
pomers, representing a significant improve-
ment over the original ASP-W results (which
were already fairly good).

From Table 1 we find very good agree-
ment between the two lowest tunneling bar-
riers on VRT (ASP-W) and ab initio calcula-
tions (5, 23), indicating that the topological
features of the 6D IPS are adequately repre-
sented. The highest barrier (for bifurcation),
which is not explicitly constrained in the fit,
may be too small on VRT (ASP-W), but it is
difficult to ascertain this given the large vari-
ations in ab initio values. In general, we
clearly see significant improvements in the
barrier heights relative to those on the
ASP-W surface, indicating that the hydrogen
bond rearrangement dynamics in the dimer
will be properly represented.

To further characterize VRT (ASP-W), we
have computed both equilibrium and vibra-
tionally averaged ground state structures, De,
and D0 for cyclic D2O trimers and tetramers,
which have been characterized by terahertz la-
ser spectroscopy (3). This was done using
DQMC on a trimer (tetramer) IPS constructed
by pairwise addition of the pair potentials, fol-
lowed by computing first-order, iterated,
n-body induction. As shown in Table 2, good
agreement is found with both ab initio and
experimental results, and again a significant
improvement relative to ASP-W is found,
which generally produced O–O distances that
were too long. Effective pair potentials, such as
TIP4P, are not able to reproduce the cluster
features, yielding rather short O–O distances
and binding energies that are too large. That a
pair potential such as VRT (ASP-W) does so
well in calculating properties of larger clusters
is not entirely unexpected, as the dominant
n-body force is induction (polarization), which
is explicitly treated by the polarizable VRT
(ASP-W) potential. In contrast, effective pair
potentials parameterize the many-body forces
in an average way according to bulk properties
and so are unable to simultaneously describe
both small clusters and the bulk.

The principal weakness in the VRT (ASP-
W) potential is the constraint of frozen water
monomers to equilibrium properties. It is
known that the donor O-H bond actually
elongates slightly (,1%) upon hydrogen
bond formation, accompanied by smaller
changes in the bond angle (24, 25). Although
these subtle effects must eventually be in-
cluded to obtain a “perfect” water pair poten-
tial, to do so requires a complete 12D treat-
ment of the VRT dynamics and potential
surface, which currently transcends the state
of the art. Preliminary explorations indicate
that the main effects of including monomer
nonrigidity involve some reduction in the
acceptor switching splitting and a small
(;0.1 kcal/mol) increase in De. In any case,
we expect the effects of monomer nonrigidity
on the fitted potential to be relatively minor

(25); VRT (ASP-W) is clearly quite close to
the “exact” water pair potential. Moreover, as
computational power continues to increase, it
will ultimately become possible to determine
the small exchange-repulsion and dispersion
contributions to the many-body interactions
(26) that are operative within aggregates of
water molecules, as well as to further refine
subtle features of the pair potential by com-
paring results computed rigorously from this
pair potential with the precise VRT data mea-
sured for the water trimer, tetramer, pen-
tamer, and hexamer. Hence, a truly rigorous
molecular description of the force fields of
solid and liquid water seems close at hand.
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Design and Self-Assembly of
Open, Regular, 3D

Mesostructures
Tricia L. Breen, Joe Tien,

Scott R. J. Oliver, Tanja Hadzic, George M. Whitesides*

Self-assembly provides the basis for a procedure used to organize millimeter-
scale objects into regular, three-dimensional arrays (“crystals”) with open
structures. The individual components are designed and fabricated of polyure-
thane by molding; selected faces are coated with a thin film of liquid, metallic
alloy. Under mild agitation in warm, aqueous potassium bromide solution,
capillary forces between the films of alloy cause self-assembly. The structures
of the resulting, self-assembled arrays are determined by structural features of
the component parts: the three-dimensional shape of the components, the
pattern of alloy on their surfaces, and the shape of the alloy-coated surfaces.
Self-assembly of appropriately designed chiral pieces generates helices.

