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ABSTRACT We show that microtubule polymers can be immobilized selectively on lithographically patterned silane surfaces
while retaining their native properties. Silane films were chemisorbed on polished silicon wafers or glass coverslips and
patterned using a deep UV lithographic process developed at the Naval Research Laboratory. Hydrocarbon and fluorocarbon
alkyl silanes, as well as amino and thiol terminal alkyl silanes, were investigated as substrates for microtubule adhesion with
retention of biological activity. Microtubules were found to adhere strongly to amine terminal silanes while retaining the ability
to act as substrates for the molecular motor protein kinesin. Aminosilane patterns with linewidths varying from 1 to 50 um
were produced lithographically and used to produce patterns of selectively adhered microtubules. Microtubules were partially
aligned on the patterned lines by performing the immobilization in a fluid flow field. Patterns were imaged with atomic force
microscopy and differential interference contrast microscopy. Motility assays were carried out using kinesin-coated beads
and observed with differential interference contrast microscopy. Kinesin bead movement on the patterned microtubules was

comparable to movement on microtubule control surfaces.

INTRODUCTION

The demonstration of selective adhesion of biomaterials
(cells, proteins, carbohydrates, lipids, etc.) to solid sub-
strates requires the selection of a surface and process that
allow the biomaterial to bind without causing denaturation
or compromising the biological activity of interest. In ad-
dition to identifying the adhesive surface, a surface that
resists nonspecific adhesion of the biomaterial in question
must also be discovered to create a selective pattern of the
biomaterial on a solid substrate. Generally speaking, the
identification of a nonadhesive surface is often more diffi-
cult to find because most proteins will irreversibly bind to
surfaces for a number of reasons (Bohnert and Horbett,
1986; Norde, 1986; Elwing et al., 1987; Vandenberg et al.,
1991). In specific cases, however, the goal of spatially
controlled selective adhesion (“patterning”) of biomaterials
has been accomplished many different ways with varying
levels of success. For example, live cells have been pat-
terned by adsorption to patterned silanes on silica (Kleinfeld
et al.,, 1988; Dulcey et al., 1991; Stenger et al., 1992;
Britland et al., 1992; Spargo et al., 1994) and to patterned
organothiols on gold (Lopez et al., 1993; Singhvi et al.,
1994), and by using ultrafine topographical cues to guide
attachment of the cell (Clark et al., 1991). Proteins have
been patterned by selective adhesion or covalent attachment
to patterned surfaces (Prime and Whitesides, 1991; Rozs-
nyai et al., 1992; Bhatia et al., 1992, 1993) and by litho-
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graphic photoresist “lift-off” approaches (Nakamoto et al.,
1988; Lom et al., 1993). In this paper we describe the
interaction of microtubules with a variety of silane-modified
surfaces and show that microtubules can be selectively
adhered to patterned aminosilane surfaces with a minimum
linewidth of approximately 2 pwm.

