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like early photography with low-speed glass
plates. This limitation, mainly caused by the
refresh rate of the digital projector, results in
relatively slow data acquisition rates. Reduction of recording times will necessarily
require the development of a new generation
of superfast projectors, or possibly the use of
high-repetition laser sources.
We can easily envisage that the technological requirements for reducing the recording times in Sun et al.’s technique will soon
be resolved, enabling the real-time recording of 3D images using only single pixels.
One of the most promising applications is
the capability of 3D imaging in wavelength
regions limited by current detector array
technologies. This blend of simple ideas and
complex physics by Sun et al. combines to

give us a beautiful new way of seeing the
world. It would seem that the answer to the
question “How simple can we make a 3D
imaging system?” appears to be “Disconcertingly so.”
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Manipulation of crystal growth conditions
results in the controlled formation of complex
micrometer-scale shapes.

Complexity from Simplicity
Elias Vlieg

B

y studying natural shapes and processes, researchers have learned that
the key ingredient to arriving at complexity is the coupling between different processes. This coupling leads to self-organization and is an essential feature of life (1).
In biominerals, such as diatom skeletons or
abalone shells, the interplay between calcium carbonate or similar minerals with
organic molecules can lead to highly functional materials with hierarchical architectures and stunning beauty (2). On page 832
of this issue, Noorduin et al. (3) bring the
man-made design of complex shapes from
simple ingredients to a level of control that
promises applications in ﬁelds such as optics
and catalysis.
The authors report a remarkably simple
process for growing beautiful ﬂower arrangements at a micrometer scale (see the ﬁgure).
In an aqueous solution containing barium
chloride and sodium metasilicate, a glass
plate is positioned more or less vertically.
After a few hours, very complex microstructures form, owing to the delicate interplay
between the growth of barium carbonate and
silicate. The formation of these two minerals not only changes the local pH in opposite
ways, but their growth rate also depends on
this pH. Silicon also blocks barium carbonate
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growth, resulting in two growth regimes in
which microstructures either avoid or attract
each other. Diffusing CO2 from the air modiﬁes the pH as a function of depth in the solution, leading to a depth-dependent morphology and density of the microstructures.

Many feedback and control parameters
thus act together to generate the structures.
Although the correct growth conditions can
be selected experimentally, a mathematical
model that includes the different growth rates
and their coupling with the local environment

CO2

Na2SiO3
BaCl2
Step 1
20°C

Step 2
4°C

Micro-ikebana. In a solution containing both sodium silicate and barium chloride, the growth of barium
carbonate and silicate will depend on, as well as inﬂuence, the pH of the solution. The formation of these
crystals is thus strongly coupled, resulting in the growth of complex shapes—tuliplike in the example shown.
Diffusing CO2 dictates the pH value as a function of depth and thereby the density of the structures. Through
careful control of the growth conditions, Noorduin et al. have designed a wide variety of structures with
ﬂowerlike features such as stems, branches, and leaves. In the example, the green stems and leaves are
grown ﬁrst, followed by growth at a lower temperature, yielding the thick-walled ﬂowers on top. The colors
in the image are artiﬁcial, but it is possible to grow such structures by using materials that have different
colors and other properties.
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with the corresponding detector signal to
create a number of weighted images, from
which a full image of the object can again be
reconstructed.
Sun et al. have combined these ideas
and have shown that a full 3D image can be
recorded with only a few single-pixel bucket
photodetectors and intelligent illumination. In their scheme, the known illumination source is a rapidly changing checkerboard of black and white squares generated
by a digital projector, such as that used for
project presentations (see the ﬁgure). However, this elegant experiment is far from the
end of the story. The procedure requires several minutes to reconstruct a full 3D image
of a human head. During this time, the head
or object must remain perfectly still, much

PERSPECTIVES
the glass plate in the two beakers, an entire
matrix of conditions is probed at once, allowing the researchers to pick the ﬂowers they
like best. More sophisticated setups, such as
microﬂuidic devices with precise pH, concentration, and ﬂow control, should enable
the reproducible production of very complex shapes with desirable properties. This
form of bottom-up patterning may become
useful, for example, in the design of catalytic surfaces, where the large surface area
and the conﬁnement of the reactants may
enhance the catalytic activity (7), or in the
growth of three-dimensional metamaterials
with a negative index of refraction that can
be used as optical elements (8).
Other routes to generate (sub)micrometer-scale architectures in a bottom-up fashion include the combination of nanoparticles
with organic molecules, which can give rise
to self-assembled structures with a complexity that depends on the number of interaction
components (9). Properly designed molecules can be self-assembled in supramolecular structures with a functionality that again
depends on the interaction between the different components (10). Nanowires can also be

designed so that nanoscale patterning occurs
spontaneously (11).
None of these examples, however, combines the simplicity, beauty, and control of
the barium carbonate and silicate system.
For now, Noorduin et al. have focused on
growing ﬂowerlike structures. More control
will undoubtedly lead to structures that may
be less artistically pleasing, but more technologically useful.
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(Poly)Combing the Pediatric
Cancer Genome for Answers

Misregulation of the pattern and localization
of histone modiﬁcations may result in cancer
development.

