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the film will no longer be uniform or equi-biaxial. There is a strong
orientation to the stress in the vicinity of the steps, with an
associated maximum principal compressive stress direction at
each point. The wave pattern develops with crests aligned perpen-
dicular to the direction of maximum compressive stress.

The non-uniform pre-buckling stress around steps is derived
from a model that approximates the influence of the substrate on
the thin film as an attached elastic foundation of springs exerting
only tangential forces. The PDMS offers little resistance to displace-
ment of the film in the direction perpendicular to the step; this
displacement relieves the stress in that direction, becoming zero at
the step itself. A solution for the stresses on either side of an
infinitely long isolated step coincident with the y-axis (Fig. 4a)
gives equations (4a) and (4b), where jx is the stress in the x-
direction, jy is the stress in the y-direction, and x is measured
starting from the step. The transition length l (m) characterizing the
distribution of stress from the step to the remote smooth film is
given by equation (5).

jx ¼ 2 j0½1 2 e 2 jxj=lÿ ð4aÞ

jy ¼ 2 j0½1 2 nme2 jxj=lÿ ð4bÞ
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The transition length is 17 times the buckle wavelength, L, for the
gold/PDMS system.

The predictability of the wave patterns is demonstrated by
analysis of an array of long straight strips parallel to the y-axis,
width 2d, separated by 2D (Fig. 4b). The stress distribution in the
film before buckling is given by equations (6a) and (6b), for
(jxj , d) where x is measured from the centre of the strip (Fig. 4c).
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The stresses between the strips are given by the same formulae, but
with d replaced by D, and with x now measured from the centre of
that region. We note that the compressive stress in the y-direction
remains relatively large, with a minimum, 2 j0ð1 2 nmÞ at the step;
the compressive stress in the x-direction is smaller everywhere, and
zero at the step. Consistent with jy being larger than jx, the wave
pattern shows crests aligned perpendicular to the y-axis (Fig. 4d).

The process described here provides a remarkable example of the
spontaneous generation of complexity. The regularity in the waves
reflects the uniformity in the physical properties and dimensions of
the materials. The ability to control the orientation and periodicity
of these waves by changing these parameters, and by patterning the
surface of the PDMS using straightforward techniques, makes this
system eminently controllable. We believe that this process offers
potential to generate planar and non-planar surfaces patterned in
1–100 mm features over many square centimetres. Such patterns are
interesting for their potential applications in sensors and optical
components (for example, diffraction gratings): they also allow
mapping of material properties in two dimensions. Most interest-
ingly, such patterns offer the opportunity to study the generation of
complex ordered structure from simple patterns. M
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The polymer gels called hydrogels may be induced to swell or
shrink (taking up or expelling water between the crosslinked
polymer chains) in response to a variety of environmental stimuli,
such as changes in pH or temperature, or the presence of a specific
chemical substrate1. These gels are being explored for several
technological applications, particularly as biomedical materials2.
When hydrogels swell or shrink, complex patterns may be gener-
ated on their surfaces3–7. Here we report the synthesis and
controlled modulation of engineered surface patterns on envir-
onmentally responsive hydrogels. We modify the character of a gel
surface by selectively depositing another material using a mask.
For example, we use sputter deposition to imprint the surface of
an N-isopropylacrylamide (NIPA) gel with a square array of gold
thin films. The periodicity of the array can be continuously varied
as a function of temperature or electric field (which alter the gel’s
volume), and so such an array might serve as an optical grating for
sensor applications. We also deposit small areas of an NIPA gel
on the surface of an acrylamide gel; the patterned area can be
rendered invisible reversibly by switching the temperature above
or below the lower critical solution temperature of the NIPA gel.
We anticipate that these surface patterning techniques may find
applications in display and sensor technology.

We first discuss the surface patterns made by use of the sputter-
ing-deposition technique. N-isopropylacrylamide (NIPA) gel slabs
were made by free-radical polymerization, as follows. A mixture of
7.8 g of N-isopropylacrylamide, 133 mg of methylene-bis-acryl-
amide as a crosslinker, and tetramethylethylenediamine (240 ml)
as an accelerator, was dissolved in 100 ml of deionized and distilled
water. Nitrogen gas was bubbled through the solution to remove
dissolved oxygen. The polymerization was initiated by adding 40 mg
of ammonium persulphate. The samples were kept in water for
several days to wash out chemical residues. The NIPA gels were then
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Figure 1 The periodic square surface array on the NIPA hydrogel and its

diffraction pattern, at various temperatures. At 30 8C: a, the surface array; b, the

diffraction pattern. At 33.6 8C: c, the surface array; d, the diffraction pattern. In the

diffraction experiment, the distance between the screen and the sample was

95 cm. In a and c, each small division in the white scale at the bottom of the image

is 0.0193mm; in b and c, the black bar is 1 cm long.

