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ABSTRACT

We demonstrate localized electrical control of the docking of microtubules onto engineered kinesin-coated structures. After applying a voltage

to a gold electrode, we observe an enhanced transport of microtubules from solution toward the surface and a subsequent increase of the
amount of moving microtubule shuttles. Switching off the voltage leads to a partial detachment of microtubules from the surface. The surface

coverage of microtubules, during both the docking and undocking events, follows an exponential time dependence. We provide a simple
kinetic model, incorporating the equilibrium between free and surface-bound microtubules, that explains these data.

The biological cell possesses a variety of force generating In this paper we report the use of localized electric fields
elements to perform mechanical work. For example, kinesin to control the transport of negatively charged microtubule
motor proteins can bind some cargo and walk along shuttles from bulk solution into nanoengineered structures
microtubules, their associated protein filaments, thus provid- on a substrate. When scaling down the tracks for microtubule
ing a means of directed intracellular transport of material. motility toward smaller dimensions, there is a need for a
Another well-known example of force generation is the more efficient docking of microtubules into those structures.
contracting muscle system, caused by myosin motors thatOne way to achieve this would be to use large kinesin-coated
translocate actin filaments. Both kinesin and myosin derive areas that collect microtubules from solution and feed them
energy from the hydrolysis of adenosine trisphosphate (ATP). into the network of tracks (Figure 1a). The use of nano-
Exploitation of biomolecular motors in a nanofabricated fabrication techniques allows for an easy coupling between
environment will open up ways of controlling matter on the the microscopic docking pads and the nanosized microtubule
nanoscalé;? for example the transport of DNA molecufes tracks. Another tool, which does allow additional control, is
or polystyrene beadsRecent work has concentrated on using to use switchable electric fields to drive microtubules toward
the filaments as transporting shutfiethat glide over motor-  the substrate. Nanofabrication makes it possible to integrate
protein-coated surfaces. Micro- and nanofabrication tech- the electrodes into the structures, thereby enabling the control
nigques, chemical patterning, and combinations thereof haveof shuttle docking at specific places on a substrate.
been used to create well-defined tracks for filament shuttles  To demonstrate the electrical docking of microtubules, we
(microtubule$® or actirt® '), allowing spatial control over  ysed nanofabrication techniques to fabricate gold (Au)
the motility. Electric fields that can be switched on and off electrodes in recessed areas in silicon dioxide £5iO
in time have been used to influence velocity and orientation substrates (Figure 1a) and chemical patterning to block
of microtubule&**and actin filaments-*5in motility assays  motility on the SiQ. The details of the fabrication process
at a large mm) macroscopic scale. Combined spatial and inyolve the following. Onto a silicon (Si) substrate with a 1
temporal control over microtubule motility has, however, not ;m thick layer of thermally grown Sig an electron-beam
been reported until now. (e-beam) sensitive resist layer of 600 nm was spun. The
patterns were defined by e-beam lithography, and a reactive
* Corresponding author. Fax:+31-15-2781202; E-mail: dekker@  ion-etching step then transferred the pattern into the,.SiO
mb. tn tudelft.nl. Finally, e-beam evaporation was used to def@§i nmthick
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a microscope slide (24« 24 mn¥). A 0.1 um thick gold
layer was evaporated on the cover slide as the counter
electrode. A transparent window of width3 mm was kept
free from gold to allow for imaging.

Microtubule motility was imaged by fluorescence micros-
copy with an inverted Olympus microscope (Zeiss %Qfil-
objective, 1.30 NA) and images were recorded with a CCD
camera (Hamamatsu ORCA). The flow cell was first
incubated for 5 min with a casein solution (0.5 mg/mL casein
in BRB80 buffer (80 mM pipes, 1 mM Mggll mM EGTA,
pH = 6.9)) to passivate the Au surface. Then a kinesin-
containing solution was perfused into the flow cell {/

10 pm mL full-length Drosophilaconventional kinesin in BRB80,
e 0.2 mg/mL casein, 1 mM ATP) and incubated for 5 min.
Finally, the flow cell contents were exchanged with motility
solution containing rhodamine-labeled paclitaxel-stabilized
microtubule$® (~30 nM tubulin, 1 mM ATP, 1 mM MgGj,
10uM Taxol), an anti-bleaching cocktail (20 mMglucose,
0.020 mg/mL glucose oxidase, 0.008 mg/mL catalase, 1%
p-mercaptoethanolfME)), and a redox mediator (3 mM
ferrocene-dimethanol (Fc(MeO#%)), all in BRB80 buffer.