We describe a procedure that uses self-assem-
bly of patterned, three-dimensional (3D), me-
soscale (millimeter- to centimeter-scale) objects

to generate open, regular, 3D structures. These
types of structures may eventually find use as
the cores of densely interconnected, 3D elec-
tronic and optical elements for high-perfor-
mance computation and sensors. We prepared
millimeter-scale objects (both polyhedra and
more complex shapes designed to form an ex-
tended lattice), coated selected faces with a film
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of low-melting, metallic alloy, and suspended
the resulting particles in aqueous KBr solution
at a temperature that melts the alloy. On agita-
tion, the objects collide and interact through
capillary forces between the drops of liquid
alloy; self-assembly occurs because it minimiz-
es the area of the interface between the alloy
and the KBr solution and thus minimizes the
free energy of the aggregate. The combination
of the shapes of the objects, the pattern of the
alloy-coated faces, and the shapes of the faces
directs self-assembly and provides a strategy
for controlling the structures of the resulting
arrays.

This work builds on previous studies of
2D and 3D mesoscale self-assembly (1–8). In
our studies of 2D systems, polymer plates
floating at a perfluorodecalin/water interface
interacted through lateral capillary forces;
patterning the wettability of the surfaces of
the plates directed the self-assembly (1).
Achieving the same structural control in 3D
self-assembly of small objects using capillar-
ity is a more complicated problem—our pre-
vious work in 3D systems focused solely on
simple tilings of space (4)—and requires a
fluid-fluid interface with a high liquid-liquid
interfacial free energy, a method to wet se-
lected surfaces of the objects with only one of
the liquids, and a procedure to freeze struc-
tures into mechanically stable forms once
self-assembly is complete. We have ad-
dressed these issues by adapting a methodol-
ogy originally used by Syms et al. to position
the components of micromechanical assem-
blies (9). We used as liquid phases a low-
melting alloy of bismuth, lead, tin, cadmium,
and indium and aqueous KBr solution; the
interface between these phases has a high
interfacial free energy (we estimate this en-
ergy to be ;400 mN m21) (10) primarily as
a result of the high surface tension of molten
alloy. We formed mesoscale objects of poly-
urethane (PU) by molding, and patterned
their surfaces with alloy, by first attaching
pieces of an adhesive-backed copper foil to
the surfaces (Fig. 1) (11). The patterned cop-
per surface coated spontaneously with thin
films of alloy when dipped in molten alloy at
60°C. Self-assembly of the objects was ac-
complished by suspending and agitating them
in an aqueous KBr solution at 60°C. After
self-assembly was complete, the suspension
was allowed to cool to room temperature. The
alloy solidified and the resulting structures
were mechanically stable (12).

Design of component pieces that self-as-
semble into open arrays of specified design
requires two structural features to be correct-
ly chosen: (i) the 3D shape of the pieces, and
(ii) the positions and shapes of the alloy-
coated faces on the surfaces of the objects.
Here, we demonstrate that design based on
these features allows the fabrication by self-
assembly of a range of shapes, including

extended lattices, regular polyhedra, and
open helices.

We chose regular polyhedra—octahedra,
cubes, and tetrahedra—as the basis for the
components for self-assembly of extended
lattices and generated a new set of surface
planes on them by truncating either their
corners or edges. An important element of
design in these systems was the shape of the
alloy-coated surfaces of the mesoscopic ob-
jects (Fig. 2). Minimization of the area of the
interface between the alloy and the aqueous
KBr solution requires that the shapes of op-
posed faces between two objects match.
Thus, the configurations suggested in Fig. 2,
A and B, are energetically more favorable
than those in Fig. 2, C and D, because they
minimize the area of the alloy/aqueous KBr
interface.

Both corner-truncated octahedra and
edge-truncated cubes (Fig. 3) assembled into
regular lattices: Truncated octahedra crystal-
lized into a simple cubic lattice, and edge-
truncated cubes formed a face-centered cubic
lattice (Fig. 3, A to D); both used energeti-
cally favorable, area-minimizing configura-
tions of the opposed faces (Fig. 2, A and B).