Marc Alard Morgan and Ali Shilatifard

T

he rapid expansion of high-throughput DNA sequencing now enables the
genetic analysis of human diseases at
an unprecedented rate and resolution. In particular, whole-genome sequencing of rare
childhood diseases promises fundamental
insight into basic developmental processes
and biochemical pathways (1). Indeed, this
approach has identiﬁed the ﬁrst mutations in
histones—proteins that package DNA—in
human disease (2, 3). About 80% of cases
of diffuse intrinsic pontine glioma (DIPG),
an aggressive, incurable childhood tumor of
the brain stem, harbor these histone mutations. On page 857 of this issue, Lewis et al.
(4) extend this story by showing that altered
activity of polycomb repressive complex 2
(PRC2), a key developmental regulator of
gene expression, is involved in the pathoStowers Institute for Medical Research, 1000 East 50th
Street, Kansas City, MO 64110, USA. E-mail: ash@
stowers.org

genesis of gliomas carrying these mutant
histones.
The culprit mutations involve a substitution of lysine 27 to methionine (H3K27M)
in one of two histone H3-encoding genes,
H3F3A (histone H3.3) or HIST1H3B (histone H3.1). Histone proteins form the core
of eukaryotic chromatin, and their posttranslational modifications are associated
with various DNA-based processes including transcription (5). Lysine 27 of histone H3
is subject to methylation by PRC2, a multiprotein assemblage essential for repressing
transcription during development (6). The
precise function of histone lysine methylation is a topic of some contention (7). Studies in the fruit fly Drosophila melanogaster suggest that H3K27 modifications are
essential for developmental gene regulation,
as a lysine-to-arginine substitution activates
genes that are normally repressed by PRC2
(8). The remarkably speciﬁc nature of the H3
mutation in high-grade (aggressive) pediatric

gliomas points to a connection with lysine 27
modiﬁcations.
Although the H3K27M mutation is heterozygous (occurs in only one of the two
gene copies), there is profoundly reduced trimethylation (H3K27me3) of wild-type H3 in
gliomas (9), which suggests that the mutation dominantly inhibits PRC2 methyltransferase activity. Indeed, biochemical studies
by Lewis et al. and others (4, 10) show that
the mutant histone binds to the catalytic site
of PRC2 to block enzymatic activity (see the
ﬁgure). This effect was examined in patient
tumor cells using chromatin immunoprecipitation followed by DNA sequencing (10).
Global trimethylation of wild-type H3K27
is reduced in these tumor cells. However,
local increases in this modiﬁcation, accompanied by PRC2 occupancy of chromatin,
were observed at sites involved in repressing tumor suppressors, such as p16Ink4A
(10). These unexpected ﬁndings suggest that
the function of mutant H3K27M is more
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seems essential to obtain a further understanding and control.
Flower shapes have previously been
grown from inorganic materials such as
metal oxides, semiconductors, and silicon
oxide (4). The choice of materials is not new
either: García-Ruiz et al. have shown that this
system can generate shapes resembling biological forms and that the shapes of the oldest known fossils can also be produced in this
inorganic way (5). García-Ruiz et al. have
more recently proposed a model to explain
the shape of such “biomorphs” (6).
Noorduin et al. now provide an improved
understanding of the formation process that
allows them to design the resulting shapes at
will and to combine different growth conditions to generate even more complex shapes.
Rather than selecting one set of conditions
and letting the system evolve passively,
the authors change the process conditions
actively, allowing the construction of elements such as stems, vases, branches, and
leaves.
The growth conditions are changed by
moving the glass plate from one beaker to
the next. By using different tilt angles of