As intended, microtubules could be visualized moving on
both the cover slide as well as on the gold, but not on the
SiO,. Voltage pulses were applied to the microelectrode, with
a duration of 30 to 90 s and with amplitudes betwedh5
and+1.2 V (with respect to the counter electrode). Fluo-
rescence images were taken each second. For both the
Figure 1. (a) Scanning electron microscope (SEM) image of a application of the voltages and the monitoring of the resulting
nanofabricated structure serving as a track for microtubule motility. current, an electrochemical potentiostat (BAS CV50W) was
The large droplet-shaped area is a docking place for microtubule ysed in a two-electrode setup.

shuttles from solution. The inset shows the connection of the . . . . .
docking area into the circular structure. The tracks consist of Figure 2 shows the increasing density of microtubules

recessed areas in the Si€ubstrates (see inset, dept860 nm), upon applying a voltage to an electrode. A typical sequence
with a gold-covered bottom. (b) Schematic layout of a flow cell of snapshots from a movie is displayed, as taken during and
_(not to scale). Square test microstructures (yeIIOV\() are_fabricated after the application of a voltage. Initially (Figure 2a), the

in the substrate, according to the process described in the text.n mber of microtubules present at the gold surface inside

Similar to the SEM pictures in (a), the structures consist of gold L
areas recessed into SiOrhey are connected to bonding pads at the square structure is limited. Thentat 0 s, a voltage of

the edge of the chip via small leads. Two 0.1 mm thick spacers 0.7 V is applied during 60 s and the number of microtubules
cover the bonding pads and part of the connection leads. The topat the electrode surface starts to increase with tinye 20

of the flow cell consists of a cover slide with an Au counter s t = 60 s). After switching off the voltage, (at= 60 s),
elc_actrode at the _inside. A transparent Wir_ldow is kept open for the number of microtubules that are moving on the gold
microscopy imaging. Voltages/J were applied between the test surface gradually decreases again. Microtubules were seen
structures and the counter electrode and the resulting cuijent ( g y ; gan.

was measured. to detach from the gold either by spontaneous release or by

collisions with the Si@walls of the structure. At= 120 s

This was followed by a lift-off step to remove the resist. (60 s after switching off the voltage), the number of
The samples were subsequently cleaned and a hydrophilicnicrotubules inside the structure has decreased considerably,
po|y_ethy|ene_g|yco| (PEG) ([methoxy(po|y_ethy|eneoxy)_ altho.ugh there are St|” more than at the beginning of the
propyl]-trimethoxysilane, 90%, ABCR Karlsruhe) self-as- docking event (cf. Figure 2a= 0 vst = 120 s). In general,
sembled monolayer (SAM) was grafted onto the SiO Motility was observed to continue unimpeded during bias,
Finally, a hydrophobic hexadecanethiol-SAM was grafted although some microtubules got stuck to the gold after

b Au counterelectrodes

onto the gold. In the experiments, we usedx99 mn? landing. In some rare cases, motility was slowed or halted
substrates on which square test structures with lengths ofduring application of the voltage. Motility on the SiO
50 and 10Q«m were fabricated. Two small leads (208 substrate (i.e., outside the square area in Figure 2) was not

um?) connected the test structures to bonding electrodes atobserved due to the blocking by the PEG monolayer.