Microtubules play a central role in both the structural and
biological function of cells. Structurally, they are part of the
scaffolding that defines the shape of most cellular append-
ages and they are also known to maintain the cytoplasmic
distribution of the endoplasmic reticulum and Golgi appa-
ratus (Lee and Chen, 1988; Kreis, 1990). Perhaps of more
importance, however, is the fundamental role microtubules
play in the active distribution of material and organelles
throughout the cytoplasm. Molecular motor proteins, such
as kinesin and dynein, use energy derived from the hydro-
lysis of ATP to travel along a microtubule carrying cargo
such as endosomes, lysosomes, granules, vesicles, mito-
chondria, actin, spectrin, and more (Vale, 1987; Schroer
et al., 1988, 1989; Schnapp and Reese, 1989). Kinesin and
analogues move in the anteretrograde direction along the
microtubule (toward the distal end), and motors in the
dynein family move in the retrograde direction (toward the
basal end) (Vale et al., 1985; Vale, 1987; Gibbons, 1988). In
this way material can be transported independently through-
out the cell along the same microtubule network. Recently,
a variety of new techniques have become available for the
study of microtubules and molecular motors in vitro.
Among these techniques, video-enhanced differential inter-
ference contrast (DIC) microscopy (Schnapp, 1986) and
optical laser trapping (Kuo and Sheetz, 1993; Svoboda
et al., 1993) have had the greatest impact on the understand-
ing of the dynamic properties at the individual molecular
level. A necessary component of the success of these two
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techniques is the ability to anchor biologically active mi-
crotubules and molecular motors to glass coverslips so that
measurements can be made under the microscope. With this
new technology many important characteristics of the mi-
crotubule-kinesin interaction have been elucidated, includ-
ing the isometric force applied by a single kinesin molecule
(Kuo and Sheetz, 1993; Svoboda et al., 1993; Hunt et al.,
1994) and its minimum step size (Svoboda et al., 1993).
Polymer surfaces to which both microtubules and motors
adhere include positively charged materials such as poly-
lysine and polyornithine. In this paper we describe the
binding of microtubules to surfaces modified with organosi-
lane films. Organosilane films are useful as substrates be-
cause they can be obtained commercially with a wide vari-
ety of organic functional groups and can be used to modify
almost any solid having surface hydroxyl groups. Their
most important property in relation to this work, however,
is their ability to be chemically altered by exposure to
deep-UV light (Calvert et al., 1991). Thus, exposure of
silane films to patterned UV light can be used to create
solid surfaces with patterns of different chemical moieties.
Four different alkyl silane films were chosen for this study:
a long-chain hydrocarbon silane (n-octadecyldimethyl-
methoxysilane, ODMS), a fluorinated hydrocarbon silane
((tridecafluoro-1,1,2,2-tetrahydrooctyl)- 1-dimethylchloro-
silane, 13F), a thiol-terminal silane (3-mercapto-propyltri-
methoxysilane, MTS), and an amino-terminal silane (trime-
thoxysilylpropyldiethylenetriamine, DETA). Tubulin
protein was found to adhere to all of these surfaces to at
least some extent. The amino-silane DETA, however, pro-
moted the strongest adhesion of microtubules without de-
stroying their ability to act as a substrate for kinesin motil-
ity. Microtubules are known to have a low binding affinity
for clean, wettable silica and glass cover slides (Sale and
Fox, 1988). Thus, a surface consisting of patterned amin-
osilane interspersed with regions of clean silica and glass
was used to produce selectively adhered microtubules. Mi-
crotubules were partially aligned on these patterned surfaces
by depositing them in a fluid flow field. Microtubules that
were selectively adhered to the patterned aminosilane sur-
faces were shown to serve as normal motility substrates for
the movement of the molecular motor kinesin. This ability
to pattern microtubules while retaining many of their native
properties has possible implications for studying the biolog-
ical mechanisms of motor activity and microtubule struc-
ture, as well as the potential for cargo transport and com-
putational network applications in active micro-devices.

MATERIALS AND METHODS

Tubulin protein was extracted from chicken brain and purified following
the procedure of Murphy and Wallis (1986). Kinesin was isolated from
bovine brain by using a modification of the procedure described by Palfrey
and co-workers (Matthies et al., 1993). GTP, ATP, and casein were
obtained from Sigma Chemical (St. Louis, MO) and taxol from Calbio-
chem (La Jolla, CA). DETA, MTS, ODMS, and (tridecafluoro-1,1,2,2-
tetrahydrooctyl)-1-dimethylchlorosilane (13F) were obtained from United
Chemical Technologies (Piscataway, NJ). Diethylaminoethyl dextran
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(DEAE-dextran; 500,000 MW) was purchased from Pharmacia (Piscat-
away, NJ). All solvents were of reagent grade or better, and water was
deionized with a resistivity greater than 15 M().

Positively charged polymeric control surfaces were produced by coating
coverslips with DEAE-dextran. Coverslips were cleaned with sulfuric acid,
rinsed with water, and then immersed in 10 mg/ml DEAE-dextran for 10
min. After removal from the polymer solution the coverslips are rinsed
with water and air-dried.

Silanes were coupled to n-type, (100) polished native oxide silicon
wafers (WaferNet, San Jose, CA) and number 0 coverslips (Corning Glass
Works, Corning, NY) using the following procedure. Wafers or slips were
immersed in 1:1 concentrated HCl:methanol for 30 min, rinsed three times
with water, immersed in concentrated H,SO, for 30 min, rinsed three times
with water, heated to 100°C for 5 min in water, and then dried with a
stream of filtered nitrogen gas. In addition, the coverslips were exposed to
an oxygen plasma for 2 min before acid cleaning. The DETA silane
reaction mixture was prepared in a dry box and contained 1 mM acetic acid
in dry methanol:water:silane (94:5:1, v/v). Clean substrates were immersed
in this mixture for a reaction time of 15 min and then rinsed four times with
methanol. MTS, ODMS, and 13F silane reactions were carried out in a dry
box by immersing clean substrates in a 1% mixture of silane in dry toluene
(v/v) for 1 h and rinsing four times with toluene. After silanization, all
substrates were dried using a stream of filtered nitrogen and cured at 120°C
on a hot plate for 5 min. Before use with the microtubules, the silane
thickness and advancing water contact angle were measured with a Gaert-
ner Model 115C ellipsometer (Chicago, IL) and a Zisman-type contact
angle apparatus (Zisman, 1964), respectively. Silane film thickness was
determined by first measuring the optical constants for the silicon wafer
and assuming that the refractive index of the film is given by the manu-
facturer’s value for the (bulk) index of refraction (Wasserman et al., 1989).

