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ABSTRACT We integrate microtubule (MT)-resistant self-assembled monolayers (SAMs) with lithographically

patterned electrodes to control MTs in a cell-free environment. Formed through a facile, one-step assembly

method, the poly(ethylene glycol) trimethoxysilane SAM prevents MT adsorption on both silicon substrates and

Au microstructures without casein. We characterize the SAM using ellipsometry, X-ray photoelectron spectroscopy,

and atomic force microscopy and compare it with other MT passivation techniques. The SAM retains its passivating

ability when used as a substrate for electron beam lithography, a key feature that allows us to pattern

microtubules on lithographically defined Au structures. Moreover, by combining the SAM-passivated Au

microelectrodes and DC electrophoresis, we demonstrate reversible trapping of MTs as well as capture and

alignment of individual MTs.
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arnessing the dynamic functions

of microtubules (MTs) provides a

method for building hybrid nano-
biosystems from the bottom up. MTs are a
major structural component in cells and
nerve fibers and are essential for cell divi-
sion, cell motility, and vesicle transport. MTs
are also a target for treatment of cancer
and Alzheimer’s disease."? Interest in MTs
stems not only from the vital functions they
perform in the cell but also from their abil-
ity to act as nanoscale shuttles driven by
motor proteins, as scaffolds for guided as-
sembly of nanoparticles, and as a basis for
synthesizing nerve-like systems.'**

A natural way for developing MT-based
hybrid systems is by using engineered sur-
faces, where ideally one would be able to
externally control the location, orientation,
and even polymerization of the MTs. More
generally, to establish surface control of bio-
molecules, two major issues must be ad-
dressed: (1) preventing undesirable adsorp-
tion, or fouling, and (2) immobilizing or
otherwise confining the target biomole-
cules to predefined regions. Of these two
goals, the former is a prerequisite to the lat-
ter, as the fouling is often irreversible in
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the laboratory time frame and may domi-
nate over targeted immobilizations at the
micro- or nanoscale. Because MTs tend to
adhere strongly to glass and silicon sur-
faces, the milk protein casein is frequently
used for surface passivation.> However, pas-
sivation using poly(ethylene glycol) (PEG)
organosilanes has several advantages over
casein. First, the noncovalent interaction
that binds caseins to the silica surface is
considerably less stable than the covalent
bonds of grafted organosilanes. This in-
creased stability, as well as the ability of or-
ganosilanes to form ordered, smooth sur-
faces makes them more suitable as
substrates for lithographic patterning. Sec-
ond, the mechanism through which grafted
layers prevent protein adsorption has been
studied in much detail, providing several
models through which one can analyze the
interaction between MTs and grafted orga-
nosilanes.® In contrast, the passivation
mechanism through which casein prevents
protein adsorption is not well-understood.®
We have quantitatively analyzed the extent
to which casein and PEG SAMs are able to
prevent MT fouling on glass and silicon and
compare these with two other common
passivating methods: hydrophilization and
surfactants. The methods chosen for study
have been shown to reduce biomolecule
adhesion in a variety of settings, though, to
our knowledge, PEG-functionalized SAMs,
which prevent MT fouling without casein,
have not been previously reported.”'°
Once surface fouling of MTs has been
prevented, immobilization may be at-
tempted. Surface immobilization of pro-
teins, DNA, cells, and microspheres has
been achieved through nonspecific adsorp-
tion, ligand-receptor binding, and chemical
cross-linking."' ~ ' Several studies have suc-
cessfully employed these methods for im-
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mobilizing MTs.”'®'” While these methods are suited
to assays of adsorption kinetics and related phenom-
ena, they do not provide for external control of the on-
set and duration of target binding. This is because the
surface begins binding the target molecules immedi-
ately after their introduction, which precludes the on-
demand, reversible manipulation that we seek. Addi-
tionally, several works have made use of the highly
specific interaction between MTs and the motor pro-
tein kinesin to immobilize and orient MTs in microflu-
idic channels and on planar surfaces.>'®'? In these
studies, surface-bound kinesins were used to capture
and bind MTs while casein was used to passivate the
surface against MT adsorption. In addition to suffering
from the same lack of external control mentioned
above, large proteins such as kinesins are not ideally
suited as robust surface linkers that can withstand
changes in environmental conditions. To provide such
active manipulation and on-demand adsorption, we
employ DC electrophoresis. Electrohydrodynamic
forces such as DC electrophoresis are compatible with
MTs, programmable, and readily incorporated into elec-
trochemical sensor assemblies. 224