the edge of the substrate. The bonding electrodes were To analyze the docking efficiency of microtubules, we
connected to the outside electronics by wire bonding. A flow quantify the amount of microtubules present in each camera
cell (Figure 1b) was built by putting two spacersQ.1 mm image. In an automated fashion we count the total number
thick Parafilm or Scotch double-sided tape) over the bonding of pixels belonging to microtubule particles in each frame.
electrodes and part of the leads and covering the chip with The latter number serves to quantify the microtubule density.
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Figure 2. Docking of microtubules onto a Au microstructure upon application of a voltage of 0.7 V during 60 s. The number of microtubules
inside the 50x 50 um? structure increases with time¢ € 0,t = 20,t = 60 s) during application of the voltage. After the voltage is
switched off at = 60 s, the number of microtubules decreases aganl20 s, 60 s after switching off the voltage). For clarity, the outline

of the Au electrode is highlighted.

The image processing of the raw images consisted of asurface leads to the development of an electric field in the
brightness-contrast-gamma correction and a convolution filter solution, driving a migration current. A part of this migration
step to improve image quality (see Supporting Information). current will be carried by negatively charged microtubtités
An automatic thresholding was then used to discriminate in solution, resulting in the transport toward the electrode.
between microtubule particles and background. As a result, The decrease ol with time can be associated with the
a binary version of each camera image was obtained with formation of a depletion region of electroactive species close
all microtubule pixels set to 1 and all background pixels set to the electrodé? Both the data of the docking events upon
to 0. Finally, particles smaller than a critical size were application of a voltage, and the subsequent undocking data
removed. To determine the time evolution of the microtubule- can be explained by considering the transport and the
covered areaA), this analysis was done for each camera binding/unbinding of microtubules at the electrode surface.
image. We now develop a simple model to describe these data.
The result of this analysis is shown in Figure 3b, where We consider, on one hand, the transport of microtubules
we plot the microtubule-covered area during the event between the bulk and the surface, and on the other hand,
depicted in Figure 2. Upon application of the voltage at the binding and unbinding dynamics of microtubules at the
0 s, the surface coverage of microtubules starts to increasesurface (Figure 4). We thus distinguish microtubules in three
from an initial value of~10® pixels to~20 x 1 pixels at different states, vizmicrotubules bound to kinesin molecules
t = 60 s. The microtubule density thus has increased moreat the surface, free microtubules at the surface (but not bound
than an order of magnitude. After switching off the voltage to kinesin), and free microtubules in the bulk. Microtubules
(t = 60 s), the surface coverage decreases again, inin the bulk (volume concentratiorM]) can be transported
accordance with Figure 2, toward a value~af(® pixels at toward the surface by both diffusion and migration. We
t = 125 s. From the time trace it is clear that the growth denote the local volume concentration of microtubules in a
rate of microtubules on the surface levels off with increasing small layerdzabove the surface ablf]. Microtubules within
time. The decrease in coverage after switching off the voltagethis distancedz from the surface can bind to kinesin
follows a similar time dependence. We found that both the molecules with a rate, denotdd,, and start moving over
growth and decay traces can be well fit with exponentials the surface (surface concentration of bound microtubules

(red lines in Figure 3b). [MK]). Bound microtubules can also detach from the surface
In Figure 3a, we also plot the time evolution of the current with a ratek.
density () during the same event. The valuesJgfwere Considering first the transport of microtubules between

obtained by dividing the measured current by the area of the bulk and the surface, the rate of change in the total
the gold exposed to solutidd.Upon application of the  amount of microtubules (bound and free) at the surface is
voltage, Jq initially peaks and then a gradual decrease is given as
observed. Within~10 s the current density reaches an
approximately constant value of about 35 &/(measured A(MK] + dz[My])
current~200 nA). pn = Jetectric T it 1)

As a further investigation, we show in Figure 3c and d

similar data {§; and A) for a series of docking events whereJeecricandJgirr are the migration and diffusion-driven

measurgd in ano_ther experiment. “.1 this measure_ment Series1"ques of microtubules, respectively. We approximate the
we applied a variety of pulse durations and amplitudes. The magnitude oflgs using,the result for linear diffusiah as

time evolutions of botlly andA show a similar behavior as
described above. We observe a correlation between the peak
value of A and the magnitude o, in each event. o (IM] — [Mql) — k. _