Rationally Designed Complex,
Hierarchical Microarchitectures
Wim L. Noorduin,1* Alison Grinthal,1 L. Mahadevan,1,2,3,4 Joanna Aizenberg1,2,3,5*
The emergence of complex nano- and microstructures is of fundamental interest, and the ability
to program their form has practical ramifications in fields such as optics, catalysis, and electronics.
We developed carbonate-silica microstructures in a dynamic reaction-diffusion system that allow
us to rationally devise schemes for precisely sculpting a great variety of elementary shapes by
diffusion of carbon dioxide (CO2) in a solution of barium chloride and sodium metasilicate.
We identify two distinct growth modes and show how continuous and discrete modulations
in CO2 concentration, pH, and temperature can be used to deterministically switch between
different regimes and create a bouquet of hierarchically assembled multiscale microstructures
with unprecedented levels of complexity and precision. These results outline a nanotechnology
strategy for “collaborating” with self-assembly processes in real time to build arbitrary
tectonic architectures.
atural patterns and shapes arise in innumerable ways on a range of scales and
have fascinated artists and scientists alike
(1, 2). Hierarchical nano- and microarchitectures
not only offer insight into how complex forms can
emerge from simple starting materials, but also
underlie coloration (3), wetting (4), mechanics (5),
and other phenomena seen in nature and may
transform optics (6), catalysis (7–9), building construction, and many other technologies if we can
find ways to create them synthetically. Using topdown lithography techniques (10), we can directly write and sculpt three-dimensional (3D) patterns
into a variety of materials, but at small scales this
hands-on control translates into a laborious, costly, and often insufficient approach. Self-assembly
from the bottom up can generate diverse patterns
through a much more complex evolution of forces
than we could ever apply by hand (11); however,
ceding control over all but the starting materials
leaves little opportunity to fine-tune structures or
control stages of hierarchical development, let alone
rationally design arbitrary architectures. Strategies inspired by biomineralization have been explored as potential routes to controlling growth
and self-assembly from the molecular level via
tailored microenvironments, epitaxy, and inorganic
or organic additives (12–21). Yet although these
strategies have produced some interesting spherical, spiral, leaflike, and other shapes (22–29), the
appearance of various forms in synthetic systems
is often unexpected and not usually based on predictive mechanisms.
The vast majority of efforts to apply biomineralization principles to synthetic strategies have,
like most nanoscale self-assembly techniques, fo-
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cused primarily on defining the initial conditions
or solution composition. Although this approach
has certainly yielded useful insights, it is obvious
that many complex patterns emerge specifically
in response to a dynamic environment. For example, abrupt switches in marine shell patterning
have been attributed to changes in conditions
during growth (1); at a larger scale, bacteria form
hierarchically structured communities by chemotactically responding to continuously changing chemical cues (30). This perspective not only highlights
a major source of complexity and hierarchy currently missing from synthetic strategies, but also
suggests that we might be able to actively shape
self-assembling structures by manipulating the environment as they grow. This possibility is espe-

cially compelling for systems that develop through
reaction-diffusion processes, where dynamic feedback between the reaction front and the solution
is the central mechanism of pattern evolution
(31–35). Such feedback mechanisms are not only
proposed to explain a variety of natural forms,
but they can also generate patterned precipitation in synthetic systems (36). We therefore explore whether mineralized forms can be precisely
sculpted and hierarchically assembled into novel,
arbitrary architectures through dynamic, rationally programmed modulations of the reaction
solution.
In this work, we demonstrate how the responsive growth of BaCO3-SiO2 structures toward or
away from the bulk solution can be exploited to
program a variety of “elementary” growth patterns. We derive sequences of simple, subtle modulations of CO2, pH, and temperature that serve
as building strategies for intricate, user-defined
microstructures of higher order. With the use of
continuous and/or stepwise adjustments, we steer
the precipitating reactants via precise sculpting
and sequential combinatorial assembly of the
developing shapes.
Hypothesis for Structure Evolution in a Field
of Chemical Gradients
Our strategy for dynamically modulating structure evolution is based on the idea that the developing structure will be continuously shaped
by a complex spatial field of overlapping chemical gradients, created by the interplay between
the bulk solution, the reaction front, and potentially neighboring structures. We analyze this

