases. 
Such factors would likely limit the maximum cargo size to substantially smaller spheres. 
Overall, our results agree with those reported by Hess et al.21,37 for paramagnetic 
microspheres, and demonstrate the ability of MTs shuttles to transport considerably large 
cargo without affecting the speed and efficiency of transport. 

Transport of 40-nm polystyrene spheres was supported by kinesin motors, and was 
significantly dependent on the density of particles attached to the MT shuttle. MTs were 
heavily coated with particles at 1 nM (1/500 dilution) and 100 pM (1/5,000 dilution), and 
remained attached to surfaces by kinesin; transport of these assemblies by kinesin, 
however, was significantly inhibited. Unimpeded transport of 40-nm particles was 
observed at the 10 pM dilution (1/50,000 dilution) of spheres, as shown in Fig. 3.2b. At 
this concentration, the percent biotinylation did not significantly affect the transport rate 
(p = 0.909; Table 1) of the 40-nm particles, despite a qualitatively observed difference in 
the number of particles attached to the MTs at the different degrees of biotinylation. 
These data suggest that cargo density is likely the dominating factor affecting transport of 
MTs and attached nanoparticle cargo. Kinesin-based transport is highly dependent upon 
unimpeded interaction between the motor protein and tubulin dimers. Thus, attachment of 
nanoparticles to the MTs at the specific region of kinesin interaction would significantly 
inhibit the transport. The total length of a kinesin motor is ~75 nm,10 although neither the 
extent of the protein interaction with the surface nor the height of kinesin from the 
surface is known to any level of certainty. Based on the observed inhibition by these 
nanoparticles, our data suggest that the height above the surface is likely >40 nm, thus 
allowing nanoparticles to bind to the “underside” of the MT. Therefore, it is critical to 
control the density of nanoparticles in this size regime in order to mitigate potential steric 
interference between kinesin and MTs, and inhibition of MT transport. 

nQDs were successfully transported using biotinylated MTs formed through random 
incorporation of biotinylated tubulin (Fig. 3.2c), in contrast to the previous report.29 As 
observed with the higher concentrations of 40-nm spheres (i.e., >10 pM), MTs heavily 
coated with nQDs were observed at the 10 nM concentration (1/100 dilution), but unable 
to support kinesin-based transport. Transport of nQD-coated MTs was observed at the 1 
nM concentration (1/1,000 dilution) of nQDs, and the transport velocity of the nQD-

 -20- 



   

c

t
t
p
c
M
o
n
d
a
≤
i
s
k
n
s

Figure 3.2. Time-lapse images of kinesin-based transport of 40- (A) and 1000-nm 
polystyrene spheres (B), and CdSe nQDs (C) on MT filaments. Interval between 
images = 10 sec; scale bar = 2 µm. 
coated MTs displayed a significant dependency on the degree of biotinylated tubulin (p < 
0.001). Differences in the relative density of nQDs attached to MTs as a function of 
biotinylated tubulin were qualitatively observed (not shown), and were consistent with 
the observed differences in transport velocity. For example, 100% biotinylated MTs 
displayed a much greater coating of nQDs and decreased transport velocity as compared 
with 6.25% biotinylated MTs.  Further, transport velocities were significantly less for 
MTs with 100, 50, and 25% biotinylated tubulin at a 10 nM concentration of nQDs as 
ompared with control TRITC-labeled MTs.  

Overall, the results for both the 40-nm polystyrene spheres and ~15-nm nQDs suggest 
hat the nanoparticle density on MTs is the most significant factor affecting kinesin-based 
ransport of nanoparticles and MTs. Cargo density, in turn, is dependent upon both the 
ercent biotinylated tubulin (i.e., available binding sites for particles), and the relative 
oncentration of particles (i.e., relative number of particles available for attachment to 
Ts). Thus, kinesin-based transport of nanoparticles should be achievable by controlling 

ne or both of these factors. The ability to transport polystyrene spheres, gold 
anoparticles, and nQDs of differing sizes using kinesin and MTs has been 
emonstrated,28,29 which suggests that particle composition is not a significant factor 
ffecting transport. Nanoparticle size, however, can be a significant factor as particles 
40 nm are capable of binding to the “underside” of the MT, and can block the 

nteractions between kinesin and MTs that are necessary for transport. Our data also 
uggest that particle size influences the relative concentration of nanoparticles at which 
inesin-based transport occurs. For example, a significantly greater concentration of 15-
m nQDs could be transported on the MT shuttles as compared with 40-nm polystyrene 
pheres (i.e., 10 nM versus 10 pM, respectively; Table 3.1). Thus, this relationship 
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Table 3.1. Mean transport velocities (µm/sec) of 40 and 1000-nm polystyrene (PS) 
spheres and 15-nm CdSe nQDs attached to MT shuttles as a function of nanoparticle 
concentrations and biotinylated tubulin. 
 
  Percent Biotinylated Tubulin

 Control 100% 50% 25% 12.5% 6.25% 
1000-nm PS 
spheres 

      

   120 fM 0.52 
(0.04)b

0.56 
(0.05) 

0.55 
(0.05) 

0.51 
(0.03) 

0.51 
(0.03) 

0.53 
(0.05) 

       
40-nm PS spheres       
   1 nM 0.55 

(0.02) 
NTa NT NT NT NT 

   100 pM 0.55 
(0.02) 

NT NT NT NT NT 

   10 pM 0.55 
(0.02) 

0.55 
(0.02) 

0.55 
 (0.02) 

0.56 
 (0.03) 

0.56 
(0.04) 

0.54 
(0.02) 

       
15-nm nQDs       
   10 nM 0.58 

(0.03) 
NT NT NT NT NT 

   1 nM 0.58 
(0.03) 

0.34 
(0.04) 

0.49 
(0.04) 

0.48 
(0.05) 

0.55 
(0.06) 

0.58 
(0.03) 

a NT = no transport observed. 
b 2SE (2 * standard error of the mean)
between particle size and concentration must be considered in terms of optimizing the 
conditions necessary to kinesin transport of nanoparticle cargo. 

 
 

Interactions between nanoparticle-coated MTs 
Several types of interactions between nanoparticle-coated MTs were observed for nQDs 
and 1000-nm polystyrene spheres during kinesin transport. Transfer of 1000-nm spheres 
from one MT to another MT was observed when cargo-carrying MTs collided with MTs 
lacking an attached sphere. More commonly, collisions between MTs with and without 
spheres resulted in the formation of aggregates, with the sphere serving as the “glue.” In 
other cases, MTs moved in a circular pattern, which often resulted in the attached sphere 
binding separate sections of the MT, and forming a circular structure capable of being 
transported by kinesin (Fig. 3.3a). Such circular structures were also observed for nQD-
oated MTs (Fig. 3.3b), and led to the formation of larger aggregated circular structures 
Fig. 3.3c). In all cases, these circular structures were capable of being transported by 
inesin despite the aggregation of MTs.  