We At ; . Jait = D kan((M] = M)~ ()

e attribute the transport of microtubules into the h

structures to migration as a result of the electrochemical
current*® Upon application of a positive bias to the electrode, Herekg = Dmfh, whereDpy is the diffusion constant of a
both Fc(MeOH) andME are being oxidized at the electrode microtubule andh is the length scale of the diffusion layer
surface. Depletion of these redox species at the electrodethickness. Upon application of a voltage to the electrode, an
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Figure 3. Time traces of the microtubule-covered ardagnd current densitydg). (a,b) Measurement data Af(b) andJ, (a) corresponding

to the event shown in Figure 2. The increase and decrease in area were fitted with exponentials (red lines, see text) with time constants
equal to 37 and 27 s for the docking and undocking, respectively. (c,d) Series of docking and undocking events from a different experiment.
A variety of voltage pulse durations (30 to 90 s) and amplitudes (0.55 to 0.75 V) was applied. The high noisA(th dlaga present in

the last event in Figure 3d is due to the passing of cluster of fluorescent material. (e,f) Results from an analytical mo¢&] [@esdBibing

the qualitative response in surface coverage (f) upon application of a block-shapatse of 60 s duration (e). Time constants were
chosen in accordance with the time constants in (b) to facilitate a comparison. (g,h) Control experiment on a glass surface. Plotted is the
measured change in surface coverage of microtubules on a glass slide (h) after changing the bulk microtubule condé@h{cgtid {

= 0 s, microtubules are added and at 900 s the flow cell was flushed with a matility solution without microtubules. The docking and
undocking from the glass slide follow similar exponential time dependences (red lines). The plotted time dependeidg)os[an

estimate based on the fits in (h). All images contained &7212 pixels.

electrochemical current starts to flow and microtubules wheredzk'y, = k,. Combining eqs +4 yields for the rate
migrate toward the electrode as a result of the electric field of change in the concentration of microtubules bound to the
in the solution. The additional flux of microtubules is surface:

proportional to the bulk concentration and mobility of

microtubules 4m) and the electric field in the bulk. The latter  51pK] K, 7N KoerKaite
quantity equalsly/o (with o the conductivity), yielding? .kt dz K)ﬁ((kdiff + %)[M] Tk =[MK]| (5)
Ut . .
Jetectiic = %[M] (3) To convert the surface concentration of microtubuM&]

into units of covered-area pixel8), we use thaf = [MK]-
NaSa. Here,Na is Avogadro’s numberS is the electrode
Finally, assuming equilibrium betweeMK] and [Mg] at area (in m) visible within the camera image, ard is the
all times2° [MK] can be expressed as a fraction of the total average area of a microtubule in an image (in pixels). Using
amount of microtubules (bound and free) present at the this transform and solving eq 5 (boundary conditign, =
surface: Ag) under the assumption that the microtubule concentration
in the bulk is constaritt we obtain forA(t):
Ko

[MK](t) Zm([MKl(t) T dz[MJ(1)  (4) Al) = At (A — A" ©)

238 Nano Lett., Vol. 5, No. 2, 2005



Micbmzmes Micrfotubules P Micrt:otubules 20 —— ™ ng L O IS s e e
Lo ' at = | ! inthe bulk | - f oS N=45
e | e e T = '
: ! ' I i \\ I
[MK] i [M,] i : M] i S | §§ ]
SR a NN :
Y a N\
Df:t Ve ?’Iﬁ »¢ 7 > 0 \\ & & & & AN\ &\ '
5 dz i h E z i 5 15 25 35 45 55 65 75 85

Time constant 7(s)

