
ARTICLES

Conventional surface micropatterning techniques1 modify the
properties of the substrate only at the locations to which a
modifying agent—whether chemical2 or radiation3,4—is

delivered. As a result, the patterning is binary in the sense that it
segregates the surface into modified and unmodified regions.
For example, soft lithographic methods5,6 that use elastomeric stamps
deliver chemicals7–9 onto the surface only from the raised features of the
stamp; the remaining portion of the surface is left unchanged.
Micropatterning of surfaces with several chemicals and/or with
gradients of chemicals requires either multiple stampings10

(introducing problems with precise spatial alignment of consecutive
patterning steps) or elaborate microfabrication of stamps having
complex, three-dimensional structures of the bas relief11.
Simple,reliable techniques for non-binary micropatterning would have
potential applications in optics12–14, specialized biological assays15,16 and
biomaterials17. Our experimental method, based on widely studied
reaction–diffusion phenomena18–23, allows simultaneous patterning of
salt-doped, transparent films of dry gelatin with different colours at
different locations. We use agarose stamps patterned in bas relief and
soaked in a mixture of inorganic salts that give coloured precipitates
with the salt in the gel24. When the raised features of the stamp are
brought into conformal contact with the surface of the dry film, salt
solutions diffuse and react (that is, precipitate) in the gelatin matrix.
Our method can be used to pattern surfaces with two and in some cases
even with three colours. We develop a theoretical model that identifies
key parameters controlling colour-separation, and can guide the
selection of chemicals appropriate for colour micropatterning.

Figure 1 illustrates the experimental procedure based on wet
stamping (WETS) and described in detail elsewhere25. Briefly, an
agarose stamp (8 wt% agarose; OmniPur) patterned in bas relief
(feature depth 40 µm, typical feature size 50–100 µm) is soaked in a
mixture of two or more inorganic salts (typically, 0.25 M to 1.0 M) for
1 hour and brought into conformal contact with a 45-µm-thick layer of
dry gelatin doped with 1 wt% of potassium hexacyanoferrate
K4[Fe(CN)6] for 30 minutes.The salts in the stamp are chosen in such a
way that their cations react with [Fe(CN)6]4– ions to give deeply coloured
precipitates. For example, FeCl3 gives a dark-blue precipitate (Prussian
blue), CuCl2 gives brown, CoCl2 turquoise and Er(NO3)3 pale blue.

Micropatterning of surfaces with several chemicals at

different spatial locations usually requires multiple stamping

and registration steps. Here, we describe an experimental

method based on reaction–diffusion phenomena that allows

for simultaneous micropatterning of a substrate with several

coloured chemicals. In this method, called wet stamping

(WETS), aqueous solutions of two or more inorganic salts are

delivered onto a film of dry, ionically doped gelatin from an

agarose stamp patterned in bas relief. Once in conformal

contact, these salts diffuse into the gelatin, where they react

to give deeply coloured precipitates. Separation of colours in

the plane of the surface is the consequence of the

differences in the diffusion coefficients, the solubility

products, and the amounts of different salts delivered from

the stamp, and is faithfully reproduced by a theoretical

model based on a system of reaction–diffusion partial

differential equations. The multicolour micropatterns are

useful as non-binary optical elements, and could potentially

form the basis of new applications in microseparations and

in controlled delivery.
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Because the colour difference between the precipitates formed by 
iron and copper salts was more prominent than for other salt
combinations,we used the FeCl3/CuCl2 mixtures as a model system to
study colour separation.

