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Abstract—Active transport by kinesin molecular motors has
been used to assemble ring nanocomposites comprised of
biotinylated microtubules and streptavidin-coated quantum
dots. Here we studied the effects of two-dimensional surface
confinement on ring self-assembly using substrates of micro-
fluidic channels or periodic post arrays. Microfabricated
devices were composed of gold-silicon oxide surfaces where
the gold surfaces were functionalized with thiol-based self-
assembled monolayers, which enabled selective adsorption of
kinesin to silicon surfaces. Confinement of ring self-assembly
within microfluidic channels was observed as a change in the
distribution of ring diameters, specifically by placing an
upper limit on the diameter capable of forming in the
channels. Confining assembly using periodic post arrays
where the edge-to-edge spacing was 2 um resulted in a
significantly smaller average diameter when compared
against those formed in arrays with 5 and 10 um spacing.
Differences in diameters formed in 5 and 10 ym arrays were
not observed. Observations of ring composite assembly along
channel edges on the top surface, as well as around posts in
the arrays confirm the fundamental role of active transport-
induced mechanical strain in initiating the self-assembly
process.

Keywords—Molecular assembly, Kinesin, Self-organization,
Molecular crowding, Confinement.

INTRODUCTION

The critical importance of self-assembly and orga-
nization in biological systems has been widely recog-
nized, and has served as a motivation for materials
chemists and engineers.’>>>*° Large, structurally com-
plex self-assembled artificial materials are, however,
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infrequently encountered due to limitations associated
with diffusion and chemical equilibria. Active trans-
port of macromolecular building blocks by biomolec-
ular motors has been proposed as a means to
circumvent these problems through reliance on facili-
tated transport in place of diffusive mechanisms.'' In
addition, the conversion of chemical energy into
mechanical work enables biomolecular motors to exert
forces considerably larger that thermal forces that
may, in turn, be used to assemble a variety of non-
equilibrium structures.®>*-%

A simple model system for biomolecular motor-
driven self-assembly involves the formation of ring
nanocomposites comprised of biotinylated microtu-
bules and streptavidin-coated quantum dots (QDs)
based on active transport by surface-adsorbed kinesin
motors.>?*** Here, biotinylated microtubules (25 nm
diameters, several microns long) serve as a tubular
scaffold for adsorbing a variety of streptavidin-func-
tionalized cargoes.' >’ If streptavidin-QDs are mixed
with biotinylated microtubules in bulk solution, and in
the absence of kinesin motors, randomly organized,
three-dimensional aggregates emerge as the primary
structural morphology.! Introduction of streptavidin-
QDs to biotinylated microtubules bound to and mov-
ing across kinesin-coated surfaces generates distinctly
different morphologies including ring-structured
nanocomposites.>**** Assembly of such non-equilib-
rium materials demonstrates how active transport may
be applied to assemble structures that cannot be
formed through traditional self-assembly routes.

In addition to streptavidin-coated nanoparticles,
kinesin-driven assembly of microtubule ring structures
(e.g., spools) has be achieved using streptavidin
alone.®'%1921:26 While the morphologies are similar,
the assembly and behavior of the ring structures formed
with just streptavidin differ from those formed with
streptavidin-QDs. For example, streptavidin-rings are
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able to “‘unspool” by the unzipping of biotin-strepta-
vidin bonds,'? whereas such phenomena have not been
observed for streptavidin-QD ring structures. In both
cases, the ring structures formed by motor-driven self-
assembly are capable of storing considerable energy
(i.e., thousands of kT), and require the dissipation of
energy through hydrolysis of ATP to bend the rigid
microtubules”® into the ring morphologies.>*** Based
on central role of energy dissipation, manipulation of
the active transport should enable additional control
over the self-assembly process and potentially generate
structures with different physical properties.