DETA silane was patterned using the procedure described in Calvert
et al. (1991). Briefly, the silane was cleared from the surface of the
polished silicon wafers by exposure to pulsed 193 nm deep UV ArF
excimer laser light at a total dose of ~28 J/cm?, leaving a bare silicon oxide
surface behind. Similarly, the coverslips were patterned with a dose of ~13
J/em?. Surfaces were either flood-exposed to clear silane from the whole
surface or exposed through a chromium line mask to produce a patterned
array of silane and deep ultrviolet (DUV) cleared areas. DETA line patterns
were made with linewidths varying between 1 and 50 um. After the
patterning process, wafers were dipped in 0.1 M KOH for 2 s (see Results
for a description), rinsed three times with water, and dried with a stream of
nitrogen for immediate use with the microtubules.

Microtubules were assembled (“polymerized”) from approximately 50
M tubulin in PMG buffer (100 mM piperazine-N,N’-bis(2-ethanesulfonic
acid) buffer at pH 6.95 containing 1 mM MgCl, and 1 mM GTP) by
incubating for 10 min at 37°C. Taxol was added to a concentration of 100
1M, and the incubation was continued for another 10 min to stabilize the
microtubules so that experiments could be carried out at room temperature.
After polymerization, the microtubule suspension was centrifuged through
a 40% sucrose cushion for 15 min at 120,000 X g in a Beckman L8—-80
ultracentrifuge equipped with an SW-60 rotor. The resulting pellet was
resuspended and used for the atomic force microscopy (AFM) experiments.
The pelleting procedure removes excess tubulin monomer, which may foul
the surface by competing with the microtubules for available binding sites.
When necessary, the centrifugation was repeated until a satisfactory mi-
crotubule suspension was obtained.

AFM images were acquired by using a Nanoscope III AFM (Digital
Instruments, Santa Barbara, CA) operated in air. Contact images were
acquired with silicon nitride cantilevers (Digital Instruments) with a bend-
ing modulus of approximately 0.06 N/m. Tapping mode images were
acquired with microfabricated silicon cantilevers with a bending modulus
of approximately 30-50 N/m. Minimum contact force (<15 nN) was
maintained for all imaging modes. Microtubule samples for AFM were
prepared using the following protocol. One to three microliters of 5 mg/ml
microtubule suspension was deposited on the wafer surface. After 1 min
the wafer surface was rinsed four times with water to remove microtubules
that did not adhere well to the surface. The wafer was then dipped in
methanol or 1% uranyl acetate to fix the microtubules and dried with a
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stream of nitrogen. Fixing was found to be necessary because unfixed
microtubules were destroyed during the nitrogen drying step.

Patterned samples for kinesin motility studies were prepared using a
protocol similar to that for the AFM samples. Ten microliters of 5 mg/ml
microtubule suspension was washed over a patterned coverslip surface
followed by two 10-ul rinses with PMG buffer and one 10-ul rinse with 5
mg/ml casein in motility buffer (15 mM imidazole, 1 mM EDTA, 2 mM
MgCl,, 1 mM ATP at pH 7). Kinesin-coated beads at 0.05 mg/ml kinesin
were then introduced in motility buffer. Bead motility was observed using
video-enhanced DIC microscopy on a Zeiss Axiovert inverted microscope,
and images were stored for subsequent analysis on super VHS videotape.

For both wafer and coverslip substrates, the microtubules could be
aligned on the surface if the microtubule suspension was made to flow
across the DETA substrate during the initial deposition. For consistency,
this flow pattern was maintained through subsequent rinse steps. It should
be noted, however, that alignment could not be achieved by putting the
microtubule-coated surface into a fluid flow field after a random initial
deposition of microtubules. By that time the microtubules were bound so
tightly to the DETA surface that they could neither be moved or removed
by any flow field we could attain.