Once in conformal contact, water from the stamp rapidly wets the
surface of dry gelatin and slowly diffuses into its bulk. Wetting of
the surface is driven by capillarity and occurs at a rate of∼1.5 µm s–1; the
transport of water into the bulk of the gel is a diffusive process against the
osmotic pressure due to the immobilized K4[Fe(CN)6], and is
characterized by the diffusion coefficient25 Dw≈10–7 cm2 s–1.When Fe3+

and Cu2+ carried by water enter the gel, they are instantaneously
precipitated in reaction with the [Fe(CN)6]4– ions.Local concentrations
of metal cations are replenished by their influx from the stamp, but the
reaction front (marked by a coloured precipitate) propagates only when
all potassium hexacyanoferrate at a given location is used.As a result,the

reaction front travels more slowly (with effective diffusion constant
Ds ≈ 10–5 cm2 s–1 similar for both copper and iron ions or fronts) than
water swelling the gelatin. In other words,metal cations entering the gel
diffuse and react in a thin layer of an already swollen gel near the surface.
The thickness of this layer dw can be estimated from the relation
dw ≈ √Dw/DsLs, where Ls is a characteristic distance travelled by the
reaction front (typically,tens of micrometres);with the measured values
of the diffusion coefficients,dw is typically several micrometres.

Iron and copper cations diffuse in the wetted gel precipitate at
different locations to give patterns with clearly separated colour zones
(Fig. 2). The separation of colours is a result of an intricate interplay
between diffusion coefficients of ions in gelatin, their solubility
products with respect to the common [Fe(CN)6]4– ion, and the local
dehydration of agarose in the stamp’s features. Each of these factors is
discussed in detail below.

DIFFUSION COEFFICIENTS

To estimate relative diffusion coefficients of copper, iron, and
hexacyanoferrate(II) in wetted gelatin films and in agarose stamps, we
did two sets of experiments.
In gelatin. Two rectangular blocks of agarose soaked in solutions of
CuCl2 and K4[Fe(CN)6],respectively,were placed parallel to one another
and about 0.5 cm apart on a film of dry gelatin. The line where the
diffusing Cu2+ and [Fe(CN)6]4– ions met was marked by precipitate.
The ratio of diffusion coefficients, DCu2+:D[Fe(CN)6]

4– was found by taking
the ratio of the squares of distances travelled by the ions from the edges
of the stamps.A similar experiment with stamps soaked in solutions of
FeCl3 and K4[Fe(CN)6] yielded the ratio DFe3+:D[Fe(CN)6]

4–. Overall, the
relative magnitudes of diffusion coefficients of all three species were
found to be:DCu2+:DFe3+:D[Fe(CN)6]

4– = 2:1:0.3 (with a maximal error of the
ratios ∼20% as estimated fromfive independent measurements).
In agarose.A rectangular slab of agarose gel with two rectangular wells
in its surface (about 1 cm apart) was prepared.One well was filled with a
solution of CuCl2 or FeCl3,and the other with a solution of K4[Fe(CN)6].
The ratios of diffusion coefficients were found as before.An important
finding is that Cu2+ and Fe3+ cations had roughly equal diffusion
coefficients.

SOLUBILITY PRODUCTS

The solubility products for the iron and copper precipitates are26

K sp
(1) = [Fe3+]4[[Fe(CN)6]4–]3 = 3.3 × 10–41

K sp
(2) = [Cu2+]2[Fe(CN)6]4– = 1.3 × 10–16

That is, iron precipitates more readily than copper.

TRANSFER OF IONS FROM THE STAMP

As the water flows from the features of an agarose stamp into gelatin, a
gradient of water content is established25: there is less water near the base
of the features than at the bottom (that is, near the gelatin surface).
Because the diffusion coefficients of metal cations decrease rapidly with
decreasing water content in agarose25,27,28 only the cations originally
contained in the features can diffuse into gelatin; those originally in the
bulk of the stamp cannot be transported into the features through a low-
diffusivity, dried region. In other words, the stamping procedure
delivers specified amounts of metal cations to the gel.