Directional control over kinesin-based active
transport has been achieved using a number of meth-
ods including microfabricated channels,* ®1315-28:29:37
magnetic fields,'®!” and electric fields.'®?%>3® Of these
methods, microtubule transport on microfabricated
substrates, combined with surface functionalization, is
an attractive approach for studying how ring com-
posite self-assembly may be affected by confinement of
microtubule transport. Self-assembly of biological and
synthetic materials in confined geometries and spaces
has become of interest in recent years based on the
unique behaviors and phenomena that emerge in
confined systems.> Self-organization of microtubule
structures, for example, in lipid vesicles is strongly
dependent on the bending stiffness of the membrane.**
The objective of our work was to characterize the ef-
fects of microscale confinement on the kinesin-driven
assembly of ring nanocomposites. We hypothesized
that localization of kinesin attachment and physical
confinement of microtubule transport would provide a
means of controlling the overall size and shape of self-
assembled ring composites.

EXPERIMENTAL METHODS

Preparation of Microtubules and Motor Proteins

Unlabeled, biotinylated, and rhodamine-labeled
tubulin were purchased from Cytoskeleton, Inc.
(Denver, CO). Fluorescent, biotinylated microtubules
were prepared by rehydrating lyophilized tubulin in
BRB80 buffer (80 mM PIPES pH 6.9, 1 mM MgCl,,
I mM EGTA) containing 1| mM GTP and 10% glyc-
erol (5 mg/mL final tubulin concentration), and poly-
merizing at 37 °C for 20-25 min. The polymerized
microtubules were then stabilized by diluting 100-fold
into BRBSOT (BRB80 with 10 uM paclitaxel).

The Drosophila melanogaster kinesin-1 motor pro-
tein was used to bind and transport microtubules along
the gold-SiO, substrates containing the microfluidic
channels or post arrays. The histidine-tagged kinesin
heavy chain motor was prepared by expressing the
pPK 113 plasmid’ in Escherichia coli BL21 (DE3)

pLysS. When the culture reached an ODggg ny of ~0.7,
protein expression was induced by addition of isopro-
pylthio-f-galactoside (IPTG) to final concentration of
0.5 mM. Cells were harvested by centrifugation at
9000x g, and stored at —80 °C until used. Cells were
lysed using BugBuster® with Benzonase® (EMD
BioSciences, Inc., Billerica, MA) and AEBSF (4-(2-
Aminoethyl) benzenesulfonyl fluoride hydrochloride;
Sigma-Aldrich Inc., St. Louis, MO), and kinesin was
purified on a Ni-NTA column as previously described.'-’

Substrate Fabrication

The effects of physical confinement were evaluated
using two patterned surfaces: (1) 5 and 10 um wide
microfluidic channels (300 nm depth), and (2) micro-
scale post arrays (500 nm tall). For the latter, the posts
were fabricated with diameters of 2, 5, and 10 um, and
were periodically spaced on a square lattice with edge-
to-edge distances of 2, 5, or 10 um. Substrates for
fabrication were 500-um-thick silicon wafers with
I-um-thick layer of SiO, thermally grown on top,
which were prebaked at 120 °C for 2 min to remove
moisture. High-resolution positive resist 950 poly-
methylmethacrylate (PMMA) C9 (Microchem Corp.,
Newton, MA) was spin-coated onto the wafers at
2500 rpm for 45 s yielding a 2.2-um thick layer, fol-
lowed by a 30-min pre-exposure bake at 170 °C. The
channel and post structures were defined by chrome
quartz mask using deep UV (248 nm) of an OAI
contact aligner, with a dose of 900 mJ/cm?. A devel-
oping solution consisting of 1:1 methyl-isobutyl ketone
(MIBK) and isopropyl alcohol (IPA) was allowed to
react for 2 min, followed by a 30 s immersion in IPA
to stop the development. Patterned substrates were
then dried with nitrogen, and an oxygen plasma (5 W,
60 s) was used to descum the surfaces. Directional
e-beam evaporation was then used to deposit al0-nm-
thick titanium adhesion layer and a subsequent
500-nm gold layer onto the patterned substrates. Lift-
off (i.e., removal of the metal layers from the channels
or interstitial space in the post arrays) was performed
by sonicating the samples in acetone bath followed by
rinse in fresh acetone and IPA with the use of air
brush.