Fig. 1. Hypothesis for structure evolution in three growth regimes. Schematic representation
of the rate of SiO2 (37) (solid gray line) and BaCO3 precipitation (dashed red line) in the range of pH ~8
to 12 (A) and anticipated shapes and growth directions (B) resulting from the three proposed growth
regimes (see text for details). In all cases, growth will begin with the nucleation of BaCO3, which will
lead to the local reduction of pH at the growth front. In regime 1, the associated pH drop brings the
structures to the right side of the silica deposition range (denoted as pHSiO2), giving rise to the
continuous coprecipitation of BaCO3 and SiO2. The structures will grow most successfully away from one
another and toward the solution where pH > pHSiO2, whereas other growth directions associated with
lower pH become passivated by silica. Depending on the nucleation density, we expect the structures to
“blossom” into stems, cones, and hemispherical shapes. In regime 2, the pH drop from carbonate deposition
will lower the pH at the growth front to pH < pHSiO2, whereas the bulk solution remains more alkaline with
pH > pHSiO2. In this case, any growth directions toward the higher pH bulk solution will cross the silica
precipitation region and be blocked, such that the structures are expected to grow most successfully away
from the solution, along the interface, or curl down and toward each other where pH remains below pHSiO2
following the trail of produced acid. In regime 3, only BaCO3 crystals are expected to form.
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nario will have several consequences for the developing structure: (i) Crystal growth will be
passivated where silica precipitates, (ii) structures
should grow most successfully toward the bulk
solution where pH is above the range for silica
deposition, and (iii) growth should be inhibited
near the lowered pH of neighboring growth fronts.
Depending on the nucleation density, different basic
morphologies might then be expected: hemispheres
at low nucleation densities, or cones and stem shapes
at higher densities, where neighboring diffusion
fields steer the structures away from each other
toward regions of higher pH (Fig. 1B).
Regime 2) Lowering the initial bulk pH can
generate a scenario in which the local pH is below the optimum pH for silica formation (pHSiO2),
whereas the bulk pH is still above pHSiO2 (region
2 in Fig. 1A). In this case, the local decrease in
pH due to continuing BaCO3 crystallization prevents, rather than promotes the formation of SiO2
close to the growth front, whereas the influx of the
bulk solution with pH > pHSiO2 brings the solution
into the pHSiO2 range and triggers the precipitation
of SiO2 that passivates growth. Structures will then
be expected to grow most successfully away from
the bulk solution, either along the interface to form

Fig. 2. Diversity of structures that grow in regime 1. (A) SEM image of a typical substrate
vertically submerged in solution with an initial bulk pH of 11.8, showing a gradient of shapes (from top to
bottom of the substrate: 1D stems, conical vases, and hemispherical coral-like structures). The enlarged
side and top views of the structures in the red, yellow, and blue boxed regions are shown on the right. (B)
High-magnification SEM image of a coral structure, showing the thickening of the sides of the walls
(indicated by arrows). (C) Schematic of a 2D growth mechanism, in which the thickness of the walls and
stems is fixed by the short-range buffering action of silica deposited on the walls (shown in white) that
locally increases pH at the BaCO3 growth front (the color scheme matches that in Fig. 1). (D) Top view of
the coral structure grown in a flow in a microfluidic reactor. Directional growth toward the flow, where the
pH is highest, is observed, consistent with the solution-directed growth behavior.
www.sciencemag.org
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flat sheets or curling down and toward each other to
preserve a low pH at the growth front (Fig. 1B).
Regime 3) If the pH of the bulk solution is
below the pHSiO2 range, only “normal” BaCO3
structures should form (region 3, Fig. 1).
Testing Regime 1: Solution-Directed Growth
of Stems, Vases, and Corals
As a first step toward testing the solution-dependent
growth of structures in regime 1, we created a
gradient of CO2 concentrations by vertically positioning an aluminum plate or gold-coated glass
substrate in a beaker containing an aqueous solution of BaCl2 (19.1 mM) and Na2SiO3 (8.2 mM)
at a pH of 11.8 and loosely covering the beaker
to let CO2 from the air diffuse into the system
(Fig. 2A). The nucleation density of BaCO3, gradually decreases with depth, in accord with the
decrease in CO2 concentration. Within 2 hours,
the nucleated BaCO3 bundles develop into a dense
forest of thin stems at the top of the substrate,
where the CO2 concentration is highest (Fig. 2A
and fig. S1). At intermediate depths, the structures instead become vaselike and form coral-like
hemispherical shapes toward the bottom. In all
cases, the structures grow perpendicular to the
substrate—that is, toward the bulk solution where
pH > pHSiO2—and veer away from each other.
The basic morphologies and behavior are, thus,
consistent with the solution-directed growth
hypothesis proposed for regime 1. Yet at the same
time, the intricate wall structures observed in the
vases and corals provide another level of complexity within each of the basic shapes, supporting the idea that this growth mechanism also
contains the seeds for more complex modulations.
Inspection by scanning electron microscopy
(SEM) reveals that the walls have a constant thickness of ~1 mm, with a consistent thickening of
stems and at the edges of the walls (Fig. 2B). The
constant wall thickness suggests a 2D growth
mechanism, in which precipitation merely occurs
at the active top edges of the structures while being inhibited by silica at the sides. Selective dissolution of BaCO3 using HCl (0.5 mol/L) leaves
behind a hollow silica shell (fig. S2), further indicating that the silica mainly deposits on and
selectively passivates the sides of the walls where
the pH is lowest (Fig. 2C). This localized silica
precipitation sets the thickness of the walls because the pH in the middle of the growth front is
less buffered than closer to the sides where silica
precipitation mainly occurs, allowing a new layer
of BaCO3 crystals to grow at the top of the walls.
The increased thickness at the edges of the walls
and stems is also consistent with solution-directed
growth: These areas have a larger surface to accommodate the silica deposition, resulting in local thickening (Fig. 2B). The localized feedback
also produces a uniform 2D growth front by dampening the formation of spontaneous protuberances. To directly demonstrate that the structures
evolve toward the highest pH, we grew them in
a continuous flow that increased the pH at the
growth front using a microfluidic device. The
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growth process for the coprecipitation of SiO2
and BaCO3 in an alkaline aqueous solution containing Na2SiO3 and BaCl2, where precipitation
is triggered by the diffusion of CO2. BaCO3 deposition increases with increasing pH, whereas
SiO2 deposition takes place in a narrow, optimum
pHSiO2 range (Fig. 1A) (37), and mutual feedback between the two processes may create a
reaction-diffusion scenario. We hypothesize that
the pH-dependent feedback between BaCO3 and
SiO2 deposition will lead to three distinct growth
regimes, each with a characteristic set of morphologies, which can be evoked by small changes
in the environment, as follows:
Regime 1) Starting with a high-pH bulk solution
(region 1 in Fig. 1A), no silica deposition will take
place, and the influx of CO2 will trigger the precipitation of BaCO3, according to a simplified reaction: Ba2+ + CO2 + H2O → BaCO3 + 2H+. The
released H+ will gradually lower the local pH at the
growth front, until entering the pH range for silica
precipitation, according to a simplified reaction:
SiO32– + 2H+ → SiO2 + H2O, which then shifts the
reaction equilibrium and solubility back toward
BaCO3 precipitation, resulting in the continuous
coprecipitation of BaCO3 and SiO2 (25). This sce-
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Testing Regime 2: Further Diversity Through
Inward-Directed Growth
When we shift to regime 2 by lowering the pH of
the bulk solution to 11.2, we observe an entirely