The formation of these circular structures appears dependent on the attachment of 
nanoparticles to the MTs. The curved motion of cargo-carrying MTs in these experiments 
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. Circular, aggregate assemblies formed by MTs coated with 1000-nm 
 spheres (A) and CdSe nQDs (B, C). In all cases, kinesin-based transport of 
blies remains viable. Scale bar = 2 µm. 
o the biased loading of nanoparticles to the tops and sides of the MTs, which 
 have induced strain buildup in the MT. This curved motion eventually 
hed spheres to bind to an adjacent portion of the MT, and the formation of a 
cture. Further, large circular aggregates of nanoparticles and MTs resulted 
ns between free MTs and these circular MT structures, as shown in Fig. 3.4. 
ple, the transport velocity of the nQD-coated MT (50% biotinylated tubulin) 
orated into these circular aggregates was approximately 0.51 µm/sec, 

ith the velocity observed for non-aggregated MTs. Based on the diameter of 
te structure (i.e., ~6.3 µm), the rotation velocity of this structure was ~0.03 
 of these circular aggregate structures showed a minimum interior radius of 
ich is close to the radius at which MT breakage should occur (i.e., ~0.6 
 
. Time-lapse images showing two circular nQD-MT aggregate assemblies, 
esin-based transport of an nQD-coated MT as it becomes incorporated into 
ly in the upper right corner of the images. Time interval between images = 

e bar = 5 µm.  
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Aggregate nQD-MT structures were not observed in prior work,28,29 and may be 
attributed to the strategy for coating MTs. In previous reports, solutions of polymerized 
tubulin and nanoparticles were mixed prior to gliding motility assays, which likely results 
in unpolymerized biotinylated tubulin occupying some percentage of the streptavidin 
sites on the nanoparticles. Thus, collisions between MTs are less likely to result in the 
formation of aggregate structures based on the high occupancy of the streptavidin binding 
sites. In the current work, residual unpolymerized tubulin was removed from the flow 
cells by infusion of the nanoparticle solution, thus leaving more available biotin-binding 
sites on each nanoparticle. The observed aggregation may be lessened by pre-
conditioning nanoparticles with biotin prior to attachment to MTs, or washing the 
nanoparticles following attachment to MTs with motility solution containing biotin. 
Alternatively, interactions between nanoparticle-carrying MTs may be used to assemble 
multicomponent structures if the interactions can be defined and controlled. 

3.5 Conclusions 
The present study demonstrates the ability of kinesin biomolecular motors and MT 

shuttles to transport nanoparticles with varying size, composition, and density. Linkage of 
nanoparticles to MTs shuttles was accomplished using biotin-streptavidin, forming a 
relatively strong, but non-covalent bond between components.39 Nanoparticles were 
assembled on MTs that were bound to surface-tethered kinesin in order to avoid 
inhibition of transport as previously reported,29 by localizing the attached cargo to the top 
and sides of the MT shuttles. The density of nanoparticles attached to MTs was the most 
significant factor affecting kinesin transport, and can be regulated by controlling the 
frequency of biotinylated tubulin, and/or the concentration of nanoparticles used for 
attachment. Nanoparticle size also impacted kinesin-based transport, as nanoparticles less 
than 40 nm in diameter are small enough to bind to the “underside” of the MT and block 
kinesin movement. Overall, the unimpeded transport of nanoparticles represents a first 
step to integrating active transport and assembly systems for developing dynamic and 
adaptive nanomaterials. Coupling nanoparticle transport with demonstrated methods of 
guiding MT transport22,23,25,26,40 should provide a platform for directed, energy-driven 
transport of nanoparticles and materials at synthetic interfaces.  
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4.0 Interactions between cargo-carrying bio-molecular shuttles  
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4.1 Abstract 
Microtubule shuttles propelled by the motor protein kinesin embedded in self-

assembled monolayers are being developed for active transport functions in artificial 
microfluidic systems. As a model system, biotinylated microtubules have been laden with 
streptavidin-coated particles as cargo. The behavior of cargo-laden microtubules has been 
observed using fluorescence microscopy upon activation of kinesin-driven transport 
processes. Collisions between mobile microtubules and their particulate cargo result in 
six distinct behaviors: bypass, microtubule bending, particle dislodgement, particle 
transfers between microtubules, co-joining of microtubules to a common particle, and 
particle-induced severing of microtubules. The distribution of observed events can be 
described qualitatively based on the mechanics of motor proteins and microtubules, the 
geometry of the collision events, and the loading rate dependence of the strength of 
microtubule-particle binding. Implication of the results on the use of motor proteins in 
active transport and cargo handling systems for nanomaterials are described. 

4.2 Introduction 
Nature commonly employs energy consuming motor proteins for active transport and 

assembly functions including vesicle transport, cell division, cellular motility, and muscle 
actuation.1 These processes allow for the fabrication and actuation of complex non-
equilibrium structures that cannot be achieved from thermodynamically limited self-
assembly processes.2 Several research groups are currently investigating the extent to 
which active proteins can be exploited to transport, assemble, and actuate nanomaterials 
in artificial environments. Potential applications for active transport include the assembly, 
healing, and repair of nanomaterials, the reconfiguration of quantum dot arrays as optical 
sensor elements, and the active transport of analytes in microfluidic systems. 

The specific active transport system that is the focus of this paper consists of the dyad 
formed between microtubules and the motor protein kinesin.3 Microtubules are 25 nm 
diameter cytoskeletal filaments ranging in length from 1-1000 µm that are formed by the 
polymerization of the protein tubulin.  In cells, the microtubules constitute the 
transportation network along which motor proteins such as kinesin move.  Kinesin has a 
foot-like motor domain that binds to microtubules and processively takes 8 nm steps 
along the microtubule by converting the chemical energy obtained by the hydrolysis of 
5’-adenosine triphosphate (ATP) into physical movement.4 Kinesin also has a long tail 
that is terminated by a binding region used to transport intracellular cargo such as 
vesicles, or manipulate chromosomes during mitosis.5

Transport in living systems is provided when kinesin “walks” along microtubules to 
carry cargo to desired locations.  For extra-cellular environments, we have been exploring 
an inverted geometry for achieving active transport6,7 of nanoparticles such as quantum 
dots8 (Fig. 4.1).  In this case, the kinesin tail is used to attach the molecular motor to 
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substrate surfaces within self-assembled monolayers rather than to carry cargo.  Short 
segments (2-10 µm) of taxol-stabilized microtubules are then adsorbed by the kinesin-
containing surfaces. In the presence of ATP, the microtubule shuttles are propelled across 
the substrate surface by many tethered motors. The microtubules can be functionalized to 
interact with other species such as nanoparticles. Ultimately, we are interested in creating 
microsystems in which mobile microtubules pick up such cargo, transport the cargo to 
desired locations, and then deposit and assemble the transported objects into desired 
structures. Performing such active transport functions will require controlling the 
interactions between microtubules, cargo, and both loading and unloading stations. 

 

Drosophila
kinesin

Streptavidin-coated
microsphere

Biotinylated
microtubule

 

Figure 4.1.  Illustration of the inverted geometry used for the transport of streptavidin-
coated cargo by biotin-functionalized microtubules across a kinesin surface. 