To prove this hypothesis,we performed the following experiment:a
stamp patterned with parallel lines and soaked in a low-concentration
(0.1M) salt solution (either CuCl2 or FeCl3) was brought into conformal
contact with the gelatin surface and left for a long time (∼1 h).
The coloured precipitation zones that formed filled only a small portion
(less than 20% in both cases) of the area between the features leaving
wide, clear lines between them. Unlike in experiments with more
concentrated salt solutions, these clear lines contained unused
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Figure 1 Multicolour patterning of ionically doped gels. a,The experimental setup
for patterning mixtures of salt solutions (for example,CoCl2,CuCl2 or FeCl3) onto thin films
of dry gelatin doped with K4Fe(CN)6, with typical dimensions of the agarose stamp and of
the gelatin layer:Ls = 50–250 µm,Lf = 50–250 µm,hs = 5–20 mm,w = 10 mm,
hf = 40 µm,d = 45 µm,hg = 1 mm; where the subscript s refers to the spacing of he
features in the stamp and the stamp’s dimensions, f refers to the dimensions of the
features,and g to those of the glass support.b,The geometry of parallel-line features
used in the calculations.c, Schematic representation of the reaction–diffusion
processes that occur after a stamp is brought into conformal contact with the gelatin
surface. In the theoretical model described in the text,A and D are, respectively, Fe3+

and Cu2+,B stands for [Fe(CN)6]4– and C and E represent the precipitates Fe4[Fe(CN)6]3

and Cu2[Fe(CN)6], respectively.
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K4[Fe(CN)6] (visualized by flooding the surface with a solution of
FeCl3), indicating that the number of metal cations delivered into the
gelatin film was too small to consume all [Fe(CN)6]4– therein. This, in
turn, means that the flux of cations from the stamp into gelatin must
have stopped at some point—otherwise, for sufficiently long times,
cations constantly delivered from the agarose would have eventually
precipitated all available potassium hexacyanoferrate. These results
are consistent with the proposed ‘diffusional closure’of the features of
the stamp.

The effective thickness,heff,of the agarose layer supplying cations to
gelatin can be estimated in the following way. Let Lf and l denote,
respectively, the width of the feature in the stamp and the distance
travelled by the reaction front from the feature’s edge. The balance of
reagents yields heff = sνdw(1 + 2l/Lf), where s is a stoichiometric factor
(equal to 2 for Cu2+ and 4/3 for Fe3+), and ν is the ratio of the initial
concentration of metal ions in the stamp to that of hexacyanoferrate
ions in the gel. For the values of parameters used in experiments, we
found that heff

Fe3+ ≈ 2 heff
Cu2+ ≈ 20 µm. The observed difference between

heff
Fe3+ and heff

Cu2+ can be attributed to different permeability of the
stamp–gel interface to iron and copper ions, as well as to different
sensitivities of the diffusion coefficients to the drying of the gel.
The thickness of the agarose layer supplying cations is commensurate
with the typical feature height that we used (see Fig. 1).

Based on these experimental observations, the mechanism that
explains the formation of the two-colour patterns can be qualitatively
described as follows. Once the stamp is in contact with the gel’s surface,
copper cations diffuse into gelatin more rapidly than iron cations.
Consequently,they react with [Fe(CN)6]4– first,and give a layer of brown
precipitate under every stamped feature. The iron cations enter a zone

already depleted of K4[Fe(CN)6].Because the concentration of free Fe3+

in this zone is much higher than that of Cu2+, iron cations experience a
much higher concentration gradient in the plane of the gelatin film,and
thus diffuse outwards from the features more rapidly than copper
cations (despite the lower value of the diffusion coefficient of Fe3+).
In addition, the flux of copper ions comes to a halt first (because it was
initially higher than that of Fe3+, and there are only finite amounts of
both types of ions delivered from the drying features of the stamp).
The combination of these two effects leads to the diffusion of iron ions
eventually ‘overtaking’ that of copper ions, and to the deposition of
clean, blue zones of iron precipitate around the brown copper zones
(Fig. 2).

We note that the diffusion of both types of cations from nearby
features of the stamp towards the region between these features is
accompanied by the diffusion of potassium hexacyanoferrate in the
opposite direction (Fig. 1c): that is, towards the incoming precipitation
fronts. This will be discussed in detail elsewhere. Here, we just briefly
mention that the outflow of potassium hexacyanoferrate leads to the
formation of clear lines near the centreline between the features.
These lines are devoid of K4[Fe(CN)6]; their thickness can be as low as a
few hundred nanometres and can be controlled by changing the spacing
between the features in the stamp and/or the concentrations of the
chemicals used.