RESULTS

The adhesion of microtubules to four silane surfaces
(DETA, MTS, 13F, ODMS) was studied, as was the degree
of kinesin motility on microtubules bound to the silane
surfaces. Table 1 shows average advancing water contact
angles and film thickness of the four silane films. DETA
and MTS have similar wettability (contact angle ~40°),
whereas 13F and ODMS are both quite hydrophobic (con-
tact angle >90°). The contact angle alone, however, was not
a useful parameter for distinguishing the interaction of
microtubules with these surfaces, as can be seen from the
composite of AFM images shown in Fig. 1. Microtubules
bound cleanly to DETA, apparently depolymerized when
binding to MTS, and weakly bound to both 13F and ODMS
surfaces. Kinesin motility assays were carried out on mi-
crotubules bound to coverslips modified with each of the
silane-treated surfaces. Sporadic kinesin motility was noted
on the 13F and ODMS surfaces, indicating that the 13F and
ODMS surfaces may partially depolymerize and denature
the microtubules. No microtubules were ever observed to be
bound to the MTS surfaces; only random aggregates of
protein were observed. Only microtubules bound to the
DETA-modified coverslips supported normal motility of
kinesin. Bovine brain kinesin-coated beads moved with a
typical speed of ~0.5 um/s on the DETA surface, compa-

TABLE 1 Film thickness as measured by ellipsometry and
advancing water contact angles for all silane films (on
polished silicon wafers)

Silane film Contact angle Film thickness (A)
DETA 40 + 3° 6.5 +20
DUV-exposed DETA* 28 + 1.1° ~0
MTS 43 £ 3° 73+20
ODMS 95 + 2° 5020
13F 94 + 2° 50*20

*After KOH treatment.
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rable to motility rates on the DEAE-dextran control surface-
bound microtubules.

DETA wafers that were flood exposed with DUV to clear
(remove) the silane completely from the surface were found
to promote a moderate amount of nonspecific microtubule
adhesion. Rinsing the wafers with organic solvents such as
chloroform or methanol did not substantially reduce the
amount of adhesion. DUV cleared wafers treated with 0.1 M
KOH for 2 s, however, demonstrated a dramatic decrease in
microtubule adhesion. Physically, it was observed that the
KOH treatment improved the wettability of the DUV
cleared region. Compilation of 30 measurements taken from
six separate wafers showed a slight reduction of the mag-
nitude and statistical variation of the advancing contact
angle from 4.3 = 2.2° to 2.8 * 1.1° in the cleared region.
We have not fully investigated the cause of this improved
wettability, but it may be due to removal of residual organic
debris and increased hydrolysis of the silicon oxide surface.
Fortunately, the KOH treatment had only a mild effect on
the DETA silane surface, resulting in a change in contact
angle from 40 * 3° to 38.5 = 5° and a change in film
thickness from 6.5 = 2 A to 6.0 = 2 A. No change in the
affinity of microtubules for the KOH-treated DETA surface
was observed.

High-contrast selective adhesion of microtubules on
DUV patterned DETA surfaces was observed most often on
wafers (or cover glass) that had been treated with KOH as
described above. A ratio of the total length of microtubules
bound (per unit area) on the DETA portion of the surface
versus the total length bound on the DUV cleared portion
(per unit area) was defined as the microtubule adhesion
contrast between those regions of the surface. Wafers that
were not treated with KOH had a typical microtubule ad-
hesion contrast of 10:1 or less, whereas those treated with
KOH were conservatively estimated to have an adhesion
contrast of 100:1 or more.

Figs. 2 and 3 show several AFM images of microtubules
selectively bound to patterned DETA surfaces. In Fig. 2, A
and B, microtubules were selectively adhered to 35-um
lines of DETA silane and imaged by Tapping mode AFM.
No attempt was made to produce alignment by fluid flow.
The enlarged area in Fig. 2 B shows that the actual line edge
resolution (edge roughness) is approximately 1 um or less.
Fig. 2 C shows another 35-um-wide line pattern made with
the same sample of microtubules used in Fig. 2 A. In this
case the microtubules have been partially aligned (orthog-
onal to the line direction) by applying the microtubule
suspension anisotropically such that a fluid flow field is
created during the initial immobilization. Fig. 2 D shows the
two-dimensional Fourier transform of the region of micro-
tubules in the middle of the patterned line. The elliptical
shaped scatter near the center of the transform reveals the
anisotropic alignment of the microtubules normal to the
line direction. The “downstream” edge of the line of
microtubules shows a higher edge roughness (2-3 um)
than the “upstream” edge (~1 wm), consistent with mi-
crotubules bound at one end while hanging off at the
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FIGURE 1 AFM images of microtu-
bules on silane-modified silicon wafer
surfaces. (A) 10 X 10 um contact mode
image on DETA; (B) 50 X 50 pum
contact mode image on MTS; (C) 10 X
10 um contact mode image on 13F;
(D) 10 X 10 pum contact mode image
on ODMS. The height range of the
greyscale is 0 to 30 nm for all figures.