Substrate Functionalization—Alkanethiol Monolayers
Deposition

Functionalization of patterned substrates with thiol
self-assembled monolayers (SAMs) was used to selec-
tively localize kinesin motor proteins to SiO, surface
(i.e., bottom of channels and interstitial space in the
post arrays). The terminal sulfur group of the alkan-
ethiols adsorbs to the gold posts and channel tops and
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sidewalls, forming SAMs with specific chemical func-
tionality. Substrates were first cleaned with acetone (air
brush) and IPA, followed by a combination of oxygen
plasma and wet cleaning. Oxygen plasma (250 W,
100 °C) was performed for 10 min to remove the fatty
films on surface; ddH-,O was used to rinse the substrate
thoroughly to remove all the free particles embedded in
the organics. Oxygen plasma was used again to make
the substrate surface hydrophilic and ready for SAM
deposition. Gold-SiO, substrates were immediately
transferred into the thiol SAM solution and incubated
for 12 h. The substrates were subsequently rinsed with
ethanol and dried with nitrogen. Functionalized sub-
strates were used immediately for motility-based
experiments.

Four different SAMs were used to evaluate the role
of surface chemistry on kinesin adsorption and self-
assembly of ring nanocomposites in the microfluidic
channels. Two PEG-based SAMs (EGy-thiol:(11-
mercapto-undecyl)tetra(ethylene glycol) and EGg-
thiol:(11-mercapto-undecyl)hexa(ethylene glycol; Sig-
ma-Aldrich Inc., St. Louis, MO) that are known to
resist protein adsorption®*! were used to render the
gold surfaces as “anti-fouling.” Gold surfaces on the
channel substrates were also functionalized with SAMs
anionic (12-mercapto-dodecanoic acid; Sigma-Aldrich
Inc., St. Louis, MO) and cationic (ll-mercapto-
undecyl)-N,N,N-trimethylammonium bromide; Sigma-
Aldrich Inc., St. Louis, MO) terminal groups to
evaluate potential electrostatic effects on self-assembly.
For post array patterns, only PEGy-thiol SAMs were
used to functionalize the gold surface based on the
experimental results obtained with the channel patterns.

Ring Self-Assembly on Micropatterned Surfaces

Gliding motility assays and ring self-assembly were
performed as previously described.”*** Briefly, all
buffers were added to device chips by drop casting,
followed by incubation in a moisture-controlled envi-
ronment. Fluid was exchanged by removing the pre-
vious droplet and flushing with the next component
twice before incubation. Substrates were first treated
with a casein solution in BRB80 (0.5 mg/mL) for
10 min, washed, and incubated with a kinesin solution
in BRB80 (5 pug/mL kinesin, 0.2 mg/mL casein, ] mM
ATP) for 10 min. Microtubules were diluted to a fila-
ment density of 3 x 10*/um? in motility solution of
BRB80 supplemented with 10 uM paclitaxel, 1 mM
ATP, 0.1 mg/mL casein, and an anti-fade cocktail
(0.2 mM  glucose, 0.2 mg/mL  glucose-oxidase,
0.08 mg/mL catalase and 2% f-mercaptoethanol).
Microtubules were incubated for 10 min on substrates
to allow attachment to kinesin-coated surfaces, fol-
lowed by a rinse with motility solution to remove free
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floating microtubules. Lastly, a solution of QD®525
Streptavidin conjugates (Life Technologies, Grand Is-
land, NY) was diluted in motility solution to a con-
centration of 1 nM, and then added to the substrates.
A 170-um thick microscope cover slip was placed on
top of device chip after completion of all steps to
allowed observation under inverted fluorescence
microscopy (Olympus IX71) using a 100x oil-immer-
sion objective (Olympus, N.A. = 1.40). A Hamamatsu
C7780 color CCD-camera was used to collect images.
Ring self-assembly was also visualized using a FEI
Nova NanoLab 600 field emission scanning electron
microscope (SEM) where the sample was sputter
coated with 200-A layer of gold and imaged with 5 keV
using Through the Lens Detector (TLD).