To help develop design rules for active motor protein transport, we have investigated 
the behavior of a model system in which particles are attached to microtubules using 
passive biotin-streptavidin linkages9 (Fig. 4.1). The biotin-streptavidin linkage has been 
successfully applied in the kinesin-microtubule system for the transport of polymer 
beads,10 CdSe quantum dots,8 gold nanoparticles, and DNA molecules.11 In all cases, 
biotin-functionalized microtubules have been used to bind streptavidin-coated cargos.  
Given the well-known strength (Ka = 1015 M-1) of biotin binding to streptavidin12 and the 
well-characterized loading-rate dependent bond rupture force between the two 
components (5 pN to over 1000 pN)13, the biotin-streptavidin linkage provides an ideal 
starting point for studying interactions between components in active transport systems.  
In previous work,14 a single collision event between a surface-immobilized biotinylated 
microtubule and a kinesin-propelled biotinylated microtubule carrying a streptavidin-
coated polymer bead was observed to result in the transfer of the bead from a mobile to 
an immobile microtubule. The force necessary to affect this transfer was estimated to be 
on the order of 5 pN. Such results clearly illustrate that microtubules can be used for 
cargo transfer functions within microfluidic systems. However, the results do not provide 
much information regarding the probability of such cargo transfer events, or the identity 
of the primary factors that mediate cargo loading, transport, and unloading functions. To 
elucidate cargo-handling behavior, we have performed a series of experiments in which 
mobile biotinylated microtubules carrying streptavidin-coated polystyrene beads are 
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allowed to collide with and interact with other mobile microtubules.  Both beads and 
microtubules were optically tagged (with Dragon Green dye, and rhodamine, 
respectively) to allow component behavior to be monitored using fluorescence 
microscopy. Results were obtained at both 24oC and 30oC, as heating is known to 
decrease the force required to break biotin-avidin interactions,15 as well as increase the 
speed at which kinesin propels microtubules.16 By analyzing what happens as a result of 
these collisions, we have identified several key parameters that ultimately must be 
controlled to optimize active transport systems based on motor proteins. 

4.3 Experimental 
Recombinant Drosophila melanogaster dimeric kinesin bearing a C-terminus 

polyhistidine tag was purified from an overproducing strain of E. coli by Ni2+ 
chromatography as previously described.17 Rhodamine- and biotin-labeled tubulin were 
purchased and used as received from Cytoskeleton, Inc. Streptavidin-coated polystyrene 
beads (0.56 µm diameter, tagged with Dragon Green dye (excitation at 480 nm, emission 
at 520 nm)) were purchased as a 1% solids solution from Bangs Laboratories, Inc. All 
other reagents were purchased and used as received from Sigma/Aldrich Chemical Co.  

Microtubules were prepared by polymerizing a 90:10 mass ratio mixture of 
rhodamine:biotin tubulin at a concentration of 5 mg/mL in BRB80-P (80 mM PIPES, 1 
mM EGTA, 1 mM MgCl2, 1 mM GTP and 10% glycerol, pH 6.9) for 20 min at 37˚C. 
The resulting microtubule solution was then stabilized with taxol by the addition of 
BRB80-T (80 mM PIPES, 1 mM MgCl2, 1mM EGTA, 2µm taxol, pH 6.9) to give a final 
protein concentration of 50 µg/mL. These solutions were used within 24 hours of 
preparation. 

Microscope flow cells were fabricated by attaching a 25 mm x 25 mm #1 cover slip 
to a 3” x 1” microscope slide with two pieces of double-sided tape ~5 mm apart so as to 
form a channel with a capacity of ~15 µL. A 20 µL aliquot of BRB80-CS0.5 (80 mM 
PIPES, 1 mM MgCl2, 1mM EGTA, 0.5 mg/mL casein, pH 6.9) was flowed into the cell 
and incubated for 5 minutes.  Next, a 15 µL aliquot of BRB80-K (80 mM PIPES, 1 mM 
MgCl2, 1mM EGTA, 1 mM Na2ATP, 0.2 mg/mL casein, 0.1 mg/mL kinesin, pH 6.9) was 
flowed into the cell followed by another five minute incubation.  Finally, a mixture of 
microtubule-motility (80 µL BRB80-CS0.5 with 2 µM taxol, 1 µL 2M dextrose, 1 µL 
100 mM MgATP, 1 µL 0.8 mg/mL catalase, 1 µL 2 mg/mL glucose oxidase, 0.5 µL 2-
mercaptoethanol, 20 µL 80 µg/mL microtubule solution, pH 6.9) and particle-motility (90 
µL BRB80-CS0.5 with 2 µM taxol, 1 µL 2M dextrose, 1 µL 100 mM MgATP, 1 µL 0.8 
mg/mL catalase, 1 µL 2 mg/mL glucose oxidase, 0.5 µL 2-mercaptoethanol, 10 µL 
streptavidin-coated beads solution, pH 6.9) solutions were added into the flow cell. A 3:7 
volume ratio of the two solutions was selected for all experiments, as this ratio was 
observed to achieve the maximum number of microtubules bound to the kinesin surface 
and bearing single particles. Solution concentrations of microtubules and beads were 
typically adjusted to provide approximately 100 microtubules in the microscope field of 
view, of which 5 or so were carrying a bead. These conditions resulted in a prevalence of 
collision events between microtubules carrying single particles, simplifying the 
observation and classification of collision events. Experiments were performed at 30˚C 
by heating with both a calibrated Peltier heater from the bottom and a heated oil-
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immersion objective from the top. Samples were allowed to thermally equilibrate for 15 
minutes before data was acquired. 

Fluorescence microscopy was performed on an Olympus BX51 inverted microscope 
using a 100x oil immersion objective. Images were recorded using a Hamamatsu C4742-
98 digital camera and processed using the MicroSuite software package. Microscopy data 
was acquired by taking movies at a rate of one second per frame over a five minute 
period. Analysis of collision events was accomplished by reviewing all movies for a 
given biotin concentration. This process involved analysis of at least 12 videos involving 
150 to 325 clearly observable collision events for each sample. 

4.4 Results   
Collisions between bead-carrying and bead-free microtubules give six distinct 

outcomes (Fig. 4.2): 1) Bypass – Microtubules cross over each other with minimal 
distortion or deflection. 2) Microtubule Bending – The bead-free tube is bent as it 
collides with the bead on the other microtubule, but does not appear to slow down or 
stick to the bead. 3) Particle Dislodgement – The stress imposed by the bead-free 
microtubule can be sufficient to dislodge the bead from the parent microtubule (like a 
“nano-slingshot”), resulting in a free particle that is bound to neither microtubule. 4) 
Particle Transfer – The bead-free microtubule can bind to the particle, resulting in a 
hand-off of the bead from the host to the encountered microtubule. 5) Microtubule 
Joining – When both microtubules interact strongly with the particle, the particle can glue 
the microtubules together, forcing one microtubule to tag along with the other. 6) 
Microtubule Severing – In rare cases, the bead-free microtubule is severed when it 
collides with a bead being transported by another microtubule. 

The distribution of the collision outcomes listed above was measured at both 24oC 
and 30oC.  For each temperature, at least 150 clearly observable collisions were observed 
and assigned to one of the six distinct categories.  Regardless of temperature (Fig. 4.3), 
collisions resulted in non-interactive bypass events 45-55% of the time.  At room 
temperature, the next most probable events were microtubule joining and bending (15-
20% each), followed by particle transfers (10-15%).  Particle knock-off and microtubule 
severing events were relatively rare (around 5% and 1%, respectively).  The same general 
trends were observed at 30oC.  However, particle transfer events were only half as 
prevalent at 30oC than at 24oC. 

4.5  Discussion 
In order to design optimized active transport systems, we need to be able to 

understand and manipulate the key factors controlling the distribution of collision events 
involving microtubule shuttles with other shuttles and channel walls. Our model system 
of biotinylated microtubules and streptavidin-coated polystyrene beads provides a 
framework against which models for component interactions can be evaluated. The 
observed distributions can be rationalized on the basis of the mechanics of motor 
proteins, the biotin-streptavidin linkage, and the microtubules themselves. The motor 
proteins determine the velocities and forces applied to the colliding objects.  Our kinesin 
moves at a velocity of 0.4 µm/sec16, with a force per motor of 5 pN.3 The collective force 
applied by a typical motor protein monolayer (3600 kinesin/µm2) on a typical 
microtubule (5 µm long) can be substantial (up to 1500 pN if all motors are working in 
concert). The biotin-streptavidin linkage determines whether components are joined 
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together in encounters or if component linkages fail under the stresses associated with a 
particular collision. The force required to rupture the biotin-streptavidin linkage is a 
dynamic property that is proportional to the logarithm of the loading rate13 (e.g. 25 pN 
and 500 pN at loading rates of 1 pN/s and 7.5 x104 pN/s, respectively) and inversely 
proportional to temperature.15 Therefore, the outcome of a given collision can be dictated 
by the loading rates that are experienced. 