Figure 4. Schematic of the transport of microtubules between 3
different states. Microtubules can be transported between the bul
solution (volume concentratio]) and the surface (local volume

kFigure 5. Histogram of time constants derived from fitting the
undocking events. Events in both electrode structures (45 events)
were used. The arrow indicates the median value. The inverse of

concentration§g]) via diffusion and via migration transport in the
case of an electric field. Free microtubules close to the surface are
in equilibrium with microtubules bound to kinesin molecules
(surface concentration of kinesin-bound microtubuMK]). Only
microtubules that are within a distande from the surface can
interact with and bind to kinesin. The microtubule fluxes at the
surface are denoted,, and Jo, for binding and unbinding,
respectively. We denote the diffusion fludys (driven by a
concentration gradient over a characteristic lengfhand the
migration flux Jeecric We denote the height of the flow cell as

where the time constamt= (KKqit/kp) * under the assump-
tion thatk, > dzk.2° We will show later from the results

the time constant equals/(Kekait) = (r) 1 =4 x 102s1,

We analyzed 45 docking and subsequent undocking events
from 12 movies that were recorded in different experiments
in two electrode sizes (50 and 1@@n lengths). First, all
the undocking events were fitted with the model eq 6, with
Ao, Ass andr as free parameters. For each undocking event,
we calculated the values of the binding affinity rakigkosq
and the diffusion transport rakgy via eqs 7 and & putting
Jg = 0. The results of the fitted values for ky/Kor, andki
are displayed in Table 1. The distribution of time constants

that this assumption indeed holds. The steady-state coveragés given in Figure 5. A clear peak between 10 and 30 s is

Assis given by

Ass= kon(J[M]TN,S& @)

where we defined an effective transport on-riajgJ,) as

99 = (i +73) ®)

Figure 3 shows that eq 6 provides a good analytical
description of the observed data. In Figure 3f we plot the
time evolution of the covered area upon application of a
block-shaped, pulse of 60 s duration (Figure 3e). As a result
of the J, there is an exponential growth in covered area from
A, toward a steady-state coverafyg The magnitude ofss
depends onl, according to egs 7 and 8. Switching okf
leads to an exponential decay toward the inifig{J, = 0).

present in the data, with the median value of the distribution
7 = 25+ 3 s (standard error of the mean).

We compare the derived average valuekgf, viz., (5.3
+ 0.8) x 107 m/s (Table 1), with an estimate fég (eq
2). For the latter we usBm; = 4 x 103 m?s, as calculated
from the Einstein relatiorD = kgT/y. Here, kg is the
Boltzmann constant is the absolute temperature, ands
the drag coefficient. The value of was analytically
estimated to bey = 1078 kg/s for a cylinder with the
dimensions of a microtubuie (Supporting Information).
Using this order-of-magnitude estimate fbx, we can
calculate that, on the time scale of the experiments, the
diffusion layer thicknes# is on the order of a fewm ((h
= (Dmt)¥d. Thus we obtain a rough estimate fQf = 107
m/s, which is in good agreement with the fitted value.

As a second step in the analysis, we used eq 6 to fit the
data of the docking events in order to investigate the
correlation betweerss andJ,. In the fitting procedure we

Table 1. Results Derived from Exponential Fits to Undocking Events

visible electrode time diffusion rate binding affinity
structure area S (um?) constant 7 (s)? ki (m/s)? kp/Roge (m)?
small electrode (N = 16) 2500 24 + 2 (6.2 +1.4) x 1077 (9.8 £1.3) x 1076
large electrode (N=29) 4880 25+ 4 (4.8+1.0) x 1077 (9.1+1.2) x 1078
all events (INV = 45) not applicable 2543 (5.3 +0.8) x 1077 (9.3 £0.9) x 1076

aMedian value of the distributios standard error of the meahAverage+

Nano Lett., Vol. 5, No. 2, 2005
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8 as the values found from the fits (Figure 6). We attribute
the difference in the slopes between the two plots mainly to
the uncertainty in thd, values (we cannot compare thg
scales due to the different sizes of the electrdiedVve
emphasize that the value that we find fox/o is an order

of magnitude estimate, which we find in reasonable agree-
ment with the analytical value.