RESULTS

Ring Self-Assembly in Channels—Surface
Chemistry Effects

Microfluidic channels were fabricated by depositing
and patterning gold on a silicon wafer, enabling the use
of thiol SAMs to chemically functionalize the top and
side-walls of the channels (Fig. 1). To understand the
role of surface chemistry on ring assembly, gold sur-
faces were functionalized with SAMs to generate an-
ionic, cationic, or anti-fouling PEG surfaces. Rings
assembled on the bottom of the channels regardless of
the SAM chemistry (Fig. 2), which confirmed the
adhesion and function of kinesin motors on SiO, sur-
faces. For gold surfaces, motor-driven assembly of
rings was not observed on the top surfaces of channel
patterns functionalized with cationic and anti-fouling
SAMs (Figs. 2b-2d). In these cases the combination of
surface chemistry and topographic patterning enables
the selective adsorption of kinesin to SiO, surfaces,
and subsequently localizes assembly of ring composites
only within the confines of the microfabricated chan-
nels. In contrast, motor-driven assembly of rings was
observed on gold surfaces functionalized with anionic
SAMs (Fig. 2a), suggesting that kinesin motors can
adsorb equally to both the SiO, and anionic SAMs.
Ring composites were often assembled along the top
edge of the channels functionalized with anionic
SAMs, and, in several cases, were observed to extend
past the channel edge (Fig. 3a). In these cases, part of
the ring was bound by motors attached to the gold-
SAM surfaces, while the other part was unattached to
any surface. These rings also maintained the ability to
rotate despite being only partially attached to a sur-
face. Interestingly, ring composites also detached
from the anionic surfaces over time and could be
observed floating in solution for >2 h post-detach-
ment (Fig. 3b). Approximately 10-20% of total ring
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FIGURE 1. Fabrication process. (a) Substrates were 500-um-thick silicon wafers with 1-um-thick layer of SiO, thermally grown on
top. (b) High resolution positive resist PMMA was spin-coated onto the substrates, and photolithography was used to define the
post or channel structures. (c) Lift-off procedure was done to remove the resist with metal layers around the posts; gold posts or
channels with a titanium adhesion layer were constructed. (d) SAMs was deposited on gold surfaces as an anti-fouling approach
for blocking of kinesin adsorption. Microtubules assembled into ring composite structures on kinesin-coated SiO, surface, where
the self-assembly confined by the posts (e) or channels walls (f).

FIGURE 2. Formation of ring composites on gold-SiO, patterns where the gold was functionalized with (a) anionic, (b) cationic,
or antifouling (c) EG4 and (d) EG6 SAMs. Dotted lines were added to emphasize the channel edges. Scale bar = 5 um.
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FIGURE 3. (a) Assembly of ring composites on SiO, and
gold surfaces functionalized with anionic SAMs. Dotted lines
were added to emphasize the channel edges. Here an example
of a ring assembled on the top surface (gold) of the channel
and protruding over the top edge. (b) Fluorescence photomi-
crograph of motor-assembled rings that detached from anio-
nic SAM-functionalized surfaces and persisted in solution.
Scale bars = 5 um.

population detached from the SAM-coated surfaces,
whereas ring detachment was not observed from SiO,
surfaces.

Ring Self-Assembly in Channels—Topographic Effects

Effects on confinement of self-assembly in micro-
scale channels was evaluated using patterned sub-
strates functionalized with the EG4 SAM based on its
anti-fouling behavior (Fig. 2¢). The inner diameter of
fifty rings assembled in 5 ym channels varied from 0.8
to 5.3 um with an average of 2.1 & 1.1 um (% SD),
whereas the inner diameter of fifty rings formed in the
10 ym channels varied from 0.9 to 12.1 ym with an
average of 2.6 &+ 2.0 um. For both channel sizes, the
inner diameters displayed a Gaussian distribution (not
shown), including values that exceeded the channel
width. Here the rings adopted an ovular shape in the
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FIGURE 4. Histogram of the outer diameters of ring nano-
composites assembled in (a) 5 or (b) 10 um wide channels.
Distributions were fit by nonlinear regression with a Gaussian
peak equation, y = a x e(-05<(x-x)/b)")  Coefficients of deter-
mination (R?) for the 5 or 10 um channels were 0.83 and 0.98,
respectively.

