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conditions can be replicated for the gen-
eration of functional materials with con-
trolled morphologies. For example, many 
biomineralization processes take place in 
a protein matrix in which temporal and 
vectorial gradients of the precursors of 
the reaction are established. [ 5 ]  This condi-
tion can be mimicked macroscopically by 
using vapor diffusion of the precursors of 
the reaction into a liquid solution [ 5–7 ]  or 
microscopically by controlling the rate of 
nucleation on substrates with micropat-
terned areas of different polarity. [ 8 ]  While 
these bio-inspired approaches allow one 
to grow functional materials with desired 
shapes in mild conditions and at low 
cost, [ 5 ]  the impact of nanoscale mass trans-
port on the crystal growth process has not 
yet been systematically studied. In this 
context, a methodology to generate con-
centration gradients from nanopatterned 
substrates separated by well defi ned dis-

tances could reveal new aspects of bio-inspired crystal growth 
and offer a new tool for controlling the morphology of the 
resulting nanocrystals. Furthermore, the combination of 
bottom-up crystal growth with top-down lithography can offer 
new nanofabrication routes not available with conventional 
methods, [ 9,10 ]  for example in the generation of highly organized 
nanomaterial assemblies that are diffi cult to fabricate with top-
down methodologies alone. 

 In this article, we report on the spatiotemporal control of 
nanoparticle growth via generation of concentration gradi-
ents using nanopatterned enzymes. Enzymes are involved in 
biomineralization [ 11,12 ]  and have been extensively used in bio-
inspired approaches because they can generate crystal growth 
precursors in situ and act as seeding points for nucleating 
new crystals. [ 13–16 ]  Here, we utilize the enzyme glucose oxidase 
(GOx) for growing gold nanoparticles as a model of crystalliza-
tion of a functional material. [ 17–19 ]  GOx oxidizes glucose to glu-
conic acid and generates hydrogen peroxide as a side product, 
which reduces gold ions ( Figure    1  a). [ 20 ]  While this enzyme has 
been previously used to grow nanocrystals in nanopatterns, [ 17,19 ]  
the ability to control the morphology of these nanomaterials by 
changing the separation between GOx nanopatterns had not 
been studied to date, which is the key step to achieving the bio-
mimetic crystal growth conditions in the present work. To study 
the effect of nanoscale organization on the growth of nanoparti-
cles the enzymes were arranged as micrometric lines separated 
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  1.     Introduction 

 Biological crystal growth processes are an endless source of 
inspiration for the fabrication of materials with controlled mor-
phologies. In biomineralization, nanoscale building blocks are 
often arranged with exquisite precision to generate complex 
shapes with a high degree of organization at the nano-, micro-, 
and macro-scales. [ 1 ]  It has been proposed that this complex 
organization is made possible by non-classical crystallization 
pathways in which particles grow via the assembly of nanoscale 
building blocks. [ 2–4 ]  In vitro, some key biomineralization 
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by distances ranging from 400 nm to 2 µm. In a Nernst diffu-
sion layer, each enzyme line creates a concentration gradient 
of crystal growth precursor (hydrogen peroxide) from the sur-
face of the substrate to the bulk of the solution. When the lines 
are separated by micrometric distances, the concentration gra-
dient generated at each enzyme pattern is independent and not 
affected by neighboring patterns (Figure  1 b). Under this condi-
tion the concentration of crystal growth precursor around the 
enzymes is solely determined by the enzyme 
activity and diffusion. However when the pat-
terns are separated by nanometric distances 
the generation of crystal growth precursor 
at each pattern can infl uence the concentra-
tion of hydrogen peroxide in a neighboring 
area (Figure  1 c). Therefore, the concentra-
tion of crystal growth precursors at each 
pattern is not only affected by the enzyme 
activity and diffusion of crystal growth pre-
cursors but also by the spatial organization 
of the enzymes at the nanoscale. It will be 
shown below that the nanoscale arrange-
ment of enzymes favors non-classical crystal-
lization pathways that result in the growth 
of nanoparticles with unexpected morpholo-
gies. Indeed, the correct design of enzyme 
patterns and reaction time can result in 
the growth of nanocrystals with predictable 

size and surface density, which are crucial 
nano fabrication parameters that defi ne the 
physical properties of gold nanoparticles. 