We show that PEG-silane SAMs can be made to pre-
vent MT adsorption effectively and then integrate these
SAMs with gold structures patterned through electron
beam lithography (EBL). The integration of the SAM
with lithographic patterns demonstrates that the SAM
is useful as either a nonfouling substrate or overlayer
onto which MTs can be reversibly assembled and ori-
ented using DC electrophoresis. The technique has a
distinct advantage over methods which employ chemi-
cal binding or protein-ligand cross-linkers (such as
biotin and streptavidin) and does not require fabrica-
tion of microfluidic channels to confine the MTs.'82>2¢
More broadly, the combination of SAM, EBL, and electri-
cal manipulation has the potential for making func-
tional nanopatterns of biomolecules.

RESULTS AND DISCUSSION

Microtubule Antifouling Surfaces. Fouling of fluorescently
labeled MTs onto glass and silicon substrates treated
with hydroxylation, Triton X-100 surfactant, a PEG SAM,
or casein was measured using fluorescence micros-
copy. MT adsorption to cleaned glass and silicon sur-
faces was used as a control. A flow chamber was as-
sembled from the test surface and a glass coverslip, and
the solution of MTs was introduced into the chamber,
then flushed out (Figure 1a). The untreated glass cover-
slip at the bottom of the chamber in each assay served
as a reference that allowed us to quantitatively compare
the fouling on the different test surfaces (Figure 1b).

The results, reported in Table 1, indicate that the
SAM and casein passivate silicon surfaces extremely
well, while Triton X and hydrophilization worked well
on glass but not as well on silicon. As expected, the MT
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Figure 1. Passivation assay setup and fouling of MTs. (a) Flow cell with
inverted sample mounted to a glass coverslip. Large arrow indicates di-
rection of fluid flow. (b) MT fouling on a clean glass coverslip.

adsorption to the casein-passivated surface was below
the level of fluorescence detection.

We used Triton X to passivate the flow cell prior to
MT injection and also included it in the MT solution at
0.05% v/v. Compared to the nonspecific adsorption on
clean silicon substrates, this method was moderately
successful in reducing MT adsorption, with area cover-
age of 66% of the value for clean glass. However, as with
the hydrophilization, Triton X was much more success-
ful at reducing MT adsorption on glass substrates, re-
sulting in 12% as compared to the clean glass.

PEG SAMs have been shown to be quite stable and
exceptionally resistant to protein fouling. van den Heu-
vel et al. successfully incorporated a PEG SAM onto en-
gineered surfaces for rectifying MT-kinesin motility and
studying MT docking to kinesin-covered electrodes.?**”
Because, in those reports, casein was used in addition
to the SAM, we studied the ability of the SAM alone to
resist MT adsorption, which was found to be compa-
rable to casein, with over 99% MTs blocked (Table 1).
SAMs prepared in this way are quite robust as they can
be flushed clean, dried, sonicated in organic solvents,
and reused without loss of nonfouling properties, which
would be difficult to achieve using noncovalently
bound proteins such as caseins. Furthermore, a wide
choice of SAM molecules allows for additional function-
alization of the surface.

Although substrate hydrophilization and surfac-
tants show MT resistance, they are not suitable for cre-
ating binary surfaces because they make poor sub-
strates for micro- and nanofabrication and because
methods for geometrically restricting them on the sur-
face are not well-developed. Casein is used in most cell-
free MT studies because it passivates a variety of sur-
faces to MT adsorption including glass, silica, gold, and
SAMs. Interestingly, casein which has been subjected to

TABLE 1. Assaying Passivation of Silicon and Glass to MT Adsorption®

dean hydrophilic Triton X PEG SAM casein
silicon  0.8620 = 0.1423  0.7927 = 0.1312  0.6589 = 0.0909  0.0079 = 0.0082 0
glass  1.0000 = 0.3087 0.1772 = 0.0776  0.1181 £ 0.0237 N/A 0

“Values reported as area covered by MTs relative to clean glass (see Methods). No MTs were de-
tected on casein-coated surfaces. No value is given for SAM passivation on glass as we did not at-
tempt to form SAM layers on glass substrates.

 TAN K
VOL.3 = NO.7 = 1938-1946 = 2009 A@%{\)

1939



1940

lithographic resist coating and removal retains its anti-
fouling ability in kinesin motility assays.® Yet the de-
tailed mechanism for casein passivation is not
well-understood.®?° It does not have well-defined sec-
ondary or tertiary structures and is relatively hydropho-
bic, so it tends to form micelles of various shapes and
sizes.® Consequently, casein coatings will thus be thick
and have high roughness, and caseins may easily de-
tach and reattach to the surface. Strong blocking by
casein thus could be simply the result of detachment
of caseins loosely bound to the surface as they nonspe-
cifically attach to MTs.