channel where the minor axis length is confined by the
channel width. Overall, no significant difference was
observed between the mean inner diameters of the ring
formed in the different sized channels (p = 0.141). The
outer diameters of rings assembled in 5 yum channels
varied from 2.0 to 6.1 um with an average of
3.6 £ 1.2 um (N = 50). In contrast, the outer diame-
ter of the rings formed in the 10 ym channels, the outer
ring diameter varied from 2.3 to 13.4 ym with an
average of 4.1 £ 2.0 um (N = 50). As with the inner
diameter, observed ring diameters exceeded the width
of the channels in cases where the rings adopted an
ovular shape in the channel. Significant difference were
not observed between the mean outer diameters of the
ring formed in the different sized channels (p = 0.376).
The outer diameters also displayed Gaussian distri-
butions (Fig. 4); the coefficient of determination (R?),
however, for the 5 um (0.83) was smaller than that for
the 10 um channels (0.98), suggesting that these data
are less stochastically distributed. Further examination
of the outer diameter distributions reveals how con-
finement in channels affects ring self-assembly. Spe-
cifically, comparing the upper tails of the two
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distributions, ring diameters greater than 6 um were
not observed for the 5 um channels (Fig. 4). Thus,
confinement of ring self-assembly in channels can limit
the maximum achievable ring diameter, despite having
a minimal effect on the average diameter of a popu-
lation of rings.

Ring Self-Assembly in Post Arrays

The diameter and edge-to-edge spacing of posts in a
square array were varied to provide a size-range of
interstitial space in which ring self-assembly could
occur. The maximum ring diameter capable of forming
in a square array pattern can be estimated by:

Dyax = \/2(2r + p)*=2r (1)

where r is the radius of the post, and p is the edge-to-
edge distance between the posts. Based on these
parameters, the maximum predicted outer ring diam-
eter capable of forming in the square array interstitial
space covered a range from 3.7 to 18.3 um (Table 1).
Measured ring diameters (N = 180) in these arrays
were analyzed by Two-way Analysis of Variance
(ANOVA) to assess the main effects (i.e., post diameter
and edge-to-edge spacing) and the interaction term
(i.e., diameter x spacing). Only the edge-to-edge
spacing significantly impacted the diameter of rings
self-assembled in the square arrays (p < 0.001; Fig. 5).
Specifically, the mean outer diameter of rings assem-
bled in patterns with 2 um edge-to-edge spacing
(3.1 £ 0.2 um) was significantly smaller than those
formed in patterns with either the 5 or 10 ym spacing
(4.6 = 0.2 and 4.7 4+ 0.2 um, respectively; p < 0.001).
No difference in diameters was observed for rings
assembled in patterns with the 5 and 10 um spacing
(»p = 0.104). Similarly significant differences in the
mean outer ring diameter were also not observed based

TABLE 1. Maximum predicted ring diameter and percentage
of available surface area of kinesin adhesion in square post
array patterns with varying the diameter and edge-to-edge

spacing.

Percentage
Post Maximum of surface area
diameter Edge-to-edge predicted for kinesin
(um) spacing (um) diameter (um) adhesion (%)
2 2 3.7 80
2 5 7.9 94
2 10 15.0 98
5 2 4.9 60
5 5 9.1 80
5 10 16.2 91
10 2 7.0 45
10 5 11.2 65
10 10 18.3 80
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FIGURE 5. Outer ring diameter self-assembled in square ar-
rays of posts with diameters of 2, 5, and 10 yum and edge-to-
edge spacing distances of 2 (white bar), 5 (light gray bar), and
10 (dark gray bar) um. Error bars = standard error of the mean.

on post diameter (p > 0.08). Because the area of the
interstitial space is defined by both the post diameter
and the spacing, it was expected that the interaction
term would have significantly affect the ring diameter.
However, no differences in the mean ring diameter
were observed based on the interaction between post
diameters and spacing used in these experiments
(» > 0.05).