    2.     Results and Discussion 

 The generation of hydrogen peroxide by 
lines of enzymes separated by different 
distances was simulated in order to study 
the effect of the nanoscale spacings on the 
concentration profi le of crystal growth pre-
cursors. Each enzyme was considered as a 
point source of hydrogen peroxide. In each 
line, the activity was estimated as the sum 
of activities of all the enzymes covering the 
entire surface of the pattern, in order to 
take the pattern size into consideration. The 
enzyme patterns were defi ned as lines of 
1 µm width separated by 400 nm, 800 nm, 
1 µm, and 2 µm, respectively, which are 
dimensions that can easily be fabricated 
with electron beam lithography (EBL). 
Mass transport was limited to diffusion in 
a stationary thin layer, which is a situation 
that can be replicated experimentally (see 
Section S1 in the Supporting Information). 
In  Figure    2  a, the concentration gradient gen-
erated by each enzyme pattern separated by 
2 µm is not infl uenced by the production 
of hydrogen peroxide in a neighboring pat-
tern. However, as the separation distance 

decreases below 1 µm, the concentration gradients around 
each pattern overlap due to the nanoscale organization of the 
enzymes (Figures  2 b,d) and the concentration of hydrogen per-
oxide in the vicinity of the patterns is higher than that observed 
for enzyme patterns with larger separations. Therefore, simu-
lations of mass transport around enzyme patterns indicate 
that the nanoscale organization can change the concentration 
profi le of crystal growth precursors around nucleation points, 
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 Figure 1.    a) Scheme of bio-inspired growth of gold nanostructures with enzyme patterns and 
b,c) cross-section view schematizing the concentration profi le of crystallization precursor 
(hydrogen peroxide) around enzyme patterns; a) reactive polyethylene glycol (PEG) patterns are 
covalently modifi ed with glucose oxidase (GOx); GOx generates hydrogen peroxide in the pres-
ence of glucose, which modulates the kinetics of growth of gold nanocrystals in MES buffer; 
b) when the patterns are separated by micrometric distances the production of hydrogen per-
oxide at each pattern is independent of the production of peroxide at neighboring patterns; 
c) when the patterns are separated by nanometric distances the concentration profi les overlap 
and the nanoscale organization of enzymes plays an important role in defi ning the concentra-
tion of hydrogen peroxide around the patterns.

 Figure 2.    Cross-sectional view of a simulation showing the concentration profi le of hydrogen 
peroxide generated by enzyme lines with a width of 1 µm and spacing between lines of: a) 2 µm; 
b) 1 µm; c) 800 nm, d) 400 nm.
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which is a key factor in defi ning kinetically controlled crystal 
growth conditions. [ 18 ]   

 After simulating the distribution of hydrogen peroxide 
around enzyme patterns, we studied the growth of gold nano-
particles with the different enzyme arrangements (Figure  1 ). To 
this end, micrometric patterns of poly(ethylene glycol) bearing 
carboxylic acid groups were generated on silicon substrates by 
electron beam lithography. [ 21–23 ]  Subsequently, glucose oxidase 
was covalently immobilized on the polymer pads via amide 
bond formation without noticeable loss in activity (Sections 
S2–4 of the Supporting Information). The substrates were then 
immersed in a stirred solution containing MES buffer so that 
the enzyme patterns were perpendicular to the agitation vortex 
(Section S1 of the Supporting Information). Under this condi-
tion a stationary thin layer is formed in which mass transport 
is governed by diffusion. [ 24 ]  The substrates were immersed in a 
relatively large volume to ensure that concentration gradients 
were not affected by changes in the properties of the bulk of the 
solution. Glucose was added at a concentration high enough to 
saturate the enzymes. Gold (III) chloride was added 10 seconds 
after triggering the biocatalytic production of hydrogen per-
oxide. After different reaction times, the substrates were rinsed 
with water and dried with nitrogen and their topography was 
studied with atomic force microscopy (AFM).  Figure    3   sum-
marizes the main results obtained with different enzyme 
arrangements after 5 min (Figures  3 a–d), 6 min (Figures  3 e–h) 
and 7 min (Figures  3 i–l) reaction time. It is apparent that gold 
nano particles were grown after 5 and 6 min reaction time 
whereas a smooth gold coating was obtained after 7 min. The 

growth of gold nanoparticles on the substrates was validated by 
the observation of surface enhanced Raman scattering (SERS) 
signals typical of gold nanostructures (Figure S5 in the Sup-
porting Information). Furthermore, the same experiments per-
formed with inactivated enzymes yielded only a few nanoparti-
cles and very low SERS signals, therefore demonstrating that 
the enzyme activity is a key factor for growing gold nanostruc-
tures (Figures S6,S7 in the Supporting Information). To show 
the relevance of the enzyme-generated concentration gradients 
of crystal growth precursors in controlling the morphology of 
nanoparticles, we repeated the same experiments with sub-
strates containing inactivated enzymes but adding 7 µ M  H 2 O 2  
to the solution. This concentration value was obtained from 
simulations in Figure  2  (≈7 µ M  at the surface of the pattern). 
Under this condition, gold coatings, but not discrete nanopar-
ticles, were observed on the enzyme patterns ( Figure    4  ). As 
expected from gold reduction in the absence of concentration 
gradients, the thickness of the gold coating increases as the 
time increases. These experiments demonstrate that generating 
gradients of crystal growth precursors with enzymes is the key 
step to generating nanomaterials of different morphology (nan-
oparticle vs coating and nanoparticles of different size) under 
the proposed conditions.   