MT-Resistant Trimethoxysilane SAM. To understand the
mechanism behind the MT resistance of the SAMs, we
further characterized the SAM using ellipsometry,
angle-resolved X-ray photoelectron spectroscopy
(ARXPS), and atomic force microscopy (AFM). These
methods are able to determine the thickness, morphol-
ogy, and roughness of the SAM.> From ellipsometry,
the SAM thickness was determined to be 3.26 = 0.66
nm, where the error is the standard deviation across
three different regions.>>3' The ARXPS measurements
on identically prepared samples resulted in a SAM thick-
ness of 3.35 = 0.27 nm. Tapping mode AFM, carried
out in ambient conditions, was used to scan a mini-
mum of four 1 X 1 wm? regions on two samples for
both the bare silicon and the SAM. Care was taken to
avoid spurious topographic data by comparing vertical
and horizontal scans of each region and also by periodi-
cally comparing feature sizes obtained from smaller,
high-resolution scans to those obtained at 1 X 1 pum?.
Using a silicon probe with a nominal tip radius of 8 nm,
the average of the root-mean-square roughness, Ry,
was determined to be 0.51 = 0.10 nm, indicating a
smooth, homogeneous silane layer, consistent with pre-
vious AFM studies on similar PEG SAMs.>*33 By com-
parison, the bare silicon substrate measured under the
same conditions had R;ms = 0.14 = 0.01 nm. The SAM
may have higher roughness because the SAM mol-
ecules, although densely packed, are not maximally
packed to a crystalline order (see below), so they are
not perfectly stretched in the thermally fluctuating en-
vironment. Polydispersity in the length of SAM mol-
ecules (3.0—3.8 nm) may also have contributed to the
roughness, which is comparable to Ry, of the SAM. On
the other hand, as verified by the topography image of
the AFM and by low variability in height measure-
ments (see Methods), the roughness is not likely due
to patchiness or island formation with low surface cov-
erage, which may transiently occur during the early
stage of SAM growth.??

The thickness of the PEG SAM is close to that found
for SAMs formed from analogous PEG-thiol molecules
prepared under similar conditions, although it is some-
what thicker than layers formed using vapor deposition
and a lower concentration solution method (as op-
posed to the high-concentration method used
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herein).3'323435 The thicker SAM presented here is
likely due to the high solution concentration and long
incubation time, which tend to increase the surface
density of the silanes and extend the flexible PEG chains
into a brush-like conformation (discussed below).®

Although the mechanism behind the protein-
resistant properties of the PEG-silanes is not fully under-
stood, several factors have been shown to explain the
observed phenomena including steric repulsion by the
flexible PEG chain, distal chemistry and surface density
of the grafted molecule, and surface hydration.>®~38

We estimated the surface density of silane mol-
ecules using the SAM thickness (d):

o= nd

where o is the number of molecules per unit area and
n is the number density. Using Avogadro’s number (Na),
the bulk density of the PEG-silane molecule (p = 1.08
g/cm?), and its molecular weight (My, = 450—600
g/mol), we determined n:

The range of molecular weights of the PEG-silane
molecule gives the surface density of the SAM as
3.53—4.71 molecules/nm?. This is 61—81% of the close
packed maximum, 5.8 molecules/nm?, indicating a
densely packed monolayer.>*3” The high surface den-
sity and the fact that the PEG-silane molecule has a
length of 3.0—3.8 nm, approximately the thickness of
the SAM, indicate a brush-like arrangement of the PEG
chains.®

The method used for the SAM preparation (a long,
liquid phase formation at elevated temperature) likely
results in a single siloxane bond formed from one of the
methoxy head groups, while the other two methoxy
groups either remain intact or cross-link to neighbor-
ing silanes.*®*! This would present a disordered layer
of methoxy and cross-linked silanes near the silicon sur-
face in addition to the distal methoxy group and may
explain the high resistance to MT adsorption; a diagram
of this proposed SAM structure is presented in Support-
ing Information Figure S1. Because distal methoxy
groups are likely present at the solution interface, it is
evident that these groups do not promote MT binding.