Both corner-truncated cubes and corner-
truncated tetrahedra had triangular truncation
planes covered with alloy (Fig. 3, E and G),

and their shape, and the positions of the
alloy-coated faces, prohibit the formation of
an extended lattice with matching face pro-
files (such as in Fig. 2A). The corner-truncat-
ed tetrahedra assembled with matched con-
figurations of the alloy-coated surfaces (Fig.
2A) and did not give an extended structure;
rather, the pieces formed dodecahedra com-
posed of five-membered rings of tetrahedra
(Fig. 3F). In contrast, the corner-truncated
cubes assembled into an extended lattice
(Fig. 3H) but with unmatched configurations
of the alloy-coated surfaces (Fig. 2C). These
latter arrays are based on energetically less-
favorable configurations of the opposed faces
and, unlike the other arrays described in this
study, had defects. These defects formed in
the outer layer of components of the self-
assembled structure when a component piece
bonded to the structure with matched face
profiles; only ;2% of the sites in the struc-
ture were defective.

Structures with matching face profiles
were formed from the corner-truncated cubes
when only four of the truncation planes, ar-
ranged tetrahedrally on the surface of each
cube, were coated in alloy (Fig. 3, I and J). The
cubes first formed five-membered rings with
matching face profiles, and then dodecahedra
analogous to those formed by the truncated
tetrahedra. Five-membered rings formed only
when four truncation planes were covered with
alloy; when all eight corners were covered with
alloy (Fig. 3, G and H), no dodecahedra
formed. The additional alloy-covered trunca-
tion planes interfere with the formation of struc-
tures with matched face profiles, and complete
opposition of the alloy-covered surfaces (to
minimize the area of the interface of the alloy
and aqueous solution) required formation of
extended lattices, albeit at the cost of energeti-
cally unfavorable configurations of the opposed
faces (Fig. 2C).

Fig. 1. Schematic diagram describing the pro-
cess used to allow self-assembly of ;5-mm
polyhedra, having selected faces covered with
low-melting metallic alloy. The liquid used to
suspend these objects was saturated aqueous
KBr solution.

Fig. 2. Diagram depicting the opposition of
triangular and square matched (A and B) and
unmatched (C and D) faces; the solid and dot-
ted lines represent the two opposed faces. The
matched configurations (A and B) result in
smaller areas for the interface between alloy
and aqueous solution than do those that are
unmatched (C and D); they are therefore ener-
getically more favorable.
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We extended the strategies illustrated by
the regular crystalline lattices to a more com-
plex structure, that is, a helix (Fig. 4). The
components were designed to control both
the direction of growth of the helix (so that it
was along the length of the helix) and its
handedness. The shapes used to form the
helix incorporated three features. First, rect-
angles of alloy were placed on the sides of the
components. Second, each piece subsumed
an angle of 66° when projected along the axis
of the helix; thus, assembly of six pieces
resulted in 1.1 turns of the helix. Third, the
components had S-shaped sides and were
chiral. The aggregates that formed had helical
structures and the correct handedness, but
were limited to ;18 objects (; three turns of
the helix). We believe the size of these struc-
tures was limited by shear forces encountered
during agitation and assembly.

A strategy based on minimizing the interfa-
cial free energy of the interface between metal-
lic alloy and aqueous KBr allows the self-
assembly of open structures, with complexity
extending from regular lattice structures to he-
lices. Successful design requires control of the

shape of the objects, the placement of the sur-
faces supporting liquid alloy, and the shape of
these surfaces. The number of alloy-coated fac-
es per component is a factor that is independent
of the shape of the faces; it controls the match-
ing of the face profiles and thus the structure of
the aggregate.