834

different collection of shapes (Fig. 4A) (39). The
basic shapes—including single and double spirals, as well as globular and leaflike structures—
are consistent with the curling mode of growth
and resemble those reported previously (25–28).
In contrast to the pronounced gradient of structural variation observed in regime 1, here even a
single set of bulk conditions gives rise to a tremendous diversity of forms that not only grow
next to each other, but even appear together as
part of composite structures. This diversity can
be explained by considering how structures grow
to avoid the passivating pHSiO2 range: Whereas

in regime 1 the structures grow toward the bulk
solution, where pH > pHSiO2, and away from
neighbors, in regime 2 their growth appears inward, away from the bulk solution and toward
their own and neighboring growth fronts, where
pH < pHSiO2. In direct support of this mechanism,
structures growing in a microfluidic reactor at pH
11.2 point away from the bulk solution (Fig. 4B),
developing in the direction opposite that observed
in regime 1 (Fig. 2D). This inward-directed growth
can be expected to make the emerging shapes
highly sensitive to small variations in local diffusion fields, driving a more intricate chemical

Downloaded from www.sciencemag.org on May 16, 2013

structures primarily grow against the flow along
the interface (Fig. 2D), in the direction of the
high-pH bulk solution.
This basic, relatively simple directed growth
behavior thus enables both straightforward selection and continuous sculpting of the evolving
structures into a diversity of well-controlled forms.
For example, the wall thickness can be dynamically modulated by increasing and decreasing the
flux of CO2. A temporary increase in CO2 was
imposed by opening the lid of the beaker, resulting in a thickening of the walls due to the increased carbonate deposition (Fig. 3A and fig. S3).
This thickening occurs only at the growth edge,
and the original wall and stem thickness is rapidly restored by the feedback mechanism when
the lid is placed back on. As the growth rate is
constant, we are able to use rhythmical fluctuations in the CO2 concentration to produce welldefined series of ripples (Fig. 3B). This control
over wall thickness further provides the means
to prescribe the splitting and branching of the
growth front. Specifically, if the wall thickness
exceeds a critical size, the center of the growth
front will not be sufficiently buffered by the silica
deposition at the sides to continue growing, leading to a complete breakup of the growth front into
new, separate growth fronts that branch away
from each other (Fig. 3C). To reach such increased
thicknesses, we performed experiments using
SrCO3 in place of BaCO3. SrCO3 yields the same
set of morphologies, but because its solubility is
half that of BaCO3, a similar CO2 pulse results in
the precipitation of more carbonate and leads to a
substantially greater thickening of the wall, inducing stems to open out into uniform vases (Fig.
3D). Perturbation of the thickness of the growth
front by increased carbonate deposition can, thus,
be swiftly restored to the original dimension by
either slimming (Fig. 3A) or complete splitting of
the front (Fig. 3C), depending on the precise magnitude of the perturbation.
In addition to directly modulating CO2 or replacing BaCO3 with SrCO3, the structures can
also be finely sculpted by controlling the temperature or salt concentration of the bulk solution.
Lowering the temperature provides an alternative
means to increase the amount of available CO2,
and we indeed observe a thickening of the walls
(while preserving the overall shapes of the stems,
vases, and corals) by simply cooling the solutions
to 4°C (Fig. 3E). Adding NaCl increases the silica deposition rate (38) but leaves the BaCO3
crystallization virtually unaffected (fig. S4). Again,
this leads to a thickening of the walls to give
similar structures, as shown in Fig. 3E. A variety
of simple continuous modulations in the bulk
solution can thus be used to dynamically steer the
shape of the growing structures, allowing multiple levels of controlled sculpting.

Fig. 3. Dynamically sculpting the growing stems, vases, and corals. (A) Schematic of the mechanism of restoration of the original, well-defined wall thickness after a temporary increase of the wall
thickness is induced (by, for instance, a pulse of CO2). The colors correspond to the pH regions in Fig. 1. (B)
Experimental demonstration of (A). Rhythmical pulsing of CO2 in the Ba-Si solution controllably produces