We confirm the validity of the equilibrium model for
docking and undocking of microtubules to a surface with a
control experiment on a glass surface (Figure 3h). Here, we
] measured the time evolution of microtubules binding to a
0 . . . . . 5|° pm kinesin-coated glass slide in a flow cell consisting of two

0 20 40 80 glass cover slides separated by 108 thick spacers. At

Current density qumz) = 20 s we flushed the flow cell with motility solution

containing 2 pM microtubules (Figure 3g). As predicted from
3 : . . : : ; 4 the model, the microtubule population on glass grows
exponentially toward an equilibrium value. Thent at 920
s the flow cell was flushed with a motility solution without
microtubules, effectively settind/[] = 0 at that time (second
arrow in Figure 3g). As a result, the population of micro-
tubules bound to the glass flow cell decreases exponentially
toward its new equilibrium value. We can compare the rate
constants for microtubule docking onto our gold microstruc-
tures with the docking observed on a macroscopic glass slide.
In the case of a glass flow cell the value ®f][cannot be
] taken constant during the experiméhthis results in a slight
100 pm modification in the expressions for and Ass but the

O 2 1w e qualitative behavior for the surface coverage is similar. From

Current density J, (Alm’) the fits in Figure 3h we calculate (Supporting Information)

a binding affinity of microtubules on a glass surfacekgf

Figure 6. Steady-state microtubule coverage as a function of Kot ~ 2 x 1075 m. This is slightly higher than the value 0.9
current density at the electrode. Lines are least-squares fits throughx 105 m found for the gold surfaces in our structures, in
the data with they-axis intercept fixed at thér values for each ine with the observation that the microtubule density on glass

electrode size (Table 1). (a) Data recorded in a #B@)?-sized . N . . 2 ;
electrode; data points corresponding to events shown in Figure SC(Flgure 3hAss~ 10° pixels in a 61x 80um? camera image)

and d. The fit has a slopitk,/dJ, = 1.4 x 10°7 MYAS (0Adddg = is usually slightly higher than on gold surfaces without

5.6 x 1(? pixels n¥/A). (b) Data for a movie recorded in a (100 applied voltage (Figure 3dysdJq = 0) ~ 1C° pixels in a 50

umy>-sized electrode. Slop#o/dJq = 4.1 x 1078 m¥As from the x 50 um? electrode area).

fit (0As0Jq = 2.9 x 107 pixels nFlA). In conclusion, we have observed the electrostatic docking
of microtubule shuttles into microfabricated structures after

fixed the time constant to be = 25 s, as found from the  application of a voltage. The microtubule coverage on the

>
. (umis)

Binding rate k

Steady state coverage A__ (x10" pixels)

Binding rate k_ (nm/s)

Steady state coverage A_ (x104 pixels)

undocking events (Table 1), and we fitted tAg values. gold surface exponentially approaches a steady-state equi-

We obtainedAssfor each docking event and we can evaluate librium value As9. The value ofAssis found to be linearly

this versus the measured current dendity dependent on the current density flowing through the
Figure 6 shows fitted\ss data versus measurdglfor two electrode. Switching off the applied voltage leads to the

different electrode sizes. Each plot shows a series of dockingpartial undocking of microtubules, again displaying an
events for a typical experiment. In agreement with eqs 7 and exponential dependence. We provided a simple kinetic model
8, there is a clear increase in the binding rate of microtubulesfor the equilibrium between microtubules in solution and
with increasing current density. Although the scatter in the microtubules bound to kinesin at the surface. From this
data points is considerable, we expect from the model thatmodel, we estimated the binding affinity of microtubules for
the increase is linear. The straight lines in Figure 6 are least-a gold surface to b&y/kss = 0.9 x 10° m, which is lower
squares fits to thén(Jy) data points, where the intercept than for a glass surfacdu(k,s = 2 x 107> m). From the
with the y-axis &on(Jqg = 0) = kair, €q 8) was set by the data we also derived that the diffusion-driven transport rate
values given in Table 1. For the slopes we find values of kg of microtubules into square gold electrodes Wag =
Okon/0Jg = 1.4 x 10" m* A" stand 4.1x 108 mé A1 (5.3+ 0.8) x 107" m/s. We achieved &-dependent increase