We have observed reproducible formation
of defect-free lattices of at least 100 pieces
(13); we have not explored or defined the
upper limit of the number of components that
assemble before defects begin to appear be-
cause of the time it takes to fabricate pieces.
These structures are free of defects common-
ly found in 2D self-assembled structures (14)
and in 3D self-assembled arrays of cubes (4).
We attribute the reduction in defect density to
two facts. First, it is easier to form defect-free
3D structures than 2D structures because
there are more interconnections and compo-
nents in 3D structures to cause alignment of
the components. Second, the high interfacial
free energy of the alloy-aqueous KBr system
results in bonds between components that are
strong enough to prevent slip dislocations.

This system—polyhedra designed to self-

assemble, molded in organic polymers, and
connected through the use of capillary forces
determined by minimization of the interfacial
area between an alloy and aqueous KBr so-
lution—is suitable for fundamental studies of
self-assembly. The open lattice mesostruc-
tures with metallic interconnects that it gen-
erates also represent a step toward new types
of structural materials, optical band-gap ma-
terials and other diffractive optical structures,
and self-assembled, 3D microelectronic de-
vices with built-in channels for cooling (15).
The successful generation of these aggregates
of millimeter-scale components suggests self-
assembly as a strategy for precision assem-
bly. To make the transition from fundamental
studies to applications, we will require im-
proved methods of fabrication of the compo-
nents, methods of fabricating smaller compo-
nents, and stronger adhesion between the
components and the metallic alloy patterned
on their surfaces.

References and Notes
1. N. Bowden, A. Terfort, J. Carbeck, G. M. Whitesides,

Science 276, 233 (1997).
2. A. Terfort, N. Bowden, G. M. Whitesides, Nature 386,

162 (1997).
3. A. Terfort and G. M. Whitesides, Adv. Mater. 10, 470

(1998).
4. J. Tien, T. L. Breen, G. M. Whitesides, J. Am. Chem.

Soc. 120, 12670 (1998).

Fig. 3. Open lattice structures
formed by self-assembly of poly-
hedra having selected faces
coated with liquid alloy on agi-
tating in aqueous KBr solution.
(A) A drawing of a truncated oc-
tahedron (the region coated with
alloy is shaded). (B) An array of
100 of the pieces depicted in (A)
packed in a simple cubic lattice.
(C) A drawing of an edge-trun-
cated cube. (D) An array of 100
of the pieces depicted in (C)
packed in a face-centered cubic
lattice. (E) A drawing of a corner-
truncated tetrahedron. (F) A do-
decahedron assembled from 20
of the pieces depicted in (E). (G)
A drawing of a corner-truncated
cube. (H) An array of 100 of the
pieces depicted in (G) packed in
a body-centered cubic lattice. (I)
A drawing of a corner-truncated
cube with four alloy-coated
truncation planes arranged tet-
rahedrally on the surface. (J) A
dodecahedron assembled from
20 of the pieces depicted in (I).

Fig. 4. A self-assembled helix. (A) A drawing of
the shape designed to assemble into a helix. (B)
A drawing of the top view of an assembly of
five pieces showing the angles that the pieces
describe. (C) A self-assembled helix (front and
side views). (D) Diagram showing how the
handedness of the self-assembled helix is es-
tablished. The arrows indicate the two possible
paths of approach taken by an incoming piece.

R E P O R T S

7 MAY 1999 VOL 284 SCIENCE www.sciencemag.org950



5. A. W. Simpson and P. H. Hodkinson, Nature 237, 320
(1972).

6. S. T. Schober, J. Friedrich, A. Altmann, J. Appl. Phys.
71, 2206 (1992).

7. C. A. Murray and D. G. Grier, Annu. Rev. Phys. Chem.
47, 421 (1996).

8. A. van Blaaderen, R. Ruel, P. Wiltzius, Nature 385, 321
(1997).

9. P. W. Green, R. R. A. Syms, E. M. Yeatman, J. Micro-
electromech. Syst. 4, 170 (1995).

10. We estimated the interfacial free energy of the alloy/
aqueous KBr interface using data from F. H. Howie and
E. D. Hondros, J. Mater. Science 17, 1434 (1982); M. A.
Carroll and M. E. Warwick, Mater. Sci. Technol. 3, 1040
(1987); and Handbook of Chemistry and Physics, D. R.
Lide, Ed. (CRC Press, Boston, ed. 71, 1990), pp. 4-137 to
4-143. A liquid with a lower surface tension, such as the
hydrophobic lubricant used in (2) and (4), was unable to
generate capillary forces that were strong enough to
hold objects together.