 When crystal growth is governed by active enzyme patterns 
separated by 2 µm, small nanocrystals with a diameter of ca. 
4 nm are observed on the patterns after 5 and 6 min (Figures  3 a 
and  3 e, respectively). After 7 min, the nanoparticles coalesce to 
form a smooth coating on the surface (Figure  4 i and Figure S7 in 
the Supporting Information). These results indicate that, when 

Adv. Funct. Mater. 2014, 24, 3692–3698

 Figure 3.    AFM images of enzyme patterns with different line spacing (from left to right: 2 µm, 1 µm, 800 nm and 400 nm) after triggering the growth 
of gold nanostructures for a–d) 5 min, e–h) 6 min, and i–l) 7 min. White arrows indicate nanoparticles with irregular shape (see also Figure S8 in the 
Supporting Information). Scale bars: 1 µm. Size distribution plots were obtained by measuring the height of the nanoparticles and assuming that they 
are spherical.
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the patterns are separated by micrometric distances, increasing 
the reaction time favors the nucleation of new nanocrystals on 
the enzyme patterns rather than the growth of larger nanopar-
ticles. Similarly, when the enzyme lines are separated by 1 µm 
the number of nanocrystals increases with time until a smooth 
coating is generated (Figures  3 b,f,j). A slight increase in the 
size of the nanocrystals is observed after 6 min compared to 
the 5 min situation. More distinct variations are observed upon 
entering the nanoscale regime. When the patterns are separated 
by 800 nm, larger nanoparticles are found after 5 min (Figure  3 c). 
Even larger nanoparticles of different sizes are observed after 
6 min (Figure  3 g), and the smooth coating is obtained after 
7 min (Figure  3 k). The surface density of nanoparticles also 
decreases noticeably. A similar trend is observed for enzyme 
patterns separated by 400 nm: the nanoparticles are large, show 
a polydisperse size distribution and are less abundant than in 
the case of enzyme lines separated by micrometric distances 
(Figures  3 d,h). Summarizing, the results shown in Figure  3  
suggest that a longer reaction time favors the nucleation of new 
nanoparticles. After 6 min, the nanoparticles are so abundant 
that they coalesce and form a coating on the surface, as demon-
strated by SERS spectroscopy (Figure S7 in the Supplementary 
Information), and patchy, rough coatings between 6 and 7 min 
after triggering the reduction of gold were observed (Figure S8 
in the Supplementary Information). Since such a coating blocks 
the production of crystal growth precursors by the enzyme, the 
nanoscale architecture is not relevant in defi ning changes under 
this condition, which explains the similar results obtained in 
Figures  3 i–l. Regarding the spatial organization of concentration 
gradients, reducing the line spacing to the nanoscale favors the 
growth of larger and less abundant nanoparticles (see Figure S9 

in the Supporting Information). All in all, the results shown in 
Figure  3  demonstrate that parameters such as surface density, 
nanoparticle size, and shape (nanoparticle vs coating) can be 
manipulated by the reaction time and concentration gradients 
defi ned by the nanoscale organization. Indeed, for nanoscale 
spacings, there is a linear relationship between the pattern 
spacing and the size of the nanoparticles for a growth time of 
5 min (Section S9 in the Supporting Information). This “scaling 
law” could be useful for the utilization of enzyme patterns in the 
bottom-up nanofabrication of gold nanoparticles with predeter-
mined size and surface density. 