Qualitative differences in ring self-assembly based on
both post diameter and edge-to-edge spacing were noted
in both fluorescence and SEM imaging (Figs. 6, 7). In all
patterns, oligomeric bundles of microtubules in addition
to ring composites were observed in the interstitial
spaces, as well as moving through the post patterns
(Fig. 6). However, fewer ring composites were observed
in patterns with 2 um edge-to-edge spacing, particularly
with 10 um posts, due to the limited available surface
area for microtubule attachment to kinesin (Table 1).
As with the channel patterns, ring composites with
diameters exceeding the maximum predicated diameter
were also observed, and attributed to oval morphologies
where the minor axis length was confined by the posts.
Ring self-assembly was also observed around posts
(Figs. 6, 7d), primarily with posts of 2 and 5 um diam-
eters. In fact, oval-shaped composites encircling two
adjacent posts were observed in a number of cases for
2 um post arrays (Fig. 6, upper left). Ring composites
were observed assembled around 10 um posts in very
limited cases when the edge-to-edge spacing was 2 ym
(Fig. 6, lower left).

DISCUSSION

Directed transport of microtubules has been
achieved using combinations of chemical and physical
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Edge-to-Edge Spacing (um)
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FIGURE 6. Fluorescence microscopy images showing ring composite self-assembly in square post arrays as a function of the
varying diameters and edge-to-edge spacing distances. Scale bar = 5 um.

surface patterns where chemical surface functionali-
zation limits kinesin adhesion to specific regions, and
physical barriers rectify and guide microtubule trans-
port #6:13715.282937 A gimilar approach was applied in
our study to understand the effects of confinement on
the assembly of ring nanocomposites. Here, channels
were microfabricated such that the tops and sidewalls
were composed of gold and the channel bottoms were
Si0O,, which enabled selective functionalization of the
tops and sidewalls through thiol chemistry. Confined
self-assembly of ring composites was achieved when
gold surfaces were functionalized with either PEG or
cationic SAMs (Fig. 2). Lack of kinesin adsorption to
the PEG-SAMs due to its anti-fouling nature enables
selective adsorption of kinesin and subsequent self-
assembly of ring composites only on the SiO, surface
of the channel bottoms. Similarly, the cationic nature
of the amine-terminated SAM either prevents motor
adsorption or inactivates motors upon adsorption,
preventing the assembly of ring composites on these
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surfaces. Adsorption of microtubules, which possess
an overall net negative charge,**® to cationic surfaces
was also not observed and likely due to blocking by
adsorbed casein. In contrast, surface selectivity was not
observed with anionic SAMs as the anionic nature of
both surfaces (i.e., SiO, and SAM-coated) equally
supports adsorption of kinesin and the underlying
casein layer (Figs. 2, 3). Detachment of mature ring
composites from the anionic SAMs surfaces (Fig. 3),
but not the SiO, surfaces, suggests that the kinesin
interaction with the SAMs surface is not as strong. It is
unclear whether ring detachment is a result of
desorption of kinesin (with attached rings) from the
SAM surface, unbinding of the ring composites from
kinesin, or electrostatic repulsion of due to an
increased charge density in the assembled rings. A
lower surface density of active kinesin on the anionic
SAMs, as compared to SiO, surfaces, also may explain
the preferential detachment of ring structures
SAM surfaces. Persistence of the ring composites in
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FIGURE 7. SEM images showing ring composite formation on surfaces of 2 um (a, b), 5 um (c, d) and 10 um (e, f) gold posts,
where the posts were functionalized with thiol-EG4 monolayer to prevent kinesin attachment to the posts.

solution, however, suggests that kinesin binding and
transport are not required for the composites to
maintain their structure and morphology. In all cases,
rings that formed on anionic SAMS, in micro-
fabricated channels, or in post arrays displayed
preferential counter-clockwise rotation, as previously
noted 20-23:24