 

(a) bypass

bending

dislodgement 

transfer

joining

severing

(b

(c) 

(d

(e) 

(f) 

 

Figure 4.2.  Fluorescent micrographs taken from sequences showing the various 
outcomes of a particle-laden microtubules colliding with a particle-free microtubule.  
(See Web site for complete video sequences.)  Events shown are:  a) bypass, b) 
microtubule bending, c) bead knock-off, d) bead transfer, e) microtubule joining, 
and f) microtubule severing.  In all cases, black arrows indicate the initial direction 
of microtubule motions, with times given relative to the left image of each sequence 
(corresponding to t = 0).  The scale bars for each sequence are shown.  Times 
between frames are a minimum of one second (e.g. for frames 2 and 3 in c)), but 
times between frames in most sequences are arbitrary, as sequences were selected to 
illustrate behaviors rather than kinetics.  When important for analyses, time intervals 
are indicated in the text. 
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The mechanical properties of the microtubule determine the collision geometry, 
loading rates, and dictate component failure probabilities. When a particle-laden 
microtubule encounters a particle-free microtubule, general collision geometries include 
(Fig. 4.4):  a) a “particle-on-top” mode, in which the particle laden shuttle crawls over the 
particle-free shuttle, should statistically occur 50% of the time resulting in bypass events, 
b) a “teeter-totter” mode, in which a crossing microtubule is on top and sequentially 
attaches to one side and then the other of a particle-laden microtubule, and c) a 
“bridging” mode, in which the crossing microtubule is on top and is attached to the 
substrate on both sides of the particle. For b) and c), another important geometric factor is 
the angle between the colliding microtubules. For simplicity, we will only describe the 
mechanics of encounters between microtubules that are perpendicular to each other. 
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Figure 4.3.  Bar graphs showing the percentage of collision events exhibiting the 
indicated behavior at 24oC (black bar) and 30oC (grey bar).  Percentages predicted on 
the basis of component mechanics (see Discussion) are white bars. 

The length distribution and flexural rigidity (EI) of the microtubules determines 
whether “teeter-totter” or “bridging” collisions occur.  The distance (L) required for a 
crossing microtubule to reattach to kinesin motors on the far side of an obstacle is given 
by [3]: 
 
L = [<x2>(3EI)/(kT)]1/3  (1) 
 
Where x is the height of the obstacle being crossed and T is temperature.  At room 
temperature, and for x = 25 nm (the microtubule diameter), L is around 2 µm.  This 
means that microtubules shorter than 4 µm will cross in the “teeter-totter” mode, while 
longer microtubules will cross in the “bridging” mode. 
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In “teeter-totter” collisions involving short microtubules, forces and loading rates are 
dictated by the stresses built up in the crossing microtubule as it is bent by the moving 
particle it has encountered. In the “worst case” perpendicular collision, the deflected 
microtubule can be treated as a cantilever spring that is clamped on one side only by 
kinesin motors, for which:3

a)

b) side

top

c)

top

side

  

Figure 4.4.  Illustrations of major collision geometries:  a) the host microtubule (black 
outline) carries a particle (blue) over an encountered microtubule, b) side (early and 
late time) and top views of the encountered microtubule crossing and contacting the 
particle in a “teeter-totter” mode, and c) side and top views of the encountered 
microtubule bridging the host and its particle cargo. 

   
F = (3EI)(y(L))/L3  (2) 
 
Here, L is the length of the free portion of the microtubule, y(L) is the distance the end of 
the microtubule is deflected (perpendicular to L), and F is the force the microtubule is 
exerting on the bound particle. For an experimentally-observed beam-bending encounter 
(Fig. 4.2b) with L = 1.5 µm, y(L) = 1 µm, and EI = 2.6 x 10-23 N-m2, the calculated force 
exerted on the particle by the crossing microtubule is 23 pN. Loading rates can be 
estimated by dividing the force at a given deflection (23 pN) by the time required to 
achieve the deflection (2.5 s), resulting in a loading rate of 9 pN/s.  At this loading rate, 
the force required to rupture a single streptavidin-biotin bond (37 pN) exceeds the applied 
force. For this example, the mechanics analysis suggests that the bending microtubule 
will not supply sufficient force to dislodge the particulate cargo. 

In “bridging” collisions involving long microtubules, where the crossing microtubule 
is clamped on both sides by kinesin motors, the particle experiences the full force applied 
by the moving shuttle beneath it. As such forces are quite high (up to 1500 pN for a 5 µm 
shuttle), component failures typically occur before the forces resisting forward motion 
cause the motors propelling the shuttle to stall out. The first thing that happens is that the 
clamped microtubule bends in the middle. This bending determines the loading rate.  For 
example, in Fig. 4.2c, the particle moves 0.4 µm at a velocity of 0.4 µm/s after a bridge is 
formed, resulting in a loading time of one second. The particle is being propelled by a 7 
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µm microtubule with a net force as high as 2100 pN, resulting in a loading rate of 2100 
pN/s. At this loading rate, the force required to rupture the streptavidin-biotin bond is 
only around 80 pN, which means that at least 26 linkages would be required to keep the 
particle attached to the shuttle.   

Another failure mode associated with a “bridging” collision involves rupture of the 
microtubule. Microtubule severing will occur when the radius of curvature of the 
“bridge” is tighter than the 0.6 µm reported to cause failures.18 The tension (T) built up in 
the microtubule can be estimated by19: 
 
T = EI/2R2   (3) 
 
For the sequence shown in Fig. 4.2f, R at rupture appears to be 0.5-0.6 mm as expected, 
corresponding to T = 36-52 pN. For the same sequence, the rupture force for the biotin-
streptavidin bond is estimated to be 67 pN, indicating that severing should occur prior to 
particle dislodgement as is observed. 

Bypass, bending, particle dislodgement, and microtubule severing events can all 
occur when a particle-laden microtubule encounters biotin-free microtubules. The final 
two classes of collisions, microtubule joining and particle transfers, require that free 
streptavidin on the particle bonds to biotin on the encountered microtubule. For “short” 
microtubules, the analysis above suggests that joining events, in which no biotin-
streptavidin bonds are disrupted, should be preferred relative to transfers, in which bonds 
to one of the microtubules must be broken. For “long” microtubules, joining events 
should be rare, as the forces applied are too strong to be sustained by even multiple 
biotin-streptavidin linkages. However, transfers of the particle to the crossing 
microtubule should have a high probability relative to particle dislodgement or 
microtubule severing processes, as the odds for dislodging all linkages to both 
microtubules simultaneously should be low. 