other. It is worth noting the increased fraction of nontu-
bular aggregates seen in Fig. 2 C as compared to 2 A.
This is due to the degradation and depolymerization of
the microtubules during the several-hour period from the
time when the samples were prepared until the images
were acquired. Currently we are investigating methods
for stabilizing the microtubules against this rapid degra-
dation. Finally, Fig. 3 shows an AFM Tapping mode
error signal image (see Putnam et al., 1992) of a field of
microtubules patterned on 8-pum-wide lines. These short
microtubules have been preferentially aligned along the
length of the line.

Fig. 4 shows a series of captured DIC microscope images
of kinesin-coated beads moving on an 8-um-wide patterned
line of microtubules. The microtubules were immobilized in
a fluid flow field and thus have been partially aligned. The
six images are a time sequence over the course of approx-
imately 10 s. Arrows indicate beads whose movements are
relatively easy to follow over this sequence of images. No
preference for left or right movement was observed, indi-
cating that although the microtubules are partially aligned
by the fluid flow they are not oriented by the flow treatment,
i.e., the distal ends of the microtubules are not all pointing
in the same direction.

Microtubule Patterning

DISCUSSION

The interaction of microtubules with surfaces can be
varied greatly by modifying the chemistry of the surface.
Microtubules could be bound to hydrophobic surfaces
(13F and ODMS)), although the binding affinity was weak
compared to DETA and positively charged DEAE-dext-
ran control surfaces. Microtubules bound to hydrophobic
surfaces were poor motility substrates for kinesin, exhib-
iting only sporadic bead movement in the presence of
ATP. It is not surprising that the microtubules adhered to
these surfaces, because proteins are often found to dena-
ture and bind irreversibly when exposed to hydrophobic
surfaces (Bohnert and Horbett, 1986; Norde, 1986;
Elwing et al., 1987; Vandenberg et al., 1991). In light of
this potential for denaturation and subsequent partial
depolymerization of the microtubule, kinesin would be
expected to move only in the regions of the microtubule
where the periodic array of kinesin-binding sites re-
mained undamaged.

The stark contrast of the interaction of microtubules
with the DETA and MTS surfaces was quite surprising
because MTS has been used as a primary surface treat-
ment for covalent coupling of proteins (Bhatia et al.,
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FIGURE 2 AFM images of micro-
tubule patterns on patterned DETA
surfaces. (A) 45 X 45 um Tapping
mode image of microtubules bound to
35-um-wide DETA lines, height
greyscale = 0 to 30 nm; (B) 10 X 10
um enlarged area of the edge of the
pattern in A showing the edge rough-
ness (<1 um); (C) 45 X 45 pm Tap-
ping mode image of partially aligned
microtubules on 35-um-wide DETA
lines, height greyscale = 0 to 30 nm;
(D) Two-dimensional Fourier trans-
form of the microtubule region in the
center of the line in C showing the
alignment of the microtubules orthog-
onal to the line direction.

30.0

1989, 1992, 1993). The MTS surface caused complete
depolymerization of the microtubules. In fact, not a sin-
gle intact microtubule was observed on the MTS surface
when imaging with either AFM or DIC microscopy. In
contrast, the DETA surface performed as well as control
surfaces for immobilizing intact microtubules while pre-
serving kinesin motility. Despite their similarity in wet-
tability, the chemistries of the DETA and MTS surfaces
are dramatically different. At neutral pH the amines of
the DETA surface will be protonated, yielding a uniform
surface with a net positive charge. In contrast, the MTS
surface may have as many as three different chemical
moieties present: electrically neutral sulthydryls and dis-
ulfides, and negatively charged sulfonates (Bhatia et al.,
1993). Because our surfaces were not directly exposed to
a strong oxidizer or large doses of UV light we expect
that the predominant moieties present are the sulhydryls
and the disulfides. Because the surface of tubulin is
highly acidic with a net negative charge at normal pH
(Fields and Lee, 1984) one expects microtubules to bind
strongly to the positively charged DETA. On the con-
trary, the strong interaction of the microtubules with the
MTS surface was unexpected. The depolymerization of
the microtubules on the MTS surface may be due to some
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structural rearrangement of the tubulin monomer itself.
For example, the thiols present on the MTS surface could
destabilize tubulin by chemically reducing the disulfide
bridges within the folded tubulin structure. Evaluation of
this scenario will require further study.