Interestingly, ring composites were able to form
along the top edges of channels and capable of extend-
ing, unsupported, over the channel edge (Fig. 3). While
the assembly of these rings was not directly observed,
such cases may provide important insights into the ring

self-assembly process. We previously hypothesized that
mechanical strain, developed through axially rotation of
microtubule oligomers, initiates the self-assembly pro-
cess and dictates the ring morphology.**** If one con-
siders how ring assembly takes place at the top edges of
channel walls, strain-induced curvature of QD-micro-
tubule oligomers may enable it to bend back (i.e., makea
U-turn) after it leaves the top surface of the channel,
reattach to the kinesin surface, and complete the for-
mation of the initial ring morphology. In the absence of
strain energy and induced curvature, the microtubule
oligomer should be considerably rigid,'” and thus con-
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tinue forward translation over the channel edge until it
eventually becomes completely detached from the sur-
face. Similar observations have been previously noted as
individual microtubules encounter a boundary between
areas with and without surface-adsorbed kinesin
motors.® Thus, assembly at the edges of channels further
suggests that mechanical strain intrinsic to oligomers
may play a critical component to the self-assembly
process.

Differences in the self-assembly of ring composites
were observed due to confinement in microfluidic
channels. While the average outer diameter of ring
composites did not differ based on channel width, the
observed average diameters of composites formed in
the channels (i.e., 3.6 and 4.1 um for 5 and 10 um
channels, respectively) were smaller than the previ-
ously reported average diameter of ring composites in
the absence of confinement (i.e., 5.2 um).”*** Simi-
larly, outer ring diameters up to 5.2 um were observed
in post arrays where the effects of confinement were
minimal due to large interstitial spaces (Fig. 5). This
effect may be attributed to how the composites
assemble in the channel geometry, specifically where
nucleation occurs with respect to the channel walls.
Ring composites in which the nucleated center is
coincident with the center of the channel are able to
achieve the maximum diameter permissible based on
confinement by both channel walls. This scenario,
however, is statistically improbable based on the sto-
chastic nature of the nucleation process. Therefore, the
majority of ring composites will be confined by a single
channel wall as radial growth of the ring occurs fol-
lowing nucleation. As a result, the majority of
observed diameters will be significantly smaller than
the channel width, and directly a function of the dis-
tance between the nucleation center and the closest
channel wall. Moreover, a proportion of ring com-
posites may assemble and reach a mature state without
experiencing confinement by interacting with a channel
wall. Differences in channel width did affect the dis-
tribution of ring composite diameters (Fig. 4), sug-
gesting that physical confinement may be used to limit
the assembly of composites with large diameters (i.e.,
exceeding the channel width). For example, ring
composites with diameters exceeding 6 um were
observed in the 10 um channels but not in the 5 um
channels. For both channel widths, oval-shaped com-
posites were observed where the minor axis length was
confined by the sidewalls of the channel and the major
axis length exceeded the channel width. Similar oval-
shaped, as well as irregularly shaped, composites have
been observed on flat, planar surfaces,23 and thus
cannot be attributed to confinement of self-assembly
within the channels. Overall these data suggest that
confinement of self-assembly in channels may be an
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effective strategy for reducing the average diameter
and dispersity of ring composites.

Significant confinement effects on ring composite
self-assembly were observed with the post arrays
(Fig. 5) and primarily attributed to varying the spacing
between posts. The maximum diameters of rings
assembled within the interstitial spaces created by four
posts in a square lattice were estimated to cover a
range from 3.7 to 18.3 um (Table 1) based on varying
the diameters and edge-to-edge spacing distance. As
with the channel geometry, diameter of the ring
composites assembled in these patterns is primarily
dependent on the distance of the nucleation center
from the nearest post. The data suggest that spacing
the posts at 2 um edge-to-edge significantly reduces the
average diameter of rings self-assembled in the post
arrays (Fig. 5), which corresponds to interstitial spaces
in which the maximum predicted ring diameter would
be <7 um. From these findings, confinement effects
would have been expected with the 5-um wide chan-
nels, and suggests that the confinement geometries (i.e.,
posts vs. channels) lead to differential effects on ring
assembly. While post diameter has little effect on ring
diameter, rings assembled around posts most com-
monly when the diameters was 2 or 5 um; only a few
rings were found encircling 10 um posts. In the future,
changing the geometry from a square to hexagonal
arrangement can provide an additional size range of
interstitial spaces, as well as differential geometries, to
further assess the effects of confinement of ring
assembly. Moreover, tuning the diameter, spacing, and
arrangement of posts in the arrays may permit the
biased assembly of ring around posts as opposed to
assembly in the interstitial spaces.