Clearly, collisions between particle-laden colliding microtubules involve complex 
interactions that are beyond our ability to model in a quantitative fashion. However, with 
just a few simplifying assumptions, and using the very basic models presented above, we 
can arrive at distributions for collision events that are in qualitative agreement with 
experimental observations. All collisions in which the particle-laden microtubule crosses 
on top are assumed to result in bypass events. For “teeter-totter” collisions involving 
“short” microtubules, all biotin-free collisions are assumed to result in microtubule 
bending, while collisions in which streptavidin contacts biotin on the crossing 
microtubule are assumed to result in joining. For “bridging” collisions with “long” 
microtubules, all collisions with biotin are assumed to result in particle transfers, while 
biotin-free collisions are assumed to result in particle dislodgement and microtubule 
severing (with equal probability for simplicity). With these assumptions, the observed 
microtubule length distribution (75% are “short”), and the assumption that 50% of all 
collisions result in the formation of biotin-streptavidin bonds to the encountered 
microtubule, the predicted distribution for collision events is (Fig. 4.3):  Bypass = 50%, 
Bending = 19%, Joining = 19%, Transfers = 6%, Knock-Off = 3%, and Severing = 3%.  
This distribution compares well with the distribution observed in experiments at 25oC:  
Bypass = 45%, Bending = 20%, Joining = 18%, Transfers = 10%, Knock-Off = 5%, 
Severing = 1%.  A more detailed analysis of the composition of colliding components 
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and the exact geometries of each collision would be required to provide quantitative 
predictions that could be directly compared with our experimental results.  However, the 
analysis does suggest that the distribution of collision events should be sensitive to 
component attributes including the length of the microtubules, the loading rate dependent 
rupture force of linker groups, and the concentrations and accessibility of linker 
components (e.g. biotin and streptavidin) on the microtubules and particles, respectively.  

4.6 Conclusions 
The use of motor proteins and microtubules to transport and assemble objects in 

microfluidic systems requires controlling interactions between microtubule shuttles, the 
cargo, and other objects in the system such as channel walls. For transport in 
microchannels, shuttle motion must not be impeded by components sticking to each other 
or to channel walls. Conversely, for cargo harvesting and delivery, the cargo must 
interact with channel walls to allow hand-offs to occur without impeding shuttle motion.  
The development of active transport systems based on motor proteins requires 
understanding the physics of shuttle collisions leading to design rules for component 
optimization. The experiments reported here have allowed us to identify some of these 
design rules. For active transport of relatively large particles, unimpeded transport will 
occur when shuttle collisions are strongly biased to favor bypass and bending events 
relative to other possible outcomes. An analysis based on the nanomechanics of our 
interacting components indicates that this can be achieved by utilizing shuttles that are 
shorter than 4 µm long (minimizing severing, knock-off, and transfer events) and by 
using minimal functional groups concentrations to affix cargo to microtubules 
(minimizing the probability of joining events and shuttle agglomeration). (The 
appropriate design rules for transporting sub-micron particles are addressed elsewhere20).  
For cargo transfers, optimized loading and unloading zones may ultimately involve the 
use of interfaces whose interactions can be switched using “on-chip” stimuli.21 The 
results reported here suggest that another design feature for cargo-handling stations may 
involve controlling the compliance of cargo handling zones. For strain-rate-dependent 
linkages such as the biotin-streptavidin bond, our analysis suggests that compliant 
materials, such as the “long” microtubule bridges observed here, will be more effective at 
harvesting particles than more rigid objects such as channel walls. This is because more 
compliant objects subject colliding objects to lower loading rates, which can lower the 
force required to disrupt strain rate-dependent linkages by over an order of magnitude.  
With optimized linkers, it may be possible to design cargo loading and unloading zones 
by using “hard” and “soft” materials for these respective zones. Both switching and 
compliance strategies are being designed into our next generation of active transport 
systems. 
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5.0 Application of Selectively Functionalized Microtubules for the 
Assembly of Polar –Oriented Synthetic Organized Microtubule 
Organizing Centers 

 
Erik D. Spoerke, George D. Bachand, Jun Liu, Darryl Sasaki, and Bruce C. 
Bunker

 

 

5.1 Introduction 
Microtubules (MTs) are polar cytoskeletal fibers whose function and performance in 

living systems is commonly dependent on their positioning around microtubule 
organizing centers (MTOCs), such as centrosomes in animal cells. Polymerized from 
monomeric α and β tubulin, these organized MT structures influence a diverse array of 
cellular functions, ranging from positioning chromosomes within a cell nucleus during 
cell division to serving as tracks for motor protein-based intracellular cargo transport. 
The precise organization of the MTs as they perform these diverse functions is carefully 
regulated and directed by a complex collection of proteins that serve to nucleate, orient, 
and stabilize the MTs according to their appropriate function.   

Previous reports describe attempts to artificially recreate or mimic these organized 
MT constructs on silica or magnetic beads1,2. Another elegant engineered approach was 
demonstrated by Nedelec, et al.3, where modified kinesin motor protein “constructs” 
were used  to organize elegant, densely packed MT asters. Taking a more direct 
biological approach, others have demonstrated the in vitro reconstitution of MTs around 
isolated centrosomes4-6. 

Of these cases, only the reconstitution of the centrosomes and the use of the motor 
constructs have the ability to direct the polarity of the MTs in their organization, a 
characteristic critical to the function of the MTs. The growth of MTs around the 
centrosomes is nucleated and directed by γ-tubulin protein complexes which bind to the 
“minus” end of the microtubules, imparting polarity to the tubes7,8. This system, however, 
lacks the ability to create “inversely” polar tubes, such that the “plus” end of the MTs 
would be directed centrally. On the other hand, the polarity of the MTs in the asters 
created by motor constructs is derived from the inherent polar interaction with the MTs.  
Because the kinesins inherently move along the MTs from “minus” to “plus,” the motor-
directed organization of these tubes is necessarily polar. Using the specific kinesin 
constructs described by Nedelec et al.,3 however, inverted polar structures will also be 
inaccessible because of the specific protein-based directionality of the assembly.   

We describe here a more direct method for assembly of polar-oriented synthetic MT 
organizing centers (POSMOCs). We take advantage of the polar character of MT 
polymerization to selectively functionalize controlled regions of growing MTs. These 
functional handles on the MTs, then, can be used to direct their polar organization around 
a synthetic organizing center. We specifically describe the assembly of these POSMOCs, 
demonstrating centrally-directed “plus” and “minus” end MT configurations, as well as 
the creation of “bridged” configurations.   
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igure 5.1:  Schematic illustration of multistage MT polymerization and assembly 
to “plus” end (above) and “minus” end (below) POSMOCs.   
 Methods and Materials 
All tubulin was obtained from Cytoskeleton, Inc (Denver, CO). Chemical reagents 

re provided by Sigma (St. Louis, MO). Silica microspheres were purchased from 
ngs Laboratories (Fishers, IN).  Streptavidin-labeled quantum dots were obtained from 
antum Dot Corporation (Hayward, CA). 
The methods for assembly of POSMOCs are illustrated schematically in Fig. 5.1. 
s were capped during growth to prevent polymerization in the “minus” direction using 

ethylmaleimide (NEM).9,10 Monomeric, unlabelled tubulin was dissolved at 5 mg/mL 
BRB80 (80 mM piperazine bis(ethanesulfonic acid), 1 mM MgCl2, 1 mM ethylene 
col bis(b-aminoethyl ether-N,N,N,’,N’-tetraacetic acid (EGTA), pH 6.9). This tubulin 
s first reacted with 1 mM N-ethyl-maleimide (NEM), 0.1 mM guanosine 5’-
hosphate (GTP) in water for 10 min at 0ºC before quenching with 8mM β-
rcaptoethanol (BME) for 10 min at 0ºC. Excess BME, GTP, and NEM were removed 
ng a Biorad P6 spin column.  
Polymerization of “plus” end functionalized MTs was achieved by combining 2 µL 

5 mg/mL NEM-capped tubulin in BRB80P (BRB80 + 10% glycerol + 1 mM GTP) 
th 2 µL rhodamine-labeled tubulin in BRB80P. After 20 minutes, 10 µL biotinylated 
ulin, diluted 10X in BRB80P was added directly to the polymerizing tubes. Following 

-38- 



   

a 20 minute polymerization of this mixture at 37oC, the polymerized MTs were stabilized 
by the addition of 200 µL of BRB80T. MTs were collected by centrifugation at 20,000 x 
g and resuspended in 10 µL of BRB80TAF (BRB80T in 20mM dextrose + 0.02mg/mL 
glucose oxidase, 8 µg/mL catalase, and 0.5% β-mercaptoethanol).   