ripples in the growing structures that can be used to write messages in Morse code. The “L” structures are from
the same experiment; the other letters are made in separate experiments. (C) Schematic of the proposed
mechanism of the splitting of the growth front to restore the original dimension, when the temporary increase
of the wall thickness exceeds the dimension of the buffering front established by silica on the side walls. The
arrow indicates a splitting point. (D) Experimental demonstration of splitting using a pulse of CO2 into a Sr-Si
solution, allowing sculpting stems into vases. (E) The structures can also be thickened, while preserving the
overall morphologies, by increasing either the availability of CO2 or the rate of the silica precipitation, which
are achieved by lowering of the temperature (shown) or addition of NaCl, respectively.
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inside even more. The structure will continue to
curl in this direction to give an increased curvature until the front is hampered by its own tail
(Fig. 4D). To visualize this initial curling, we developed a method to grow quasi-2D structures by
pinning the meniscus on the substrate (Fig. 4G).
If we allow the structures to grow in 3D, the growth
front continues to curl in the same direction,
thereby following the acid that is produced by the
previously formed part of the structure and generating a single spiral. This underlying part also
shields the growth front from the bulk solution,
comparable to the manner in which the substrate
promotes growth of the leaves. (iii) Double spirals emerge when, instead of following its own
tail, a growth front bends in the direction of the
acid produced by a nearby BaCO3 growth front.
In this case, the two active sites follow each other’s tails, making a double spiral (Fig. 4E). To
confirm this cooperative growth mechanism, we
grew a dense field of structures in regime 1 and
subsequently lowered the pH to the curling growth
mode. As can be observed from Fig. 4, H and I,
the structures, which first grow away from each
other and into the solution in regime 1, begin to

“sense” each other’s active growth fronts, grow
toward each other and away from the bulk, and
finally merge to form single and double spirals
in regime 2, in agreement with the hypothesis
presented in Fig. 1. When one of the growth fronts
of the double spiral catches up with the other one,
they combine to form a single spiral with preservation of the chirality (Fig. 4, A and E). (iv)
Finally, globular structures can be formed when
two growth fronts crash into each other and
merge together to become completely passivated
by silica (Fig. 4F). The abundant acid that is released produces a local thickened scar on the
silica mantle found on most globular structures
(Fig. 4A).
The formation of spirals, double spirals, leaves,
and globular shapes can thus be explained by
growth-induced localized acid formation, which
lowers the pH below the range for silica precipitation that passivates the growth, inducing
structures to (i) grow most successfully away from
the bulk solution and toward each other and (ii)
curl as a result of the nonuniform growth rates
that arise from the pH-dependent solubility (40).
It is important to note that this mechanism can
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interplay between nearby structures and different
regions of their own surfaces.
The simultaneously appearing basic shapes
can each be understood by the inward-directed
growth that characterizes regime 2 (Fig. 4, C to F;
see fig. S5 for details): (i) Large leaflike structures covered with a mantle of silica (Fig. 4C)
arise when the nucleated BaCO3 crystals grow
along the substrate, where the pH in the vicinity of the growth front remains sufficiently low
(pH < pHSiO2) to prevent passivation by silica
precipitation, whereas silica deposition occurs on
top of the structure due to the flux of a more basic
solution from the bulk. (ii) Single spirals form in
response to perturbation of the growth front of
the nucleated BaCO3 crystals that results in a
lower pH at one side of the front and a higher pH
at the opposite side. The lowering of the local pH
causes two complementary effects: growth toward
the lower pH to remain in the region of pH < pHSiO2
and, conceivably, a slightly decreased BaCO3
growth rate on the inner side of the curved structure. As the outer part continues growing and is
passivated by silica, this further shields the inner
part from the bulk solution, lowering the local pH