The effects of confinement on composite self-
assembly provide important insights on the factors
initiating and driving the self-assembly process. Two
disparate mechanisms for initiating ring formation
have been previously proposed: (1) mechanical strain
build-up, and (2) surface pinning by inactive motors.
As noted above, we have suggested that mechanical
strain energy develops as coiled-coil and kinked do-
mains form through axially rotation of microtubule
oligomers.?*** This energy enables the rigid microtu-
bule oligomers to bend into ring structures capable of
storing considerable amounts of elastic energy. As an
alternate mechanism, Luria et al. suggest that surface
pinning of microtubules by inactive motors and
simultaneous crosslinking of microtubules initiates
self-assembly of ring structures.’® First, we will con-
sider how rings can self-assemble at the edge of chan-
nels on the upper surface of the pattern, as shown in
Fig. 3. Pinning of a microtubule at the edge of a
channel by inactive motors should not lead to ring
formation, particularly ones with large diameters, but
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rather it should lead to a microtubule hanging over the
edge of the channel with only the tip attached to the
top surface. On the other hand, strain-induced curva-
ture of microtubule oligomers could enable the rigid
bundle to bend in a U-shape, allowing it to reattach to
the upper surface and continue translation into the
ring morphology. Because assembly of such rings was
not directly observed, their formation at the edges of
channels on the upper surface may have resulted from
other mechanisms or phenomena (e.g., reattachment of
floating rings at such locations). Additional experi-
ments must be performed to verify the hypothesized
mechanism presented above. The assembly of ring
structures around posts in an array (Figs. 6, 7) also
supports the mechanical strain hypothesis for initiating
ring self-assembly. Assembly of rings in the interstitial
spaces of post arrays could be initiated by surface
pinning, but a mechanism by which the rings assemble
around posts via surface pinning cannot be rational-
ized. In order to assemble a ring around a post, the
leading tip of the microtubule or microtubule oligomer
must traverse the perimeter of the post until it contacts
and binds to itself, forming a completed ring structure.
If the leading tip becomes pinned, a ring structure may
form in the interstitial space, but would be unable to
traverse the post’s perimeter to form a ring encom-
passing the post. Conversely, one can easily concep-
tualize how mechanical strain and associated bending
of microtubule oligomers could self-assemble around
posts in an array. In such cases, the mechanical strain
keeps the leading tip of the oligomer close to the post
wall as it navigates the circumference, and, if long
enough, crosslink to the tail of the oligomer. Thus,
while surface pinning cannot be completely dismissed
with respect to ring self-assembly, results from our
experiments within confinement strongly support the
critical role of mechanical strain energy, due to axial
rotation of oligomers, in the self-assembly of ring
nanocomposites.

CONCLUSIONS

Active transport via kinesin motors has been shown
to provide a driving force for the assembly of non-
equilibrium nanocomposite structures. Here, we have
demonstrated and characterized the effects on con-
finement of ring composite assembly using microfab-
ricated gold—SiO, substrates containing channels and
posts, where the gold surfaces were rendered anti-
fouling with thiol-SAMs. Confinement effects on the
self-assembly of ring composites were observed in
microfluidic channels, primarily with respect to the
maximum ring diameter and distribution of ring
diameters. With post arrays, rings with a significantly

smaller average diameter were self-assembled when the
edge-to-edge spacing was 2 um, compared against
rings formed in arrays with 5 and 10 um spacing.
Together these data demonstrate that physical con-
finement by microfabricated structures may be used to
control the average diameter and dispersity of ring
composites. Observations including ring composite
assembly along top edges of channels and around posts
in the arrays confirm that mechanical strain formed by
axial rotation of microtubule oligomers plays a central
role in initiating the self-assembly process. Using top-
down lithographic processing, we can now begin
designing new surface patterns to confine kinesin-dri-
ven self-assembly with the goal of generating new
composite morphologies.
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