To explain the formation of multicolour patterns quantitatively,we
consider the process of transferring Fe3+ (A in Fig. 1) and Cu2+ (D) from
an array of parallel, infinite lines in conformal contact with a dry gel
containing [Fe(CN)6]4– (B); the effective geometry of this system can 
be reduced to a two-dimensional stamp/gel cross-section (Fig. 1).
We denote the width of the features in the stamp by Lf, the distance

a

c d

b

Figure 2 Two-colour patterns in the iron/copper system. In all cases, the stamps were soaked in a mixture of FeCl3 and CuCl2 (0.5 M each) for 60 min prior to stamping,and were left in
contact with gelatine for 30 min.The scale bars correspond to 200 µm.
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between them by Ls, and the thickness of the gel layer by d (Fig. 1).
We model the process using a reaction–diffusion system of partial
differential equations (see Supplementary Information and references
therein for the comparison of these equations with those describing
related periodic precipitation systems). For the two reactions 
4A +3B → C↓and 2D + B → E↓(where Cand Estand for Fe4[Fe(CN)6]3

and Cu2[Fe(CN)6], respectively, and ↓ indicates precipitation) the
reaction–diffusion equations read

∂A/∂t = ∇(DA∇A) – 4k1A4B3

∂D/∂t = ∇(DD∇D) – 2k2D2B

∂B/∂t = ∇(DB∇B) – 4k1A4B3 – k2D2B

∂C/∂t = k1A4B3

∂E/∂t = k2D2B

where DA,B,D are, correspondingly, the diffusion coefficients of A, B and
D, and ∇ = ∂/∂r is the two-dimensional gradient operator. As the
precipitation reactions are much faster than the transport of
components,the reaction terms in the above equations can be treated as
precipitation sinks with a threshold determined by the solubility
products, K sp

(1) and K sp
(2), and can be mathematically described by the

Heaviside step function θ.The use of the Heaviside function implies that
if the concentrations of ions are above K sp

(1,2), precipitation occurs
instantaneously. With these simplifications, and using dimensionless
variables τ = tDA/Lf

2 and x = r/Lf (x = (x,y)), the reaction–diffusion
equations take the following form:

∂A/∂t = DA
–1∇(DA∇A) – δAθ(A4B3 – K sp

(1))

∂D/∂t = DA
–1∇(DD∇D) – δDθ (D2B – K sp

(2))

∂B/∂t = DA
–1∇(DB∇B) – δBAθ(A4B3 – K sp

(1)) – δBDθ(D2B – K sp
(2))

∂C/∂t = δCθ(A4B3 – K sp
(1))

∂E/∂t = δEθ(D 2B – K sp
(2))

The values of the quantities δA,…,δE depend on the concentrations of
ions and are calculated in the following way: (1) if the product of A and
B is greater than K sp

(1) and the product of D and B is smaller than K sp
(2)—

that is, only iron precipitate is formed—then K sp
(1) = (A – δA)4

(B – 3δA/4)3 δBA = 3δA/4, δC = δA/4 and δD = δBD = δE = 0 ; (2) if the
product of D and B is greater than K sp

(2) and the product of A and B is
smaller than K sp

(1)—only copper precipitates—then K sp
(2) = (D – δC)2

(B – δC/2), δBD = δE = δD/2, and δA = δBA = δC = 0; (3) if both of the
concentration products exceed K sp

(1) and K sp
(2) the reactions (1) and (2)

