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This paper describes the application of self-assembly to

the formation of structured aggregates (both static and
dynamic) of millimeter sized objects. We arque that
MEso-scale Self-Assembly (MESA) provides a frame-
work for fabricating two- and three- dimensional struc-
tures (with objects ranging in size between 10 nm and
10 mm), and illustrates broadly important principles
underlying the behavior of complez, natural systems.

1 Introduction

Self-Asscembly is the spontaneous organization of mole-
cules or objects, under steady state or equilibrium
conditions, into stable aggregates, by non-covalent
forces; these aggregates are not necessarily at the
global minimum in energy [14, 15]. Meso-Scale Self-
Asscinbly (MESA) refers to self assembly carried out
with objects ranging in size from 10 nm to 10 mum
using forces having lateral extension with similar size
(8, 6,1,9,12, 17, 13, 7, 4, 11]. MESA bridges the
gap between molecular self-assembly (e.g. crystalliza-
tion [16]; and protein-ligand recognition. [10]) and
the conventional fabrication of macroscopic machines.
This paper bricfly outlines the most important con-
cepts governing sclf-assembly at these length scales. It
also describes the application of MESA in (a) fabri-
cating artificial crystals and three dimensional struc-
tures {9, 12, 17], (b) mimicking molecular self assem-
bly [4, 11, 3, 5], and (c) designing dynamical systems
that show tailored complexity {2].

2 Forces-

We begin by describing two static systems; in these
systems, the capillary interactions between individual
units are responsible for MESA. (i) One system uses
MESA to form 2D aggregates. It employs selective pat-
terning of the faces of the object into hydrophilic and
‘hydrophobic sets. These objects self assemble, while

floating at the interface between a hydrophobic liquid
(perfluorodecalin, PFD) and a hydrophilic one (wa-
ter) {6, 1]. In this system, PFD wets the hydrophobic
faces and forms “positive” menisci (menisci that extend
above the plane of the interface); water wets the hy-
drophilic faces and forms “negative” menisci (menisci
that extend below the plane). Menisci of the same
shape interact attractively with each other, while a

‘mismatch in the shape of the menisci results in weak or

repulsive interactions between the objects. Since capil-
lary forces have decay lengths on the order of millime-
ters to nanometers, they can be used to assemble ob-
Jjects across this range of sizes. (ii) The second system

- uses MESA to form three-dimensional (3D) aggregates.
In this system liquid films (c.g. of low melting-point

alloys [9], or polymeric adhesives [12]) coat the faces
of the assembling units. These films have a high in-
terfacial free energy in contact with water. When two
faces come into contact, the films coalesce; this coales-
cence minimizes the exposed arca of the interface and
decreases the free energy of the system.

We also describe a system based on dynaimical self-
assembly (2] that incorporates a combination of attrac-
tive and repulsive forces. In this system, millimeter-
sized magnetic disks are placed at a liquid-air interface,
and subjected to the magnetic field produced by a ro-
tating permanent magnet. The attractive forces occur
between the magnetic units and the rotating magnet.
The repulsive forces are due to hydrodynamic interac-
tions associated with vortices in the fluid in the vicinity
of the individual spinning magnets.

3 Two-Dimensional MESA

We assembled two-dimensional (2D) aggregates using
picces made of PDMS, an organic polymer: poly-
dimethylsiloxane; (density = 1.05 g/mL) at the PFD
(density = 1.91 g/mL) /water (density = 1.00 g/mL)
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Figure 1: Phologrephs of self-assembled arrays of hydrophobically patterned hezagons, floating in the plane of the PFD /
waler interface, and agitated by an orbital shaker. All the hezagons have centrosymmetric patterns of hydrophobic faces;
the dark faces are hydrophobic, while the light ones are hydrophilic. (A) Two faces (opposite) of individual hexagons are
hydrophobic; this pattern results in a linear array on assembly. (B) Alternate faces of individual hexagons are hydrophobic;
this pattern generates a porous 2D array. (C) All the faces of individual hexagons are hydrophobic; this pattern generutes a

2D, close-packed array.
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Figure 2: 3D assemblies containing 300 cubes. All the faces of the individual cubes were coated with a hydrophobic

polymer; assembly was carried out in water.

interface [6, 1,7, 4, 11]. The PDMS objects assembled

“upon agitation using an orbital shaker. We chose this
interface for four reasons: (a) PDMS does not swell in
contact with either liquid; (b) capillary forces at the in-
terface are strong (interfacial energy=0.05 J/m?); (c)
PDMS has a density intermediate between that of wa-
ter and PFD, and the pieces therefore float at the in-
terface; (d) a thin film of PFD remains between the
faces of the objects when they assemble, and acts as
a lubricant; this film allows the objects to move lat-
erally relative to one another, and minimizes the free
energy of the system. Figure 1 shows photographs of
aggregates formed with different hexagonal units at the
PFD/water interface.

4 Three-Dimensional MESA

MESA also provides an alternate strategy for the fab-
rication of 3D microstructures. We assembled large,

regular arrays (crystals) of millimeter sized polymeric
polyhedra. The faces of these polyhedra were coated
with either a photcurable adhesive [12] or molten sol-
der [9]. When these liquid-coated polyhedra were sus-
pended in water and agitated, collisions between them
allowed contact and coalescence of the liquid films; this
coalescence minimized the interfacial area between the
hydrophobic liquid and water, and provided the ther-
modynamic driving force for the self-assembly. In ex-
periments using pieces coated with photocurable adhe- .
sive, after self-assembly was complete, the structures
were exposed to UV radiation; this exposure cured the
lubricant and gave the aggregates sufficient mechanical
strength that they could be manipulated and charac-
terized. Figure 2 shows assembled 3D structures that
contain 300 cubes; these structures formed from sus-
pensions of 1000 cubes, using a photocurable adhesive.
Figure 3 shows 3D porous structures formed by the as-
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Figure 3: 3D sclf-assembly of porous structures using a
high surface tension, low-melting point solder, Polyhedra on
the left, (dark regions represent arcas covered with solder)
assembled into the structures shown on the right.

sembly of polyhedra whose faces were covered with a
solder having high interfacial tension with water.