Integration of SAM with Electron Beam Lithography. As a
demonstration of the versatility of this approach for
patterning functional surfaces for biomolecules, we
have integrated the SAM with lithographic patterns.
Due to the robust nature of the SAM, the procedure is
straightforward. Two methods were used depending on
whether the nonfouling SAM layer would be below or
above the lithographic pattern, referred to as “passi-
vated” and “unpassivated” electrodes, respectively (Fig-
ure 2). The SAM preparation described above was used
for both methods. The unpassivated electrode was fab-
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ricated by first forming the SAM on
the silicon substrates, then spinning
on polymethylmethacrylate
(PMMA) resist and continuing with
standard positive tone EBL (Figure
2a). The passivated electrode was
fabricated by first making a gold
pattern on the silicon substrate and
then overlaying with a SAM (Figure
2b). MT patterning experiments,
discussed below, showed that the
SAM was able to retain its high re-
sistance to MT fouling in both un-
passivated and passivated

unpassivated
electrode

a ) exposure

SAM development

b) exposure passivated

e e Audepositon  gay  electrode

development ¥
and liftoff formation/

Figure 2. Fabrication of (a) an unpassivated electrode on a passivated silicon substrate and (b) a
passivated electrode using a SAM overlayer. Standard positive tone electron beam lithography
steps are shown. Disc-shaped electrode with electrical connection is shown in gold. Not to scale.

formation & Au deposition and liftoff
| / SAM resist //
= ,—> [ :

configurations.
The unpassivated electrode presents a surface with
binary properties: unpassivated Au with a higher affin-
ity for MTs and the adjacent low-affinity SAM region. Be-
cause the Au remains exposed, MTs nonspecifically ad-
sorb to the Au upon introduction to the flow chamber
(Figure 3). However, a wide variety of additional modifi-
cation can be achieved by using the Au pattern as a
template for thiol functionalization, although we do not
explore it in this study.*? For the passivated electrodes,
no MT fouling was seen on 60 wm diameter Au disk pat-
terns, although we did observe MT adsorption on larger
patterns (>100 pm). Despite silicon dioxide surfaces
being used most often for silane SAM formation, these
SAMs are known to cross-link laterally, as discussed
above, which may explain the ability of the SAM to pas-
sivate the smaller gold patterns (Figure S1 in Support-
ing Information).*’ Interestingly, these results indicate
that the size of the underlying Au microstructure affects
the formation of the SAM layer. Under the condition
used in this study, the absence of covalent coupling of
the silane to the Au surface appears to disrupt the SAM
formation only for the larger diameter Au structures,
though further study is required to fully understand this
phenomenon. Below, we employ passivated patterns
for on-demand electrophoretic adsorption of MTs.
Reversible Trapping of Microtubules Using Electrophoresis. To
externally direct MT localization, we applied a DC po-
tential across the flow cell to induce electrophoretic mi-
gration of the MTs. This allows us to prevent MT foul-
ing on the Au surfaces prior to application of the DC
potential, and in this way, the passivated Au patterns
are used as templates for on-demand MT adsorption,
rather than relying on passive adsorption as in Figure
3. Because the isoelectric point of tubulin is approxi-
mately 5.4, the MTs are negatively charged when sus-
pended in a buffer at pH 6.8. Upon application of a po-
tential, the MTs migrate to the lithographically
patterned gold, which acts as the anode (Figure 4). A
glass coverslip coated with Cr and Au (2 and 4 nm, re-
spectively) was used as the counter electrode. The ul-

counter electrode was not passivated, a small amount
of MTs fouled on the surface, but they are out of focus
and do not interfere with the imaging of the passivated
pattern (Figure 4, bottom). Rather, the faint fluores-
cence of the fouled MTs often aided in locating the pas-
sivated Au patterns prior to application of the poten-
tial. Using a DC power supply, potentials up to 1.5 V
were applied vertically through the flow cells with ap-
proximately 60 wm between the electrodes. Above
about 1.2V, the likelihood for formation of gas bubbles
(due to electrolysis) and MT depolymerization increased
dramatically.

On demand, reversible MT adsorption is shown in
Figure 5 and Supporting Information Video 1 for a 60
pm passivated disk electrode. After introduction of
MTs, we sealed the open ends of the flow cell with nail

Figure 3. Nonspecific adsorption of MTs to a bare (unpassivated)

trathin counter electrode transmits light, allowing the
patterned surface to be imaged through it. Since the
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gold pattern. Absence of fouling in surrounding regions demon-
strates the ability of the SAM to retain its passivating properties
through lithographic processing.
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coverslip with ultrathin Au
counter electrode

passivated
electrode

SAM

Figure 4. Flow cell with electrodes for electrophoretic con-
trol of MTs. Ultrathin counter electrode passes light for im-
aging MT patterns with fluorescence microscope. Objects
not shown to scale.

polish to prevent lateral fluid flow due to evaporation.
Prior to application of the potential, there is no adsorp-
tion of MTs on either the electrode or the substrate
due to the passivating monolayer (Figure 5a). Remark-
ably, even those MTs that are very close to the electrode
are seen to be unattached and are mobile, indicating
that the SAM layer effectively passivates the electrode
(Supporting Information Video 1).