occur simultaneously with equal rates (k1 and k2) until one of the
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Figure 3 Dependence of colour separation on the relative concentrations of copper
and iron salts in the stamp.The left column shows optical micrographs of patterns of
concentric circles obtained using mixtures of FeCl3 and CuCl2 of different compositions:
a,0.25 M FeCl3:0.75 M CuCl2; b,0.33 M:0.67 M; c,0.5 M:0.5 M; d,0.67 M:0.33 M; 
e,0.75 M:0.25 M.All pictures were taken using the same illumination on the Nikon
Optiphot 2 microscope interfaced to a Spot 7.4 Slider camera (Diagnostic Instruments).
All scale bars correspond to 150 µm.The right column shows the corresponding calculated
concentration profiles of Cu2[Fe(CN)6] (brown lines) and Fe4[Fe(CN)6]3 (blue lines) between
neighbouring circles.Each graph has two colour-stripe inserts: the upper insert is a section
of the experimental image; the lower one is obtained from the calculated colour profile.
The algorithm for converting concentrations to colour intensities was kindly provided by 
J.Krupa of Orkla Press.In this algorithm,the concentrations Cof brown and blue deposits are
first normalized with respect to their maximal values (C ′(x) = (Cmax(x) – C(x))/Cmax(x),where
x is the spatial coordinate).These normalized values are then converted to RGB colour
components using the formula R = 255 + log(C ′) ∗ (255 – Rref),G = 255 + log(C ′) ∗
(255 – Gref),B = 255 + log(C ′) ∗ (255 – Bref),where Rref,Gref and Bref are the values of pure,
saturated brown and blue colours (here,obtained by flooding the surface of doped gelatin
with 1 M solutions of either FeCl3 or CuCl2).Colour stripes for brown and blue deposits are
reconstructed from their RGB components; these stripes are then superimposed onto each
other with equal weights.

©  2004 Nature  Publishing Group



ARTICLES

nature materials | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials 5

products reaches its solubility threshold. The quantities δA,…,δE are
then calculated in two steps. In the first step δA = δD = δ, δB = 5δ/4,
δC = δ/4 and δE = δ/2, where δ = min(δ1,δ2), with K sp

(1) = (A – δ1)4

(B – 5δ1/4)3, K sp
(2) = (D – 5δ2/4)2(B – 5δ2/4); in the second step, if any of

the two concentration products exceeds its solubility threshold,δA,…,δE

are further updated according to (1) or (2).
We solved the reaction–diffusion equations using the

Crank–Nicholson integration scheme29 with the following initial
boundary conditions: (1) for the metal cations: A(x,τ) = A0(τ) and
D(x,τ) = D0(τ) at the stamp–gel interface (y = d and 0 < x < L f/2 and Ls

+ Lf/2 < x < Ls + Lf),and ∇A(x) = ∇D(x) = 0 fory = 0and for y = d and
Lf/2 <x< Ls + Lf/2; (2) for the hexacyanoferrate and the precipitates:
B(x,τ = 0) = B0; C(x,τ = 0) = E(x,τ = 0) = 0; and ∇B(x) = ∇C(x) =
∇E(x) = 0 for y = 0 and y = d. Additionally, we imposed periodic
boundary conditions for all concentrations along the x direction.
To account for the fact that finite numbers of ions of each kind, N 0

A,D,
are transferred from the stamp into the gel, we applied the following
conditions: A0(τ) = A0 and D0(τ) = D0 if the numbers of ions
transferred into the gel until time τ did not exceed NA

0 and ND
0,

respectively; and ∇A(x) = 0 or ∇D(x) = 0 at the stamp–gel interface if
they did.We assumed that the total number of cations delivered into the
gel was NA

0 + ND
0 = (wA0 + D0)heff, with the weight w = 2, and that the

iron and copper ions enter the gel in proportion NA
0/ND

0 = wA0/D0.
The weight waccounts for the experimental observation that heff for Fe3+

is about twice that for Cu2+. The input parameters in the simulations
were the initial concentrations A0, B0 and D0, the ratio of the diffusion
coefficients,D0

A,B,D,and the thickness heff.The diffusion coefficients were

assumed to have the following forms: DA,D(y) = D0
A,Dη(y) and DB(x,y) =

DB
0η(y) exp[–α(C(x,y) + E(x,y))], where α is a constant. The function

η(y) = 1 for d > y > d – dw, and 0 otherwise, accounts for the fact that
the ions diffuse only within a thin, wetted surface layer of thickness dw.
The exponential term reflects the experimentally observed25,30,31 rapid
decrease of the diffusion coefficient of potassium hexacyanoferrate with
the increasing local concentrations of precipitates C(x) and E(x).