s 1 for Figure 6a and b, respectively. The predicted value of of the microtubule-transport rate (up to a 10-fold increase
the slope, according to eq 8, is determined by the microtubule compared tdki) by applying a voltage to the gold surface.
mobility and the conductivity, viZZ2 oko/0Jq = tmio ~ 4 We attribute this effect to migration of microtubules. We
x 108 m® A"l s This is of the same order of magnitude have shown that the same model also describes the binding
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and unbinding to a glass surface. The use of localized electric
fields in nanofabricated structures and the better understand-
ing of the binding dynamics of microtubule shuttles to a
surface will be useful for the future exploitation of bio-
molecular motors in a nanotransport system.
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For the experiments in the 1Q@m sized electrode, the 10L of
polymerized microtubules were stabilized and dilutedx4
BRB8O0T. To remove the unpolymerized tubulin, the 440 was
centrifuged at 178.000 g in a Beckman airfuge for 5 min and the
pellet was resuspended in 10@0 of BRB8OT, yielding again a
tubulin concentration of~32 nM. In all experiments, we shortened
the microtubules by shearing them in a 30 g needle.

The connection leads hadl500 x 2 um? area Qead €xposed to
the solution, which is significant compared to the areas of the square
structures Asquard. TO calculate the current density we therefore
divided the measured current by the total exposed gold &ga t
Asquard- In general the diffusion-limited current density is dependent
on the geometry of the electro&f&The observed,, therefore, should

be a weighted average of tlig values for a square and rectangular
microelectrode, andl; as calculated in our procedure does not
necessarily equal the exact current density at the square electrode.
Also, because the rati8eadAsquareis different for the 50 and 100
um-sized structures, the calculat®dsalues can not, strictly speaking,
be directly compared between both electrode sizes.

Quinn, B. M,; van't Hof, P.; Lemay, S. G. Am. Chem. So2004
126(27), 8360-8361.

Bard, A. J.; Faulkner, L. RElectrochemical method&nd ed.; John
Wiley & Sons: New York, 2001.

The assumption of assuming equilibrium betwediK] and [M¢] is
equivalent to assuming thak( + dz kg) > kgg. From the
experiments we derive thi > dz kg (upon adopting a reasonable
value fordz = 108 m), so the surface-equilibrium assumption
simplifies to assuminds, > kgirr. Although the validity of this
statement cannot be directly confirmed from the data (as we have
no way to extract the value ¢ from the data), weean show that

the less strict conditiok, > kgt does hold. In the most pessimistic
caseky ~ kyitt, the fitted values folkgisr and umdo then represent
lower bounds, while the presented valuekgk is still exact. We
also solved the model under the opposite assumpkip< (qitr) and
made fits to the data. This yielded values kgrand kg that were

the same order of magnitud&, (~ ki), thereby invalidating the
assumption thak, < kgirr and ruling out this possibility.

The approximation thatM] is a constant is valid as long as the
amount of microtubules docking into a structure is insignificant
compared to the total number of microtubules in solution. In the
electrically controlled docking experiments, this assumption holds
well since the electrode area is small. Viz., the total number of
microtubules inside the flow cell volume-g uL) is estimated as
~3 x 1P, while the number of microtubules attracted inside an
electrode structure is much smaller,1(>—1C°. For the control
experiment in a glass flow cell (Figure 3h), howevaf] fs changed
significantly during the experiment, since microtubules dock over
the entire flow cell area. From Figure 3h we estimatd0®
microtubules moving on the glass, a significant part of the number
of microtubules in solution (Figure 3g). As a result, the expressions
for  and Ass are slightly modified in this control experiment. (See
Supporting Information for derivations).

We used the following values for the different variableg; = 3 x

108 m?Vs (from ref 13),a0 = 100 pixels/microtubule (determined
from camera images), and = 0.7 A/Vm (measured with a
conductivity meter). The microtubule concentration in all experiments
was estimated to beM]~10'? M. This value was calculated
assuming complete polymerization from the tubulin concentration
of ~32 nM, an average microtubule length of/8n, and each
microtubule containing~10* tubulin dimers.
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