When the potential is switched on, MTs migrate to
the anode, localizing at the pattern while the surround-
ing regions remain free of MTs (Figure 5b). The MTs

0 P S S S S S S
0 50 100 150 200 250 300 350 400
time (s)

Figure 5. Reversible MT adsorption on a passivated disk electrode. (a)
Initially, the electrodes are grounded, and there is no adsorption. (b)
MTs are concentrated on the disk for 100 s at +0.5 V DC. (c) Potential
is then reversed to drive MTs away for 50 s. White lines indicate edges
of electrode. (d) Scanning electron microscopy (SEM) image of a disk
electrode. (e) Plot of MT area in pm? (converted from pixel area) cov-
ered by MTs on the electrode as a function of time with +0.5 and —0.5
V applied alternately; images a—c are taken from the same experi-
ment and are indicated in the plot with a red dot. See Supporting In-
formation Video 1 for the time compressed image sequence showing
the motion of the MTs.

- N

0.00s 5.61s 12.22s 34.23s

Figure 6. MT adsorption and alignment on a ring electrode. (a) SEM image of ring elec—
trode. The Au ring has a line width of 1 um and a diameter of 60 um. (b—e) Time course
of MT adsorption after +1.0 V is applied to the electrode at 0.00 s. A tubulin concentra-

tion of 25 nM was used. See Supporting Information Video 2.
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that are in focus are located very near the plane of the
disk electrode. Upon reversal of the potential, the MTs
are driven away from the pattern (Figure 5c¢). This pro-
cess of reversible adsorption, or trapping, can be re-
peated until the MTs begin depolymerizing from fluo-
rescence exposure (approximately 30 min), making it
possible to switch the pattern between “MT on” and
“MT off” states. The thermal motion of the MTs, which
can be seen in Supporting Information Video 1, indi-
cates the absence of fouling on the electrode.

Despite application of the positive and negative po-
tentials for equal time, a gradual increase in the num-
ber of MTs can be seen near the electrode even though
the surface continues to remain free of fouled MTs.
This can be seen in Figure 5e when comparing the MT
coverage at 150, 250, and 350 s. This hysteretic behav-
ior may be due to the nearby surface inducing a higher
drag coefficient for MTs moving away from the elec-
trode, as opposed to the bulk drag coefficient that ap-
plies during attraction (Figure S2 in Supporting Infor-
mation).* In other words, it appears that MTs are more
easily attracted to the surface than driven away. Fur-
ther studies are necessary to better understand the be-
havior of the MTs as well as the buffer ions near the
electrode and MTs. However, if it is necessary to clear
MTs off of the electrode, they can be easily flushed away
by external flow during the voltage reversal phase,
which can be done by connecting a pump to the sealed
flow cell.

Template Patterning of MTs and Single MT Orientation. This
method of reversible, at-will MT adsorption may prove
useful for guiding MTs to assemble into more organized
filamentous structures. Toward this end, we tested the
ability of this device to capture and align MTs on narrow
gold electrodes. We found that high aspect ratio passi-
vated electrodes are able to orient MTs to the shape of
the pattern after the filaments reach the surface (Figure
6 and Supporting Information Video 2). Lines and rings
were fabricated with line widths of 1 wm, and a poten-
tial was applied as above. As with the disk electrode,
there was no MT adsorption prior to application of the
potential (Figure 6b). Upon application of 1V, MTs rap-
idly adsorb at high density along the line at the top of
the ring and tangent to the ring itself (Figure 6c—e and
Supporting Information Video 2).

Because the MTs begin to overlap very quickly, it is
difficult to determine the extent of this align-
ment. To observe the adsorption process
more closely, we reduced the MT concentra-
tion by one-half (12.5 nM final tubulin con-
centration) and repeated the experiment.
Figure 7 is a series of images that show the
adsorption and alignment of a single MT to
the same size ring electrode as in Figure 6
(shown at higher magnification). The images
are all focused in the plane of the gold pat-
tern. The MT is out of focus at 2.68 s and
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comes into focus as it adsorbs to the ring at 4.20s, while
the area surrounding the electrode remains free of MT
fouling (Supporting Information Video 3).