Figure 2 The periodic hexagonal surface array on the NIPA gel in the dehydrated

and in the hydrated states at room temperature. a, The surface array of a dry NIPA

gel film. b, The light diffraction pattern produced by the sample in a. c, The

increased periodicity of the surface structure after immersion of the dry gel in

water. d, The corresponding diffraction pattern from the sample of c. In the

diffraction experiment, the distance between the screen and the sample was

100 cm. Ina and c, each small division in the white scale at the bottom of the image

is 0.0193mm; in b and d the white bar is 2 cm long.
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dried slowly in a partially sealed glass container so that they shrank
uniformly.

SPI Slim Bar Grids (SPI supplies, West Chester, Pennsylvania)
were used as masks for the sputter deposition. For the square mesh
grid, the bar width was 6 mm and the hole width was 19 mm. A dry
NIPA gel was covered by a grid and placed on the anode in the
chamber of a sputter coater. During the coating operation, the
chamber was pumped to a low-level vacuum with an argon gas
pressure of 0.04 mbar. A sputtering voltage of 2.5 kV was applied to
ionize the argon. When the argon ions struck the gold cathode, gold
atoms were ejected and impinged upon the sample through the
openings of the mask. This process was continued for ,3.5 min,
giving a gold thickness of ,53 nm. After coating, the mask was
removed and the gel was immersed in water. The affinity between
gold and the polymer gel may be due to the interaction between the
lone-pair electron of the amine group in the NIPA gel and the empty
orbitals of gold8, and to entrapment of gold in the gel. The
temperature of samples was controlled by a circulation water
bath. The sample surfaces were examined by an optical microscope,
and the diffraction experiment was performed by placing the gel
sample between a He–Ne laser and a screen. The microscopic
structure and the diffraction patterns were recorded using a camera.

Figure 1a shows the surface array of a swollen NIPA gel film in
water at 30 8C. The dark area is the gold-covered surface and the
light area is the bare gel surface. The spaces between the small gold
squares in the gel surface can serve as slits for light diffraction.
Because such slits are aligned in both the x- and y-directions, the

diffraction pattern should consist of bright and dark spots instead of
fringes when monochromatic light passes through these slits. Such a
diffraction pattern is shown in Fig. 1b.

As the temperature was increased from room temperature, the
NIPA gel shrank owing to the volume phase transition4. This caused
the array periodic constant (d) to decrease. The periodic surface
array and its diffraction pattern for the gel at 33.6 8C are shown in
Fig. 1c and d, respectively. The gel was thermally cycled at least seven
times, and the temperature-induced change in the diffraction
pattern was observed to be reversible. Several different samples
were synthesized and tested, and their diffraction patterns were also
reproducible. We have also successfully ‘tuned’ the periodicity of the
surface array of an ionic NIPA gel by applying an electric field. The
electric field caused migration of positive counter ions and water
inside the gel towards the negative electrode, and resulted in volume
shrinkage9.

Although the surface arrays discussed here have a periodic square
structure, many other structural arrays may be synthesized by using
different masks; these include strip, rectangular, hexagonal, and
even non-periodic surface arrays. Figure 2a shows a hexagonal
surface array on a dehydrated NIPA gel at room temperature. The
corresponding diffraction pattern is shown in Fig. 2b and exhibits a
clear six-fold symmetry. When the gel is fully swollen in water at
room temperature, the periodicity of the surface array is signifi-
cantly larger, as is clearly demonstrated by both optical (Fig. 2c) and
diffraction (Fig. 2d) observations.

The periodic array produced on the gel surface can serve as a two-
dimensional grating, and may be compared with a previous study of
three-dimensional diffraction from a crystalline colloidal array of
polystyrene spheres embedded within a gel10. The width of the slits
and the number of the slits per unit area of the gel surface grating
can be changed by external stimuli such as temperature and electric
field. The location of the diffraction bright spots is described by
sinvx ¼ nl=dx and sinvy ¼ ml=dy; here subscripts x and y represent
the horizontal and the vertical direction, respectively, v is the
angle relative to the central spot, l is the wavelength (633 nm for
the He-Ne laser), n and m are the order of diffraction, and d is
the grating constant or periodicity. As the periodicity of the gel
surface pattern changes in response to the external stimuli, the
diffraction angle should change accordingly. Such a gel grating has
potential for applications in optical filters and sensors, and in
optical communications.

The gel with periodic surface patterns can be used as a sensor. For
example, the deformation of a gel under external force can be easily
monitored using such a gel. In one experiment, we suspended in
water a gel with a periodic surface array, and subjected it to a
uniaxial force at its bottom end along the y-direction. Diffraction
patterns of the gel were recorded for various loads. For zero force,
the separation (Dlx) between neighbouring diffraction spots along
the x-direction was equal to that (Dly) along the y-direction. The
ratio of Dly/DIx decreased, however, as the external force increased.
For the load of 5.85 g, Dly=Dlx < 0:72.

This incorporation of a metal array on a hydrogel surface opens a
new avenue to the manufacture of microelectrode array devices
which can greatly enhance sensor performance11. The combination
of microelectrode arrays and ‘smart’ gels has potential applications
in ion chromatography11, the detection of enzyme activity12, and the
monitoring of cell electrical activity13.