Polymerization of “minus” end functionalized MTs was achieved using identical 
methods, but using biotinylated tubulin in place of rhodamine-labeled tubulin and vice-
versa. Similarly, bipolar-functionalized microtubules were produced just as the “plus” 
end functionalized MTs were created, but no NEM capping was used.   

Functionalization of silica microspheres was achieved by first washing 100 µL of 
2.34 µm silica microspheres 3x with BRB80, then 2x with chloroform, collecting beads 
by centrifugation in a Galaxy benchtop centrifuge. Beads were then treated for 20 min at 
room temperature in a 10 mM solution of 3-Aminopropyltriethoxysilane (APTES) in 
chloroform. Following silanization, beads were rinsed 3x with chloroform and then dried 
and annealed at 60oC for 1 hour. These amine-functionalized beads were then suspended 
with a 10 mM Biotin-Nitrophenyl ester in tetrahydrofuran (THF) at 55oC for 1 hour. 
Following 3 rinses with THF and 2 rinses with phosphate buffered saline (pH 7.4), beads 
were incubated with Oregon Green-labeled streptavidin, diluted 10X in 1 mL of PBS, for 
at least 10 minutes before use and stored at 4oC. 

The POSMOCs were assembled by first rinsing 1 µL of streptavidin-functionalized 
microspheres 2X in BRB80 to exchange buffers. Beads were then incubated for 10 
minutes in BRB80 containing 0.5 mg/mL casein. Beads were then rinsed with BRB80 
and resuspended in 10 µL of polar MTs in BRB80TAF as synthesized above. This 
suspension was allowed to incubate at room temperature for a minimum of 10 minutes 
before flowing into a cover slip flow cell comprising two glass cover slips separated by 
two pieces of double-sided clear tape, spaced approximate 5 mm apart. After 
approximately 30 minutes, streptavidin-labeled quantum dots, diluted 1000x in 
BRB80TAF, were introduced to the flow cell and allowed to incubate 2 minutes before 
rinsing with BRB80TAF.   

To test the polarity of the functionalized MTs, they were examined using an inverted 
motility assay11,12. Twenty microliters of BRB80 containing 0.5 mg/mL of casein was 
introduced to a blank cover slip flow cell and allowed to incubate at room temperature for 
5 minutes.  Drosophila melanogaster dimeric kinesin proteins, expressed and purified 
from Escherichia coli13, were flowed into the cell and allowed to incubate another 5 
 

Figure 5.2:  Fluorescent microscope image series showing polar-functionalized MT 
movement over an array of kinesin motor proteins.  The MT is moving with the 
“minus” end in front, and is dragging a streptavidin quantum dot (indicated by 
arrows), bound to the biotinylated “plus” end of the MT.   
 -39- 



   

minutes. A suspension of polar MTs and streptavidin-labeled microspheres (dragon green 
fluorescent, 0.5 µm) in motility buffer (BRB80TAF containing 100 µM adenosine 
triphosphate (ATP)) was then introduced to the cell and microtubule motility was 
observed by fluorescence microscopy.   

5.3 Results and Discussion 
The multistage polymerization was found to be an effective method for the synthesis 

of polar-functionalized MTs. Fig. 5.2 demonstrates an example of this success with a 
series of images showing the movement of a “plus” end functionalized MT over an array 
of kinesin motors. The images show a streptavidin-coated quantum dot (indicated by 
arrows) bound to the biotinylated “plus” end of the MT. These kinesin motor proteins 
only move in the “plus” direction along MTs, which means that in the inverted motility 

 

 

Figure 5.3: (a) POSMOCs with “plus” end directed towards microsphere (b) 
POSMOCs with “minus” end directed towards microsphere.  In each case, MTs can 
be seen extending radially from the functionalized microsphere organizing centers. 
Each microsphere is approximately 2.3 µm in diameter.  
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5.4:  Fluorescent images showing examples of microtubule asters formed from
 end functionalized MTs. Asters are formed when streptavidin-coated 
 dots bind the biotinylated ends of the polar functionalized MTs centrally. 
 MTs should move with the “plus” end toward the rear of the moving MT. The 
 Fig. 5.2 clearly show that the quantum dot is bound only at one end of the MT, 
g the functionally segmented nature of the polar tubes. Furthermore this 
l end is at the rear (“plus” end) of the MT. These results show that the 
n of a multistage polymerization process and the chemical modifier NEM 
possible to create MTs with functional components, spatially resolved with 
 the MTs’ polarity.   
ssembly of these polar structures into POSMOCs is revealed in Fig. 5.3.  First, 
t fluorescence emitted from the microspheres themselves comes from the 
reen-labeled streptavidin, confirming the presence of streptavidin binding sites 
icrospheres. Fig. 5.3a, then, shows MTs formed around microspheres, with the 
ctionalized “plus” ends of the MTs directed inward, bound to the streptavidin-
icrospheres. By contrast, Fig. 5.3b shows MTs organized with the “minus” ends 
s directed toward their organizing centers. In both cases the non-biotinylated 

f the MTs extend radially from the organizing centers, similar to the MT 
ion seen around centrosomes. In cases where either non-biotinylated MTs were 
he silica spheres were not functionalized, MTs did not form these synthetic 
terestingly, when quantum dots were substituted for the functionalized 

eres, local concentrations of functionalized quantum dots effectively condensed 
d the functional ends of the polar MTs, producing a different form of MT aster. 
 of these structures are illustrated in Figs. 5.4a and 5.4b, made from “minus” 
ionalized MTs. The relatively high concentration of quantum dots holding the 
ther gives rise to the brightly fluorescing organizing centers in these structures. 
ults are clear evidence of how the spatially-controlled chemical function within 
erized MTs can be used to direct their assembly into complex structures, 

nt on biological organizing centers. 
e cases where no NEM capping was applied, the MTs were formed with 
ed functionality on both ends of the MTs. Such structures demonstrated the 
 bridge two organizing centers, as shown in Fig. 5.5. The image in Fig. 5.5a 
 fluorescence from both the rhodamine-labeled tubulin and quantum dots that 
 attached to the biotinylated segments of these MTs.  This image shows that the 

ly extends between the two streptavidin-labeled microspheres. The image in Fig. 
s only the fluorescence emitted from the quantum dots. These quantum dots, 
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bound to the biotinylated regions of the MT, are localized at the ends of the MT where 
the MT is binding to the streptavidin-coated microsphere. These images suggest that the 
binding of the MT to the microsphere is mediated by the linkage between the biotinylated 
end segments of the MT and the streptavidin-functionalized surfaces of the microspheres.  
When the NEM is not used, there is significant polymerization on both ends of the MT. 
These observations are consistent with previous work by Bachand et al.11, who used a 
similar, multistage approach to MT polymerization to create quantum dot-MT 
nanocomposites. The current work demonstrates a wider applicability of this approach, 
illustrating how the multifunctional structure of these MTs may be used to manipulate 
their organization into designed architectures.   