We solved the system of the reaction–diffusion equations for
D0

A:DD
0:DB

0 = 1:2:0.3, Lf = Ls = 150 µm, dw = 8 µm, heff = 22 µm,
B0 = 0.25 M, K sp

(1) = 3.3 × 10–41, K sp
(2) = 1.3 × 10–16. The parameter α was

chosen so as to minimize the amount of precipitate in the centreline
region; the value ofαused in the calculations was 15 M–1.

The predictions of the model are in excellent agreement with
experimental results. Figure 3 shows calculated and experimental
colour profiles for five different molar concentrations of iron chloride
and copper chloride solutions in the agarose stamp (0.75:0.25,0.67:0.33,
0.5:0.5, 0.33:0.67 and 0.25:0.75). The best colour separation occurs for
equal concentrations of the salt, 0.5 M:0.5 M. When iron is present in
excess, the areas below and near features are grey-blue, and the space
between them is blue. When the stamp has more copper than iron
cations, the regions below and near the features are brownish
(combination of blue and brown precipitates) and the areas between
them are ashen. When solutions are used in which the total salt
concentration is lower than 1 M (for example, 0:25 M:0.25 M), the
quality of separations is similar,but the hues of the colours are less vivid.
In contrast, more concentrated solutions (for example, 1 M:1 M) are
impractical to use,as they deform and damage the gelatin film.

a

c
d

b

Figure 4 Multicolour and gradient patterns. a,A three-colour pattern obtained by using a stamp with a square array of circles embossed on its surface,and soaked in a mixture of
CuCl2,FeCl3 and CoCl2 (0.014 M:0.31 M:0.67 M).b,Concentric circles were patterned with a mixture of FeCl3,CuCl2 and Er(NO3)3 (7%:7%:7% b/w).Pale blue erbium precipitates formed
mostly between the stamped circles.Combination of iron and copper deposits gave the greenish-ashen colour below the features.c,d,Colour gradient patterns emerging from arrays of
wiggly lines (c) and perpendicular lines (d) were obtained using mixtures of CoCl2/CuCl2 (5%:5% b/w) and CoCl2/FeCl3/CuCl2 (5%:5%:5% b/w), respectively.
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We note that changing the amounts of cations delivered to the gel
can control the quality of colour separation.These amounts are,in turn,
determined by the product of the initial concentrations of ions in the
stamp, the surface area of features and their depth. They can thus be
adjusted by changing either the concentrations of salts or feature
dimensions. We also mention that the experimentally observed colour
separation cannot be reproduced by theoretical models that do not
account for the finite numbers of cations being delivered to the gelatin.
We tested several such models and even with additional assumptions
(for example, decrease of the diffusion coefficients of copper with the
concentration of precipitate) and/or free parameters, the separations
they predicted were,at best,marginal.

Patterns of colours other than blue and brown can be obtained by
using different combinations of inorganic salts.Figure 4 shows surfaces
patterned in two and even three colours using cobalt, copper, iron and
europium salts.Although the number of inorganic salts giving coloured
precipitates is large,their diffusion coefficients in agarose and gelatin (or
other gels that could be used) need to be measured. At present, the
choices of salts to use are somewhat heuristic. But when the necessary
data is tabulated, our method (accompanied by modelling) could be
used to pattern thin films of gels with,arguably,arbitrary combinations
of colours. Such films could be used as wave-selective diffraction
gratings (Fig. 5) or gradient photolithographic masks32. Because the
reaction–diffusion phenomena responsible for colour separation
operate at submicrometre length scales,the accuracy of diffusion-based
multicolour patterning would be much better than that of, for instance,
ink-jet printing methods. We envisage further uses of our technique in
microscale affinity-based separations33 and in controlled delivery34

applications. In the former area, gels could be doped with a substance
having different affinities for several analytes delivered simultaneously
from a stamp; if these analytes had different diffusion coefficients in the
gel matrix, they should separate spatially. Applications in controlled

delivery would be based on the diffusional closure of the features due 
to the water outflow from the stamp: the amounts of solute delivered to
the gel film could be controlled by changing the area and the depth of
the features.

Received 6 February 2004; accepted 31 August 2004; published 19 September 2004.
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