These results indicate that MTs are able to quickly
align on the electrode surface once the potential is ap-
plied. We postulate that the low interaction of the MT
with the SAM layer on the passivated electrode pro-
motes this high degree of orientation (as compared to
the unpassivated gold) as it allows the MT to reposition
after making initial contact with the surface. It should
be noted that the smaller the gold pattern, the higher
the potential required for inducing electrophoretic mo-
tion of the MTs. As a result, many of the MTs adsorbed
to the ring electrodes in Figures 6 and 7 remain after the
potential is reversed. This higher potential exerts a
larger force on the MTs that may be strong enough to
overcome the steric repulsion of the SAM or to deform
the SAM itself by altering the brush-like configuration of
the PEG chains.>*** It is also possible that the field lo-
cally destroys the SAM, although this is unlikely since
depolymerization of MTs, despite being less stable than
the SAM, was pronounced only at high field strength.
In effect, the MT resistance of the SAM is switched off
by the application of the higher field, a feature that may
allow for immobilization of short “seed” MTs to small
patterns that can then be elongated by addition of free
tubulin. In this way, it may be possible to “grow” polar
MT structures after immobilization on the template. Ad-
ditionally, by growing MTs on the surface and stop-
ping when MTs reach appropriate lengths, it will be
possible to avoid steric interactions between MTs that
may prevent some filaments from completely aligning
on the electrode (bottom of the arc in Figure 7).

CONCLUSION

Among several methods tested for passivating glass
and silicon surfaces against MT adsorption, we found
that the organosilane PEG SAMs have the most desir-
able qualities: a high resistance to MT adsorption, com-
patible with EBL, and simple to prepare. The facile SAM
preparation method, which uses a commercially avail-
able PEG-silane, has been shown to prevent 99.2% of
MT adsorption as compared to clean glass. Character-
ization of the SAM using ellipsometry, ARXPS, and AFM
allows us to estimate the surface density of the silane
molecules and thus the orientation of the molecules in
the monolayer. The MT resistance is likely due to a high
density of cross-linked PEG-silane molecules that
present low interacting methoxy groups at the solu-
tion interface. These results on the interaction of pro-
tein filaments with nonfouling SAMs complement pre-
vious studies which used smaller globular proteins.>®

The robust nonfouling SAM was successfully inte-
grated with EBL for controlling in vitro MT-surface inter-
actions. We determined that the SAM retained its passi-
vating properties after lithographic patterning. When
the SAM overlaid the lithographic patterns, the passi-
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Figure 7. Individual microtubules aligning on a ring electrode with
+1.2 V applied. The dotted line indicates the path of the underly-
ing gold electrode. Time elapsed from the first frame is given in sec-
onds. White arrow indicates a single MT adsorbing to the ring.

vated electrode was used to produce on-demand, re-
versible MT trapping. Furthermore, single filaments
were shown to orient in a parallel fashion onto elec-
trodes in the form of gold lines and circles 1 pm in
width, though controlling MT polarity remains a goal
for future work.

Furthermore, we use standard EBL to pattern on
the SAM as opposed to more laborious methods which
focus on controlling the location of the SAM mol-
ecules.* For both the unpassivated and passivated
electrodes, the size and geometry of the gold patterns
are limited only by the capabilities of the EBL system,
with the smallest attainable features currently at about
10 nm, the same scale as single proteins.

This method bridges the gap between nanoscale
and mesoscale assembly of biomacromolecules on
synthetic surfaces and is applicable to studies rang-
ing from cell-free axonal transport models to biosen-
sor technology. More generally, the electrophoretic
technique may be used for patterning many differ-
ent proteins because, like MTs, most proteins carry a
native charge. Additionally, methods for cross-
linking biomolecules to alkanethiol SAMs on gold
are well-developed and are capable of presenting a
variety of functional surface groups on the unpassi-
vated gold pattern.*? In order to assemble MT struc-
tures that mimic those found in cells, further work
must be carried out to control MT—MT interactions
and orient the MTs in an isopolar fashion. This may
be possible through integration of kinesin motors
and other MT-associated proteins with the on-
demand patterning and manipulation techniques
presented here, ultimately providing a foundation
for cell-free assembly of MT-based superstructures.®
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METHODS