We now consider the synthesis of an engineered surface pattern;
this was accomplished by depositing one polymer gel (NIPA) on the
surface of another polymer gel (polyacrylamide, PAAM, gel). The
PAAM gel was made using the NIPA recipe but with 7.8 g of N-
isopropylacrylamide replaced by 5 g of acrylamide, the use of
13.3 mg rather than 40 mg of ammonium persulphate, and the
addition of 4 mg riboflavin-59-phosphate (ultraviolet photoinitia-
tor). The NIPA pre-gel solution was put on the surface of the PAAM
gel; the sample was then covered by a mask (we used an outline map

Figure 3 Temperature-responsive surface pattern in the NIPA-deposited PAAM

gel. a, At room temperature, the NIPA-deposited PAAM gel is transparent and no

surface pattern is seen.b, When heated to above37 8C, the outline image of Texas

appears. This is because at .37 8C the polymerized NIPA-deposited areas

become cloudy while the PAAM gel remains transparent. The whole process

takes ,10 s, and after the sample is cooled down, the map disappears: the

process is fully reversible. Scale bar,1 cm.
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of Texas) and illuminated by ultraviolet light for ,60 min. The
NIPA solution gelled only at areas that were exposed to ultraviolet
light; at these areas, an interpenetrating polymer network14 of NIPA
and PAAM was formed, with an estimated depth of ,0.5 mm.

As both the PAAM substrate and the NIPA gel on the surface of
the substrate are transparent at room temperature, no surface
structure can be observed (Fig. 3a). When this surface-engineered
sample was warmed up to 37 8C, the areas of polymerized NIPA
become cloudy15,16 while the PAAM gel remained in the transparent
state. As a result, the outline image of a Texas map appears at the
surface of the PAAM gel (Fig. 3b). This map can be turned on or
turned off by simply ‘switching’ the temperature above or below the
lower critical solution temperature, Tc (¼ 34 8C) of the NIPA gel.
The switching time was ,10 s, much shorter than that required for a
shape memory gel14.

To further demonstrate the potential of the gels with engineered
surface patterns, a gel display consisting of a PAAM substrate with
the NIPA gel filling the unmasked surface area was made, and is
shown immersed in water in Fig. 4. At room temperature (Fig. 4a),
both NIPA and PAAM gels were transparent and no pattern was
observed. At 37 8C (Fig. 4b), the NIPA-deposited area becomes
cloudy, and results in appearance of a solid image; a representation
of a dinosaur. The gel display developed here is responsive to
temperature, but by changing the chemical composition of the
gels, the gel displays could be made responsive to other external
stimuli such as salt concentration and infrared light. The image of
the gel display can be clearly seen at any angle, in contrast to a well
established liquid-crystal display that requires head-on viewing
angles. M
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Figure 4 A gel display with a solid image. a, At room temperature, the NIPA-

deposited PAAM gel is transparent and no surface pattern is seen. b, When

heated to .37 8C, the solid image of a dinosaur appears. Scale bar,1 cm.
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Self-assembled cage structures of nanometre dimensions can be
used as constrained environments for the preparation of nanos-
tructured materials1,2 and the encapsulation of guest molecules3,
with potential applications in drug delivery4 and catalysis5. In
synthetic systems the number of subunits contributing to cage
structures is typically rather small3,6. But the protein coats of
viruses (virions) commonly comprise hundreds of subunits that
self-assemble into a cage for transporting viral nucleic acids.
Many virions, moreover, can undergo reversible structural
changes that open or close gated pores to allow switchable
access to their interior7. Here we show that such a virion—that
of the cowpea chlorotic mottle virus—can be used as a host for the
synthesis of materials. We report the mineralization of two
polyoxometalate species (paratungstate and decavanadate) and
the encapsulation of an anionic polymer inside this virion, con-
trolled by pH-dependent gating of the virion’s pores. The diversity
in size and shape of such virus particles make this a versatile
strategy for materials synthesis and molecular entrapment.

We have used the well defined cowpea chlorotic mottle virus
(CCMV)7 as a model system for reversibly gated entrapment of
inorganic minerals and an organic polymer. CCMV virions are
280 Å in diameter and the protein shell defines an inner cavity
,180 Å in diameter as measured by electron microscopy. This virus
is composed of 180 identical coat protein subunits arranged on an
icosahedral lattice. Purified viral coat protein subunits can be easily
assembled in vitro into empty virion particles8. The dimensions of
the virion cavity define the upper limit for crystal growth of the
entrapped mineral. In addition, each coat protein subunit presents
at least nine basic residues (arginine and lysine) to the interior of the
cavity9. This creates a positively charged interior cavity surface,
which provides an interface for inorganic crystal nucleation and
growth. From the structure of the CCMV particle it is known that
the outer surface of the protein shell is not highly charged7, thus the
inner and outer surfaces of this molecular container provide
chemically unique environments which we have exploited to
spatially localize and control the mineralization reaction.