Fig. 4. Diversity of structures that grow by inwarddirected growth in regime
2. (A) SEM image of an exemplary BaCO3-SiO2 structure
grown at pH 11.2 containing a single spiral (blue rectangle), a double spiral (red
rectangle), leaf shapes (green
rectangle), and globular shapes
(yellow rectangle). (B) Top
view of a spiral grown in a
flow, demonstrating directional growth away from the
flow of bulk solution. (C) Leaflike structures grow along the
interface, away from the solution and become passivated
on the top by a silica mantle.
(D to F) Mechanisms of three
curling modes, in which the
structures curve away from
the bulk solution and follow
the trail of the acid produced
at their own or neighboring
growth fronts, resulting in the
formation of single (D) and
double (E) spirals and globular (F) structures (see text
and supplementary materials
for details). (G) Demonstration of the curling mode in
a thin film of the solution
that allows meandering only
in 2D and eventually ceases
when crashing into its own
tail. (H to I) Optical microscopy time lapse series of a
dense field of structures that initially (time t = 0 min) steer away from each other in regime 1 and then grow toward each other and merge upon lowering the pH
to regime 2 to create spirals, as indicated by arrows in (I).
www.sciencemag.org
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account for the full richness of observable forms
and that it is principally different from a mechanics mechanism previously proposed to explain spiral formations (25).
Beyond Basic Shapes: Hierarchical
Combinatorial Architectures
Because the morphology of the growing structures is responsive to the solution conditions and
independent of the underlying form, a wide variety of different shapes can be stacked on top of
each other by controlling the position, pH, temperature, and salt concentration in serial growth
steps that distinctly allow for the formation of diverse higher-order architectures assembled hierarchically from the elementary building blocks.

Here, we provide only a few exemplary cases to
illustrate the concept (Fig. 5 and figs. S6 to S8).
When structures are grown sequentially in two
different growth solutions, the second precipitation takes place preferentially at the active barium
or strontium carbonate growth sites of the alreadyexisting structures, showing no overgrowth of
silica-passivated surfaces. We illustrate this by
comparing the same structures before and after
the second growth using SEM and confocal microscopy of dyed solutions (Fig. 5, A to C). By
simply positioning the substrate at an angle relative to the first growth, we create a combinatorial
matrix of reaction conditions that yield a large
structural diversity with regions exhibiting welldefined hierarchical shapes on a single sample