Materials. SAMs were made using
2-[methoxypoly(ethyleneoxy)propylltrimethoxysilane
(PEG-silane), 95%, from Gelest, Inc. High-purity, lyophilized bo-
vine brain tubulin (unlabeled and rhodamine labeled) was pur-
chased from Cytoskeleton, Inc. A nonhydrolyzable guanosine nu-
cleotide (GMPCPP) was used for MT polymerization (Jena
Biosciences, GmbH). Triton X-100, ethylene glycol bis(2-
aminoethylether)-N,N,N’,N'-tetraacetic acid (EGTA), glucose oxi-
dase, peroxidase, glucose, 2-mercaptoethanol, piperazine-N,N'’-
bis(2-ethanesulfonic acid), taxol, hydrogen peroxide (30%), and
sulfuric acid (96%) were purchased from EMD Chemicals. Isopro-
panol, acetone, toluene, and chlorobenzene were all ACS grade
and obtained from EMD Chemicals. Polymethylmethacrylate
(PMMA, molecular weight 950 kDa) was obtained from Brewer
Scientific. Methylisobutylketone (MIBK, ACS grade) was obtained
from Fisher Scientific. No.1 borosilicate glass (referred here sim-
ply as “glass”) coverslips (22 X 50 mm) were purchased from
VWR. Polished electronic grade p-type (111) silicon (referred here
simply as “silicon”) wafers were purchased from Addison Engi-
neering, Inc.

Microtubule Preparation. The following MT preparation proce-
dure was adapted from the lab of Tim Mitchison at Harvard.
Rhodamine-labeled tubulin (50 M) was mixed with unlabeled
tubulin (50 M) at a ratio of 1:2 in PIPES buffer (80 mM pipera-
zine, 1 mM MgCl,, T mM EGTA, pH 6.8 with KOH) containing 5%
glycerol and 1 .M GMPCPP. The tubulin was allowed to polymer-
ize at 37 °C for 30 min then diluted to a concentration of 0.5
.M in PIPES buffer supplemented with 20 .M taxol. Before each
assay, an oxygen scavenging cocktail (glucose 45 mg/mL, glu-
cose oxidase 2 mg/mlL, catalase 0.35 mg/mL, 2-mercaptoethanol
5% v/v in PIPES buffer) was freshly prepared and added to the
MTs to prevent depolymerization from fluorescence excitation.
The final tubulin concentration used was 0.45 M unless speci-
fied otherwise.

Passivation Assay. To assay passivation of sample surfaces, fluo-
rescently labeled taxol-stabilized MTs (approximately 45 nM tu-
bulin concentration) were flushed into flow cells assembled by
fixing the treated sample surface face down onto a cleaned glass
coverslip using double-sided tape (Figure 1a). Solutions were pi-
petted into one end of the flow cell, while a Kimwipe was used
to wick the solution out of the other end. The typical volume of
the flow cell was about 4 L. In experiments that required dis-
placement of one solution with another, we flushed in 40 pL of
each additional solution to ensure a complete volume exchange.
Because each flow cell was assembled by the juxtaposition of a
clean glass coverslip and a test surface in different focal planes,
we were able to examine and compare both surfaces concur-
rently. After allowing the MTs to adsorb for 5 min, the unat-
tached MTs were flushed out with 40 L of PIPES buffer supple-
mented with an oxygen-scavenging solution. The MT adsorption
was observed at 60X magnification under a Nikon TE2000 micro-
scope equipped for fluorescent imaging. The amount of MT ad-
sorption was surveyed by capturing images of 10 different re-
gions distributed across each surface. Using the NIS-Elements
software (Nikon, Inc.), the total pixel area covered by MTs was
tabulated. In each assay, the adsorption of MTs to the clean glass
coverslip was monitored as a control in order to prevent errors
arising from sample-to-sample variation in fluorescence intensity
and MT concentration. The values reported in Table 1 were
scaled to the value for the clean glass substrate in each passiva-
tion assay (Figure 1a), except for the Triton X assay, where the
clean glass value was measured in a surfactant-free solution of
MTs. Error was tabulated from the standard deviation of MT cov-
erage across all 10 images captured for each assay.

Hydrophilization. Glass substrates were made hydrophilic by
hydroxylation with Piranha solution (hydrogen peroxide in sulfu-
ric acid, 1:4, v/v). Warning: piranha solution is extremely reactive
and poses an explosion hazard. The substrates were first cleaned
with the standard cleaning procedure, as referred to in this work,
which consists of sonication of fresh substrates in acetone for 5
min followed by rinsing with isopropanol and drying with nitro-
gen gas. They were then immersed under fresh Piranha solution,
which was hot due to the exothermic reaction from mixing, for
10 min followed by rinsing with deionized water and drying with
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nitrogen gas. The substrates were then rinsed with 0.1 M KOH
for 10 s followed by a rinsing with DI water and drying under ni-
trogen.”