Treatment of patterned DETA surfaces with KOH was
found to be essential for producing high-contrast selec-
tive adhesion of microtubules to the regions of DETA.
Without this treatment, a substantial amount of nonspe-
cific adhesion of the microtubules to the DUV cleared
areas of the surface was observed. Perhaps the most
significant physical change in the cleared areas after the
KOH treatment is the reduction in the statistical variation
of the advancing contact angle, going from *2.2° to
*1.1°. This indicates the presence of a chemically more
uniform surface, which may be due to at least two pos-
sible factors: 1) more uniform distribution of surface
hydroxyl groups and 2) removal of residual organic de-
bris left after the laser exposure. The latter is likely to be
of greatest importance because the laser treatment is not
expected to fully remove all organic residue from the
surface. Unfortunately, we have been unable to quantify
which of these two possibilities is most important be-
cause the amount of debris present on the surface is
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FIGURE 3 60 X 60 nm AFM Tapping mode error signal image of
partially aligned microtubules on 8-pum-wide DETA lines. Height grey-
scale = 0 to 10 nm.

below the detection limit for ellipsometry and cannot be
clearly distinguished with contact or Tapping mode
AFM. In the future, however, it may be possible to
observe residual debris by using lateral force microscopy.

Selective adhesion of microtubules on DETA patterns
was observed for linewidths greater than 2 wm. The best

00:11.14 00:13.44

00:17.38

00:19.75
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examples of selectivity were observed on linewidths greater
than 8 um because the length of the microtubules often
caused overlap between the patterned lines. Microtubules
that were purposely shortened by vortexing or gentle soni-
cation did show the best selective adhesion on the narrower
lines; however, these microtubule suspensions were also the
least stable and degraded rapidly at room temperature. No
selective adhesion was observed on 1-um lines because
even the shortest microtubules bridged these lines. Long
microtubules could be partially aligned by fluid flow on the
patterned substrates (Figs. 2 B and 3), but the degree of
alignment was not sufficient to overcome the problem of
microtubule overlap on the narrow lines. This is evident
even on the 8-um lines in Fig. 3.

Microtubules bound to both patterned and uniform DETA
surfaces showed normal kinesin motility. Bead velocities
were approximately 0.5 wm/s, which is within the error of
the kinesin bead velocity observed on microtubules bound
to the control surfaces. Bead movement on flow-aligned
microtubules was also normal, and there was no evidence
that the alignment procedure produced a predominant ori-
entation (polarity) of the microtubules. Movement along
both directions of the aligned microtubules was equally
probable. It may be possible to break this symmetry by
modifying one end of the microtubule with a bulky group,
which would act as a “sail” or an “anchor” in the flow field.
Perhaps this could be accomplished by incubating kinesin-
coated beads with a dilute suspension of microtubules until
all microtubules ended up with a bead bound at their distal
end.

00:15.38

FIGURE 4 DIC microscope images of kinesin-coated beads moving on an 8-um-wide patterned line of microtubules. The microtubules have been
partially aligned. The six images are a time sequence over the course of approximately 10 s, as shown by the timer in the lower left corner of the images.
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The ability to form patterned arrays of microtubules on
surfaces may have an impact on several areas of research
and technology, including novel micromechanical motors,
control of live cell growth on solid substrates, and devel-
opment of novel computation and cargo transport networks
(Hameroff et al., 1992). To address these issues, several
additional problems need to be overcome besides the selec-
tive adhesion of microtubules on patterned surfaces. Control
of the orientation (polarity) and stability of the patterned
microtubules are two of the most critical issues. The ability
to create meandering paths of immobilized microtubules
with well-defined polarity and long-term stability is essen-
tial for any potential technological application. We are
currently studying how kinesin may be used to create mi-
crotubule patterns with defined polarity by directing micro-
tubule “traffic” during the immobilization process. In addi-
tion, we are continuing to study methods for chemically
stabilizing microtubules without destroying their ability to
act as a substrate for kinesin (Turner et al., 1994).
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