11. The designs selected for the components were
used to fabricate machined aluminum masters;
these masters were used to fabricate an elasto-
meric mold. We placed the masters in a petri dish,
covered them with a liquid polydimethylsiloxane
prepolymer (Sylgard 184, DuPont), and cured the
prepolymer with heat (60°C, 30 min). Subsequent
removal of the aluminum masters left an elasto-
meric mold consisting of wells in the shape of the
aluminum masters. We filled the wells with a liquid
PU prepolymer (NOA 73, Norland), cured the poly-
mer by exposure to ultraviolet light (45 min), and
removed the solid PU pieces. We patterned select-
ed faces of these objects using adhesive copper foil
(Scotch Brand Electrical Tape, 3M Corp., St. Paul,
MN). This tape was cut to size and applied to the
selected planes (or portions of these planes) of the
polyhedra. This process was labor-intensive and
limited the number of objects we were willing to
examine in any experiment; it also limited these
objects to sizes greater than 5 mm. The pattern of
copper foil was coated with molten alloy (Bismuth
Alloy 117, melting point: 47°C, Small Parts, Miami
Lakes, FL) by dipping the pieces into a beaker
containing molten alloy (under an aqueous acetic
acid solution at pH 4 to dissolve oxidized alloy).
Cooling left the faces of the copper foil coated
with a film (;0.5 mm thick) of solid alloy. Self-
assembly was allowed to take place in a 500-ml
Morton flask filled with an aqueous solution of KBr.
Acetic acid (3 ml) was added to dissolve oxide from
the surface of the alloy. The flask and its contents
were rotated horizontally with a rotary evaporator
motor at 5 to 10 rpm and heated to 60°C in an oil
bath. A typical assembly was complete after ;1
hour of agitation. We reduced the intensity of
agitation about halfway through the experiment to
obtain complete assemblies of the component
pieces by increasing the concentration and thus
the density (ranging from 1.1 to 1.3 g/ml) of the
aqueous KBr solution.

12. Fragility resulted from delamination of tape from
polymer, not fracture of alloy connections.

13. We assembled each array twice (with the exception
of the dodecahedra, which were assembled three
times). With the exception of the dodecahedra, the
arrays incorporated all the starting pieces; for the
dodecahedra, an excess of pieces was required. If we
broke apart an array during assembly with a brief
increase in rotation speed, the resulting fragments
reassembled into a crystalline, monolithic array in
;1 hour.

14. N. Bowden, I. S. Choi, B. Grzybowski, G. M. White-
sides, J. Am. Chem. Soc., in press.

15. G. M. Whitesides, Sci. Am. 273, 146 (September
1995).

16. We thank S. Brittain for photography and K. Paul for
discussions. Supported by the DARPA and the
NSF. T.L.B. and S.R.J.O. thank the NSERC of Canada
for postdoctoral fellowships; J.T. acknowledges the
NSF for a predoctoral fellowship. T.H. was supported
by the MRSEC program of the NSF under award
number DMR-9400396.

9 February 1999; accepted 29 March 1999

Requirement for Type 2 NO
Synthase for IL-12 Signaling in

Innate Immunity
Andreas Diefenbach,1* Heike Schindler,1 Martin Röllinghoff,1

Wayne M. Yokoyama,2 Christian Bogdan1†

Interleukin-12 (IL-12) and type 2 NO synthase (NOS2) are crucial for defense
against bacterial and parasitic pathogens, but their relationship in innate im-
munity is unknown. In the absence of NOS2 activity, IL-12 was unable to
prevent spreading of Leishmania parasites, did not stimulate natural killer (NK)
cells for cytotoxicity or interferon-g (IFN-g) release, and failed to activate Tyk2
kinase and to tyrosine phosphorylate Stat4 (the central signal transducer of
IL-12) in NK cells. Activation of Tyk2 in NK cells by IFN-a/b also required NOS2.
Thus, NOS2-derived NO is a prerequisite for cytokine signaling and function in
innate immunity.