Casein Protein Passivation. Casein was used to passivate the sur-
faces in the same manner as standard motility assay protocols.*®
A “blocking” solution of 0.05 mg/mL casein in PIPES buffer was
flushed into the flow chamber, which was assembled as above
using a cleaned silicon wafer as the sample surface. The casein
was allowed to passivate the surfaces for 5 min, and then the MT
solution, which has been supplemented with 0.2 mg/mL casein,
was flushed into the chamber and the remainder of the assay
carried out as above.

Surfactant Treatment. Triton X-100 surfactant was used to passi-
vate surfaces in the same way as casein. A blocking solution con-
taining 0.05% v/v Triton X-100 in PIPES buffer was flushed into
the flow chamber and left for 5 min. Triton X-100 at 0.05% was
also added to the MTs before they were flushed into the cham-
ber. The remainder of the assay was performed as above.

PEG SAM Preparation. PEG-silane was mixed to 5% v/v in tolu-
ene and stirred for 1 min. Silicon substrates, 8 to 10 pieces cut
to approximately 1 cm X 1 cm, were cleaned with the standard
procedure (in the hydrophilization section above), placed in the
bottom of a 250 mL glass beaker, and covered with 20 mL of the
SAM solution. The beaker was placed in a ventilated oven at 75
°C for 21 h. After removal from the oven, a viscous residue of
PEG-silane covered the wafers and the bottom of the beaker.
The substrates were rinsed vigorously with toluene, then rinsed
with isopropanol and dried with nitrogen gas. Passivation assays
were carried out as described above. This protocol was adapted
from Papra et al.,*? but we did not perform additional surface oxi-
dation in Piranha prior to SAM formation, and the SAM was
formed without hydrochloric acid in the SAM solution.

Ellipsometry. Ellipsometry was carried out on a Nanofilm EP
3-SE ellipsometer. Using the vendor software, the ellipsometry
data were fit to a three-layer model (air, film, substrate) under the
assumption that both the SAM and the silicon oxide are thin
and transparent and have an index of refraction of 1.46.3%3" The
average thickness and its standard deviation of the SAM was de-
termined from measurements of three regions on each sample
(3.26 = 0.66 nm).

Angle-Resolved X-ray Photoelectron Spectroscopy. ARXPS was used
to measure the presence of the SAM layer and to provide a sec-
ond measurement of the SAM thickness. PEG SAMs were pre-
pared as described above. Measurements were carried out us-
ing a Kratos Axis Ultra photoelectron spectrometer with a
monochromated Al Ka (1486.6 eV) source. All measurements
were made at pressures lower than 2 X 1077 Torr. Data, includ-
ing peak intensity and elemental composition, were analyzed us-
ing the vendor software. To verify the grafting of the SAM onto
the substrates, three areas on each sample were analyzed with
survey scans over a range of binding energy from 0 to 1400 eV.
High-resolution scans of O 1s, C 1s, and Si 2p regions were also
made. The analyzer was oriented at an angle of § = 0° from the
surface normal for these measurements. Thickness measure-
ments were made by varying 6 from 0 to 75°.*”

Atomic Force Microscopy. We used Veeco CP Il AFM to deter-
mine the surface roughness and morphology of the SAM and sili-
con substrates. Tapping mode AFM was used in ambient air at
driving frequencies ranging from 70 to 90 kHz. Cantilevers were
antimony-doped silicon with a spring constant of 15 N/m and
nominal tip radius of 8 nm (FESP model from Veeco Probes). We
scanned a minimum of four regions on two samples for both
the bare silicon and the SAM. The range of height values was
considered to confirm that there was a low variability in the
height of surface features, which indicates a smooth surface, a
characteristic that can be overlooked by only analyzing Rms.

Electron Beam Lithography. All patterns were fabricated using
positive tone EBL. Silicon wafers with native oxide were cut to
approximately 1 X 1 cm? and cleaned using the standard ac-
etone/ isopropanol procedure outlined above. Electron-beam re-
sist (PMMA, 3% w/v in chlorobenzene) was spun onto the wa-
fers (4000 rpm for 40 s) then cured on a hot plate at 160 °C for
90 s. A JEOL electron microscope equipped with NanoPattern
Generating Software controllers (JC Nabity) was used for e-beam
writing. After exposure, patterns were developed with MIBK in
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isopropanol (1:3) for 70 s followed by thermal vapor deposition

of a 3 nm chromium adhesion layer and 12 nm of gold. The sub-
strates were then placed in acetone for 30 min, which lifted off

the remaining PMMA.
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