5 Molecule-Mimetic Self-Assembly:
Hierarchical and Templated MESA

One of the most interesting applications of MESA is as
& vehicle with which to abstract and illustrate impor-
tant concepts in self-assembly modeled on those exhib-
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ited by molecules and to use them to join mesoscale
objects. Examples of processes that have been ab-
stracted from organic and biological chemistry and
used in MESA include hierarchical [4] and templated
[3] self-assembly, and DNA recognition [5]. We de-
scribe results of these experiments carried out at the
PFD / water interface through the interaction of hy-
drophilic and hydrophobic menisci as described earlier.

The optical photographs in Figure 4 illustrate the
translation of the molecular concepts of hierarchi-
cal and templated self-assembly into the mesoscopic
world. The results shown in Figure 4A demonstrate
hierarchical self-assembly. Two interactions of differ-
ent strengths were responsible for the self-assembly.
Initially, a strong capillary interaction between hy-
drophobic faces formed structures containing four com-
ponents; a weaker interaction between the concave
hydrophobic faces subsequently caused aggregation
into larger structures. Figure 4B illustrates tem-
plated MESA. These objects interacted among them-
sclves through concave hydrophobic regions; the self-
assembly was directed using round, hydrophilic ob-
Jjects (the templates). On addition of the templat-
ing structures, the system forined the inclusion struc-
tures shown in Figure 4B; inclusion of these templates
strengthened and extended the hexagonal lattice in
these structures. We observed that the formation of
the cyclic structures began with the pre-orientation of
the trefoil objects around the circular template, fol-
lowed by the self-assembly of these trefoil objects.

6 Biomimetic MESA: Models of DNA
Recognition

- Figure 5A, B, and C are photographs illustrating a

model of sequence-specific assembly: this model is
based on sequence specific molecular recognition in
DNA and RNA. In particular it is based on a long
strand, a specific sequence of which can be recog-
nized by a short probe with a complementary sequence.
These strands are based on individual objects contain-
ing hydrophobic lock and key functionalities that are
connected via'a PDMS thread. The two strands associ-
ated by pairing at the complementary sequences, with
probabilities that clearly illustrate the principle, but
are much lower than corresponding molecular systems.

This process is the first, primitive step toward mod-
eling the formation of double-stranded DNA by the
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Figure 4: (A) Hierarchical MESA in 2D, Initially four pieces (one (w) and three (z)) aggregate via strong capillary
interactions at the hydrophobically patterned faces (dark regions). ' A weaker capillary interaction between two concave
hydrophobic faces enables these small aggregates to grow into larger structures. (B) Templated MESA in 2D. Eleven circular
pieces (z), act as templates around which 37 pieces (y), assemble into cyclic hexamers through capillary interactions at the

hydrophobic patterned faces (dark regions).

.
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association of short sequences of single-stranded DNA.
Although this model has obvious limitations, it con-
tains several features analogous to molecular systems,
including cooperativity, directionality, and sequence
specificity.

7 Dynamic Self-Assembly

We have also examined dynamic self-assembly systems,
that is, systems that develop order only when dissipat-
ing energy. These systems are particularly interest-
ing for their possible relevance to issues of complexity
and emergence and ultimately, perhaps to understand-
ing very complex systems, such as the cell. Here we
describe the formation of dynamic patterns of unex-
pected regularity and complexity by millimeter-sized
magnetic disks subjected to a rotating magnetic field

and spinning at the liquid-air interface. Circular disks
made up of PDMS doped with magnetite (1 mm inner
diameter, 400 pm thick) were placed in a dish filled
with a liquid (typically ethylene glycol/water or glyc-
erin/water with kinematic viscosities 1-50 cp). A bar
magnet (5.6 cm x 4 cm x 1 cm) was then rotated be-
low the dish ( 2.4 cm below the air-liquid interface),
at an angular velocity of 200-1200 r.p.m. Figure 6 is
a schematic diagram of the experimental set-up. Fig-
ure 7 shows the dynamic patterns formed with different
numbers of disks. A variety of patterns were observed,
ranging from unnucleated (n<5) to nucleated (n>5) to
bistable patterns (n=10, 12). The wealth of phenom-
ena displayed by this system makes it a good one to
study complexity: the interactions involved are simple
enough to be studied in detail but the patterns are far
from obvious.
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Figure 5: FEramples of o two-dimensional model for
sequence-specific self-assembly. In all three ca.;c.§, a long
strand and a short probe were placed at the water/PFD
interface and swirled at a frequency of 60 r.p.m. on an
orbital shaker. These objects interacted through hydropho-
bic lock and key structures. Self-asscmbly between the long
strand and the probe at a pre-determined recognition site
took place with high probability, in less than two hours. Fig-
ures show the self-assembled structures based on sequence-

specific recognition between (a) a 22-membered single strand

and a seven-membered probe, (b) a larger 50-membered
single strand and an eight-membered probe, and (c) the
largest single strand ezamined (100-membered) and a nine-
membered probe.
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