The innate immune response to bacteria and
protozoan parasites is characterized by the rapid
recognition of microbial antigens, after which
activated inflammatory cells release soluble
mediators and antimicrobial effector molecules
(1). The early production of IL-12 by granulo-
cytes, macrophages, or dendritic cells stimu-
lates the cytotoxic activity of NK cells and
enhances their release of IFN-g. Along with
IL-12, IFN-g then facilitates the later develop-
ment of type 1 T helper cells (TH1 cells) that
ultimately activate macrophages for the de-
struction of intracellular pathogens through
cognate interactions and further secretion of
IFN-g (2). A key antimicrobial agent implicat-
ed in this killing process is nitric oxide (NO)
generated from the amino acid L-arginine by
the inducible isoform of NO synthase (called
iNOS or NOS2) (3). NOS2-derived NO can
also regulate T cell proliferation, cytokine pro-
duction, apoptosis, and signaling activity in
vitro (4–6) and in vivo (7–9). In genetically
resistant mice cutaneously infected with the
protozoan parasite Leishmania major, the inhi-
bition of early parasite spreading, the up-regu-
lation of IFN-g, and the induction of NK cell
cytotoxicity at day 1 of infection were abol-
ished after genetic deletion or functional inac-
tivation of NOS2 (9), a response that is similar
to that of mice after neutralization of IL-12
(10). This suggests that NOS2 deficiency might
affect the availability of IL-12. Although the
baseline expression of IL-12 subunit p40
mRNA in naı̈ve NOS22/2 mice was lower as

compared to that of NOS21/1 mice, the pro-
duction of active IL-12 p70 heterodimers by
inflammatory macrophages was not reduced in
the absence of NOS2 (9). Thus, both NO/NOS2
and IL-12 regulate the innate response to L.
major, but whether and how they might interact
in vivo remained unknown. We show here that
NO/NOS2 is an integral part of the IL-12 sig-
naling cascade in NK cells and therefore con-
stitutes a prerequisite for the function of IL-12
in innate immunity.

We initially analyzed whether responsive-
ness to exogenous IL-12 in vivo required
NOS2 activity. Wild-type NOS21/1 mice
(129/SvEv 3 C57BL/6) were cutaneously
infected with L. major promastigotes (11).
At 24 hours, the parasites were found at the
site of inoculation and in the draining pop-
liteal lymph node (pLN). In NOS2-defi-
cient mice (9, 12), in contrast, the parasites
were disseminated to visceral organs, even
after treatment with IL-12 (13) (Fig. 1A).
In genetically susceptible BALB/c mice,
which lack functional IL-12 early during
infection (10, 14 ), treatment with IL-12
prevented parasite spreading at day 1 of
infection (Fig. 1A). However, simultaneous
application of L-N6-iminoethyl-lysine (L-
NIL) (13), a potent competitive inhibitor of
NOS2 (9), reversed the protective effect of
IL-12 (Fig. 1A). Treatment of NOS21/1

mice with IL-12 increased expression of
IFN-g mRNA and NK cell cytotoxic activ-
ity in the pLN after infection, whereas no
such effect was observed in NOS22/2 mice
or in NOS21/1 mice injected with L-NIL
(Fig. 1, B and C). Similar amounts of IL-12
receptor b1 and b2 mRNA (15) were de-
tected in the pLN of NOS21/1 and
NOS22/2 mice at day 1 of infection (Fig.
1D), indicating that the impaired parasite
control, IFN-g expression, and NK cell ac-
tivity in NOS22/2 mice at day 1 of infec-
tion (9) resulted from an inability to re-
spond to IL-12 but not from a lack of IL-12
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