 

 

Figure 5.5:  Fluorescent images showing a MT bridging two microsphere organizing 
centers.  (a) Fluorescence (Ex: ~550 nm) from rhodamine-labeled and quantum dot-
labeled regions of the MTs shows the MTs extending between both microspheres.  (b) 
Fluorescence (Ex: ~365nm) from streptavidin-labeled quantum dots only shows that 
the quantum dots are bound only to the biotinylated ends of the MT bridge, 
demonstrating the chemically-functional segmenting of the bridging MT. 

This result not only demonstrates the feasibility of applying these processes to 
creating microtubule bridges, but also stresses the relative importance of using NEM 
capping to create consistently polarized MTs. Previous work has described the potential 
polarity of MTs grown from seeded microbeads, based on the premise that faster 
polymerization in the “plus” direction would lead to longer MTs being polarized2. The 
current work, however, has demonstrated that for the selective functionalization methods 
described herein, preferential growth in the “plus” direction is not sufficient to insure that 
the secondary growth (either biotinylated (“plus” end functionalized) or rhodamine-
labeled (“minus” end functionalized)) will be restricted to the “plus” end.  Rather, the use 
of a capping agent, such as NEM is necessary to facilitate this control.   
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5.4 Conclusions 
This approach to POSMOC assembly represents a simple, versatile methodology 

for the manipulation of microtubule structures. Through controlled, multistage 
polymerization, it is possible to create spatially-resolved chemistry within microtubules.  
This defined chemical character may then be utilized in directing the organization of the 
microtubules to create complex synthetic assembles with polar organization of the 
microtubules. Future work introducing motor proteins to these constructs holds great 
promise for active assembly of complex nanoscale multimaterials. This biologically-
mediated approach to materials assembly has tremendous potential to improve the way 
nanomaterials will be integrated into functional technologies.   
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6.0 Engineering micromachined piconewton force sensors for 
biophysics investigations 

 
Steven J. Koch, Gayle E. Thayer, Alex D. Corwin, and Maarten P. de Boer 

 

6.1 Abstract 
We describe a polysilicon surface-micromachined force sensor that is able to measure 

forces as small a few pN in both air and water. The simple device consists of compliant 
springs with force constants as low as 0.3 mN/m and Moiré patterns for nanometer-scale 
optical displacement measurement. First, we measured the force field produced by an 
electromagnet on individual 2.8 µm magnetic beads glued to the force sensor. Forces 
matched predictions from finite element magnetic modeling and provided a calibration 
for future biophysical applications of the magnet. By repeating with several different 
beads, we measured a 9% standard deviation in saturation magnetization. We also 
demonstrated that the force sensor was fully functional when immersed in aqueous buffer 
and when performing the kinesin inverted motility assay on the sensor surfaces. These 
results show the force sensors can be useful for calibrating magnetic forces on magnetic 
beads and also for direct measurement of biophysical forces on-chip. 

6.2 Introduction 
Functionalized magnetic microspheres are useful for a variety of intra-cellular and 

molecular biophysics applications1-7, but their utility depends on the ability to apply well-
controlled and calibrated forces. Popular calibration methods have relied on inference of 
force from Stokes drag3,4,8 and Brownian dynamics1, while other methods have used 
calibrated microneedles6,9, gravity10 or known properties of polymers11. While very 
useful, these methods have drawbacks in some cases. In Stokes drag calibration, the 
particle radius and solvent viscosity must be known accurately, and also the magnetic 
particle may travel a large distance compared with the particle diameter, leading to 
complications when the field gradient is large. When using Brownian dynamics, the 
length of the tether must be measured or deduced, and the temperature must be well 
controlled. To address these complications, we have designed, fabricated and tested a 
compliant surface-micromachined spring with which the lateral force field of an 
electromagnet on a single magnetic microparticle can be calibrated. This provides a 
simple force calibration method that does not depend on particle shape, polymer tethers 
of known length, or solvent conditions. Furthermore, the spring is sensitive enough to 
allow characterization of single bead, and therefore, bead to bead variation.  

The principle of our device is similar to previous reports using long glass 
cantilevers6,9,  but with some important distinctions. While a long glass fiber is ideal for 
placing a microsphere into a very small gap, each fiber must be individually calibrated 
and may not have an easily controlled spring constant. In the device we describe here, the 
spring constant can be chosen by design, and can be accurately verified by on-chip 
calibration.  Furthermore, the device can operate both in air and water, leading to future 
possibilities of directly measuring biophysical forces on-chip with multiple adjustable 
sensors.   
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Figure 6.2. (a) SEM image of a 186 µm force transducer (30 pN / nm), scale bar 50 
micron.  Stiffer force sensor is shown for ease of display, while a longer, 581 force 
sensor (1 pN / nm) is used for data in this report. (b) 10x picture of device with single 
bead positioned next to the electromagnet, scale bar 100 micron.  Position of single 
magnetic bead indicated by arrow.     
6.3 Design and fabrication of surface-micromachined force sensors 
As seen in Fig. 6.1(a), the device consists of a folded-beam suspension attached to a 

Moiré grating. It is fabricated by surface micromachining methods12, and the structural 
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material is polycrystalline silicon (polysilicon). The spring constant of the grating can be 
determined from: 
 

( ) 1333)(2
−

+∆−= io LLtwwEk   (1)       

where E =164 GPa13 is Young’s modulus, w  = 1 µm is the nominal linewidth, w∆  = 0.23 
µm (as measured by high-resolution SEM) is the decrease in the nominal linewidth due to 
processing, t = 2.25 µm is the spring thickness and oL  and iL  are the respective lengths 

of the outer and inner spring beams. For these designs, oL -
iL  = 19 µm, and oL  values 

were 186, 268, 388, 561 and 823 µm, for nominal spring constant values of 34, 11, 3, 1 
and 0.3 mN/m.   

The displacement sensor is comprised of an object grating attached to the end of the 
spring and a reference grating attached to the substrate. The grating pitch is accurate to ± 
20 nm. To make a displacement measurement, we compare the relative phase of the two 
gratings. Using a 50x objective, by applying sub-pixel interpolation and by virtue of 
averaging over the many pixels of the periodic grating, we can detect phase to one part in 
one thousand. Given the grating pitch of 2.5 µm, this translates to 2.5 nm in-plane 
measurement resolution. Force resolution is then the product of the displacement 
measurement and the spring constant.   

During fabrication, a 12-µm thick silicon oxide material is deposited on the substrate 
while the polysilicon post is built by repeated deposition, lithography and etching steps.  
The polysilicon spring layer is then formed. The oxide material is selectively removed in 
an HF:HCl acid and transferred to water. The most challenging step in the fabrication is 
the drying of the compliant structures. Critical point drying (CPD) with supercritical 
carbon dioxide is used as the working fluid14 to render structures freestanding. Although 
this process in principle avoids capillary-induced adhesion, we can expect that either (i) 
flow or (ii) trace liquids can exert some force on these very compliant structures.  
Generally, structures with Lout ≤ 561 µm or less yielded well, while Lout = 823 µm did not 
reproducibly survive the CPD process. It should be noted that for these lengths, gravity is 
negligible and the sensor is at the same height as the support post.   