(Fig. 5D). When the structures grown in the first
step become overcoated with SiO2, these sites
are passivated, so that the only nucleation sites
available for the second precipitation are hidden in
the cavities of the structure where the growth
fronts split (Fig. 5, E and F). When the pH of the
solution is reduced during the experiment from
regime 2 to regime 3, spiral formations become
overgrown by pure BaCO3 bundles (Fig. 5G).
Additionally, patterned substrates can be selectively decorated with structures (Fig. 5H). In all
cases, the sculpted complex architectures show
an unprecedented level of structural uniformity
over large areas (see representative examples in
Fig. 3D; Fig. 5, E and F; and figs. S6 to S8).
Thus, the separate growth steps make it possible to create combinatorial, hybrid structures in
which a judicious choice of the conditions is used
to stack multiple shapes and sculpt continuously
during the growth.
Conclusions
Sequential modulations of environmental conditions such as pH, temperature, and CO2 concentration are used to modify local chemical fields
that directly influence the growth front and control directional structure evolution. We identify
two distinct and complementary growth modes:
(i) a “blossoming” regime, in which the structures
grow away from each other and toward the bulk
solution to form stems, vases, and corals; and (ii)
a “curling” regime, in which the growing fronts
tend to shield themselves from the bulk solution by curling back toward themselves and
each other to form spiral and leaf structures. A
detailed understanding of the underlying buffering mechanisms allows us not only to program
these elementary shapes, but also to dynamically
sculpt and pattern evolving structures and assemble them inside or on top of each other to generate
hierarchically assembled multiscale architectures
with unprecedented levels of complexity and
precision.
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Fig. 5. Controlled synthesis of hierarchical complex structures. (A and B) BaCO3-SiO2 structures
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are false-colored to mark parts of the structure grown in different steps. (E) Multimaterial structure made
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Dual Molecular Signals Mediate
the Bacterial Response to
Outer-Membrane Stress
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In Gram-negative bacteria, outer-membrane integrity is essential for survival and is monitored by
the sE stress-response system, which initiates damage-repair pathways. One activating signal is
unassembled outer-membrane proteins. Using biochemical and genetic experiments in Escherichia coli,
we found that off-pathway intermediates in lipopolysaccharide transport and assembly provided an
additional required signal. These distinct signals, arising from disruptions in the transport and assembly
of the major outer-membrane components, jointly determined the rate of proteolytic destruction of a
negative regulator of the sE transcription factor, thereby modulating the expression of stress-response
genes. This dual-signal system permits a rapid response to dysfunction in outer-membrane biogenesis,
while buffering responses to transient fluctuations in individual components, and may represent a
broad strategy for bacteria to monitor their interface with the environment.
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he outer membrane (OM) is essential for
the survival of Gram-negative bacteria. In
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volved in the biogenesis, transport, and/or assembly
of the lipopolysaccharides (LPSs), phospholipids,
and outer-membrane proteins (OMPs) that make
up the OM, and the proteases and chaperones that
maintain or repair OM integrity (1, 2). In this
system, the RseA and RseB regulatory proteins
and the DegS and RseP inner-membrane (IM)
proteases transmit the signal that activates the sE
transcription factor (fig. S1). RseA, a single-pass
IM protein, has a cytoplasmic domain that binds
and inhibits sE and a periplasmic domain (RseAP)
that binds RseB (3–5). After stress, OMPs accumulate in the periplasm, and their C-terminal
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tem recognizes signals indicative of OM dysfunction and triggers an adaptive response by
activating the expression of gene products in-

that locks the coprecipitation in regime 1. We verified this
assumption by starting from regime 2 and increasing the
rate of silica precipitation by adding 0.2 mmol NaCl. As
expected, we observe that the silica nucleation is now fast
enough to not enter regime 2, but instead to grow thickened
blossoming structures that correspond to regime 1.

Downloaded from www.sciencemag.org on May 16, 2013

15. J. H. E. Cartwright, J. M. García-Ruiz, M. L. Novella,
F. Otálora, J. Colloid Interface Sci. 256, 351 (2002).
16. C. Ritchie et al., Nat. Chem. 1, 47 (2009).
17. S. Mann, Nature 365, 499 (1993).
18. S. Mann, G. A. Ozin, Nature 382, 313 (1996).
19. G. Falini, S. Albeck, S. Weiner, L. Addadi, Science 271,
67 (1996).
20. S. V. Patwardhan, S. J. Clarson, C. C. Perry, Chem.
Commun. 2005, 1113 (2005).
21. H. Y. Li, H. L. Xin, D. A. Muller, L. A. Estroff, Science 326,
1244 (2009).
22. S.-H. Yu, H. Cölfen, K. Tauer, M. Antonietti, Nat. Mater.
4, 51 (2005).
23. L. A. Gower, D. A. Tirrell, J. Cryst. Growth 191, 153 (1998).
24. S. D. Sims, J. M. Didymus, S. Mann, J. Chem. Soc. Chem.
Commun. 1995, 1031 (1995).
25. J. M. García-Ruiz, E. Melero-García, S. T. Hyde, Science
323, 362 (2009).
26. J. M. García-Ruiz, J. L. Amoros, J. Cryst. Growth 55, 379
(1981).
27. J. M. García-Ruiz et al., Science 302, 1194 (2003).
28. M. Kellermeier et al., Chemistry 18, 2272 (2012).
29. T. Terada, S. Yamabi, H. Imai, J. Cryst. Growth 253, 435
(2003).

SD, n = 3 independent replicates) were fit to a hyperbolic function (Kapp = 270 mM). (C)
LptA inhibition of RseB elution by LPS (300 mM) was more efficient at lower temperatures. (D) Structure of E. coli K12 LPS (Kdo, keto-deoxyoctulosonate; Hep, heptose;
Gal, galactose; Glc, glucose). The dark gray elements mediate RseB binding.
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