6.4 Magnetic force measurements  
Using two micromanipulators and pulled-glass fibers, we affixed with vacuum grease 

individual beads (Dynal M270 streptavidin, product #653.05, lot# F72000) to a desired 
location on the MEMS force sensor with approximately 5 µm precision. Fig. 6.1b shows 
a single bead affixed to a sensor and positioned about 200 µm away from the magnet 
face. The process required about 10 minutes per bead and was efficient enough to allow 
us to individually characterize 9 beads and thus obtain a distribution of saturation 
moments. To minimize uncertainty due to possible ∆w variations, force sensors 
fabricated in close proximity (~300 µm apart) was used for these measurements. That is, 
beads were applied, characterized and then removed before a new bead was placed on 
three adjacent sensors.  Fig. 6.2 shows force versus magnet current for 9 different beads 
at an axial distance of 200 µm from the magnet pole piece. We assumed the saturated 
bead moment to be proportional to bead displacement at a maximum applied current 
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. Measured spring deflection versus magnet current for [nine] different 
hree different sensors.  Each trace represents an individual non-averaged 
h current increasing from 0 to 20 amps.  Magnet degaussed prior to each 
set) Histogram of spring deflection at 20 amps, bin size 50 nm.  Each 
nt represents an average displacement from nine successive image frames 

noise from stray air currents). 
= 560 mT), and constructed the histogram shown in the inset by averaging 9 
measurements after stepping current from 0 to 20 A. For the 9 beads we 
standard deviation of +/- 9%. Previous researchers had measured a 72% and 
d deviation for a similar magnetic microsphere (Dynal M280)8,15. Our much 

ard deviation could reflect improvements in the commercial preparation, or 
eflect uncertainties that arise from the two previous technique’s sensitivity to 
s besides force—namely bead shape, radius, and viscous coefficient in the 
 orientation and separation of bead from giant magnetoresitive sensor in the 
uld also be noted that a potentially high throughput technique based on 

ween magnetic gradient, gravitational, and Stokes forces has also been 
he particles characterized, however, are not directly comparable, and further, 
e again relies on many further parameters besides a simple spring constant. 
 that use of a mechanical spring simplifies the bead to bead variation 
t and improves precisions as demonstrated by a less than 1% variation 
r a control bead that remained affixed to a fourth sensor throughout all 

 (data not shown). 

-47- 



   

For 
approxim
variation
is a com
in partic
the varia
distingu

Figure  
curren  
247, 3  
weight

We a
currents
distance
sensor w
a decay
sweeps (

Usin
magneti
(assumin
magneti
with pur
degrees 
magneti
sensitive
2T). The

 

0 2 4 6 8 10 12
0

200

400

600

800

1000

 

 Spring

307

1007
607

407

207

247

Sp
rin

g 
Fo

rc
e 

(p
N

)

Magnet Current (A)

z = 
167 µm FEMM

 

 6.3. Measured (open circles) and calculated (lines) force versus applied magnet
t for seven different axial displacements of a single bead (from top: 167, 207,
07, 407, 607, 1007 µm).  Calculated values use the best fit value for magnetite
 / weight content of 59% as described in text. 
a magnet current of 20A and pole-to-bead distance of 200 µm the field is 
ately 560 mT, and thus, anisotropy should not be a cause of bead to bead 

. Therefore, the most likely cause of polydispersity is magnetite content, which 
bination of magnetite volume fraction and bead volume. A 3% standard deviation 
le diameter (the upper limit of manufacturer’s specifications) could account for 
tion we see in saturated bead moment. However, our current method is unable to 

ish between variations due to particle size or magnetite volume fraction.  
lso used the micro-spring to calibrate the force field on a single bead for various 

 and axial displacements from the pole, as shown in Fig. 6.3. For a given 
, the data represent a single current sweep (0 to 10 A), and the same bead and 
ere used for all data. Prior to each current sweep, the magnet was degaussed with 

ing 100 Hz current. As expected, due to remnants in the iron core, the return 
not shown) showed significant hysteresis.   
g axisymmetric finite element magnetic modeling (FEMM)17 we deduced the 
te content of the bead by fitting the force curves to the FEMM predictions 
g a 2.8 µm diameter and an initial susceptibility of 1 and saturation 

zation of 208,000 A/m for the magnetite nanocrystals). The magnet was modeled 
e copper wire and a perfectly conical pure iron core with an included angle of 64 
and a blunt tip diameter of 2.75 mils. Accuracy of the FEMM predictions of the 
c field and gradient were roughly confirmed using a 3-axis hall probe with a field 
 volume of approximately 250 microns per axis (SENTRON model 3M12-2-2-
 solid lines in Fig. 6.3 show the FEMM for the best fit magnetite volume fraction 
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of 59 %. This value is significantly higher than the manufacturer’s stated value of 20%, 
but closer to the value of 32% we obtained with SQUID. The shapes of the FEMM 
curves do not depend on the assumed magnetite content, and the overall trend agrees very 
well with the MEMS data. The agreement across a wide current range and axial 
displacement lends confidence to the magnet force field calibration, and validates the 
micro-spring as a robust method for calibrating a magnet/microsphere system for use in 
biophysical applications.   

Another feature of the spring force transducer is its relative insensitivity to 
environmental conditions such as temperature and solvent. We rendered the surface 
hydrophilic with an ozone treatment, and then using a simple flow cell, we hydrated the 
device and demonstrated retention of full functionality. The hydrated force measurements 
were unchanged and noise was significantly damped compared with operation in air. We 
found that the major source of noise was stray air currents. Because results in buffer were 
the same as in air, it was not necessary to hydrate the device to characterize our magnet. 
However, we envision a class of experiments where it will be useful to obtain in-situ 
force measurements using the mechanical spring. To demonstrate the viability of this line 
of experiments, we found that the standard kinesin/microtubule inverted motility assay 
was functional on the MEMS device (we saw a similar velocity as is seen at room 
temperature on glass). The geometry of the current device design, however, was not 
suitable for measuring forces from the molecular motors. Our next goal is to optimize the 
sensor geometry to guide molecular motors and to measure, for example, the stall force of 
a MT shuttle driven by multiple motors, without need for attaching microspheres or other 
handles. The stall force of a MT driven by a single kinesin molecule (~ 7 pN)18  is well 
within the force sensor resolution, and the stall force for a MT driven by a collection of 
kinesin motors is likely higher but unknown. Measuring the stall force versus kinesin 
surface density will be an important measurement relevant to microfluidic devices 
utilizing the kinesin/MT transport system.  

In addition to this example, there are other possible advantages to on-chip real-time 
force sensing. As seen in Fig. 6.3 the force for this magnet can vary by as much as a 
factor of two across a distance of 40 microns, so one would need to accurately know the 
position of the magnet relative to the bead in order to know the force from magnet current 
alone (one would also have to know the hysteretic properties of the magnet). Real time 
force sensing would obviate the need to know the precise location of the bead and magnet 
properties. 

6.5 Conclusions  
We have shown that a simple micromachined force sensor can be used to characterize 

individual micron-scale magnetic particles and also to map the magnetic force field of an 
electromagnet. In the current implementation, the spring constant is determined via the 
fabricated line width and design parameters, but future designs will incorporate on-chip 
self calibration. This will enable us to better address the issue of whether 58% is truly the 
magnetite content. Self-calibration combined with the insensitivity to temperature and 
buffer conditions make the force sensor an attractive alternative to standard calibration 
techniques. We anticipate using the device for characterization of other commercial and 
custom microsphere preparations and other electromagnet designs. Furthermore, we 
anticipate incorporating the force sensor into future MEMS designs which will be used to 
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measure biophysical forces in real time for a variety of biomolecular and sub-cellular 
processes. 
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