 The outcome in Figure  3  that nanoscale separation of 
enzyme patterns favors the growth of larger nanoparticles is 
intriguing from a classical crystallization point of view. It was 
shown in Figure  2  that the concentration of crystal growth pre-
cursors around the enzyme patterns is larger for patterns sepa-
rated by nanoscale distances. Usually, increasing the concentra-
tion of hydrogen peroxide leads to faster kinetics of growth, [ 8 ]  
which in turn favors the nucleation of new nanoparticles. If 
nucleation is favored, smaller and more abundant nanoparticles 
should be obtained when the patterns are separated by nano-
metric spacings. This is in contrast with our results in Figure  3  
in which larger and less abundant nanoparticles are found with 
nanopatterns. Furthermore, we observed that several nanopar-
ticles show irregular surfaces (white arrows in Figures  3 d,h, 
see also Figure S10 in the Supplementary Information). To 
clarify this point, we performed solution-based experiments 
to study changes in the morphology of the nanoparticles with 
variations of peroxide concentration around the maximum 
value in Figure  2  (7 µ M ).  Figure    5  a shows UV-Vis spectra of 
nanoparticle solutions 6 min after adding hydrogen peroxide 
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 Figure 4.    AFM images of inactive enzyme patterns with different line spacings (from left to right: 2 µm, 1 µm, 800 nm and 400 nm) after triggering 
the reduction of gold nanostructures with 10 µ M  hydrogen peroxide for a–d) 5 min, e–h) 6 min, and i–l) 7 min. Scale bars: 1 µm. Cross-sectional height 
plots showing the average height of enzyme patters after 5 min (blue), 6 min (red), or 7 min (green) calculated from AFM images in which the enzyme 
lines are separated by: m) 2 µm; n) 1 µm; o) 800 nm, and p) 400 nm.
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with the concentration of 0, 1, 3, and 10 µ M . Nanoparticles 
can grow slowly in the absence of hydrogen peroxide because 
2-(N-morpholino)ethanesulfonic acid (MES) and glucose act as 
weak reducing agents. [ 25 ]  It is evident from the UV-Vis spectra 
that the addition of hydrogen peroxide accelerates the kinetics 
of growth. In these spectra, the position of the localized surface 
plasmon resonance (LSPR) shifts from 555 to 565, 566, and 
574 nm, when the concentration of hydrogen peroxide increases 
from 0 to 1, 3, and 10 µ M , respectively. The observed red-shift 
when increasing the concentration of hydrogen peroxide is in 
accordance with the growth of larger or more aggregated nano-
particles. [ 26 ]  These results are in agreement with the observa-
tion in Figure  2  and Figure  3  that a shorter distance between 
patterns leads to the formation of larger nanoparticles due to 
the presence of higher levels of hydrogen peroxide. It should 
be noted that decreasing the levels of glucose by a much larger 
concentration (1 m M ) does not have any effect in the LSPR of 
the nanoparticles, therefore demonstrating that the consump-
tion of glucose by the enzyme does not play an important role 
in nanoparticle growth (Section S12 in the Supporting Infor-
mation). Transmission electron microscopy (TEM) images 
show irregular nanoparticles that are formed via aggregation of 
smaller nanocrystals (Figure  5 b). The obser-
vation of the d-spacings of the planes (111), 
(022), and (113) with selected area electron 
diffraction (SAED) demonstrate the growth 
of crystalline gold (Figure  5 b, inset).  

 The visualization of clusters containing 
aggregated nanocrystals in Figure  5 b sug-
gests that the nanoparticles do not grow via 
classical pathways. Two alternative routes 
could explain the results seen in Figure  5 . 
On the one hand, it has been reported that 
gold nanoparticles may have GOx-mimicking 
properties that result in the self-catalyzed, 
self-limiting growth of gold nanoparticles 
on gold seeds. [ 27 ]  Under this condition, gold 
seeds generate hydrogen peroxide and this 
results in the growth of gold nanoparticle 
satellites around them, which then grow to 
generate clusters of gold nanoparticles. On 
the other hand, the growth of nanoparticle 

clusters could be the result of non-classical crystal growth con-
ditions in which the assembly of nanoscale building blocks is 
used as an effi cient way to reduce the surface energy of the 
growing nanocrystals, as previously observed in biomineraliza-
tion processes. [ 2–4 ]  In this non-classical crystal growth route, the 
constituent nanocrystals are often aligned with exquisite accu-
racy. To elucidate the main mechanism of nanoparticle growth, 
we studied the morphology of the nanoparticles at different 
stages of the growth process with TEM.  Figure    6   shows repre-
sentative TEM images of the nanoparticles obtained 4, 5, 6, and 
7 min after triggering the reduction of gold. In these images, 
smaller nanoparticles supported on gold seeds were not seen 
even at the early stages of crystal growth. Furthermore, it was 
found that the gold nanoparticles did not have GOx-mimicking 
properties, that is, they could not generate noticeable levels 
of hydrogen peroxide under the proposed conditions (Section 
S11 in the Supporting Information). These experiments con-
fi rmed that the nanoparticle clusters do not grow by means of 
self-catalyzed, self-limiting routes but via non-classical crystal 
growth conditions that imply the aggregation of nanoparticle 
building blocks. This was further sustained by the observation 
in  Figure    6  e that the lattice fringe of the plane (002) crosses 
different nanoparticles (areas of different electron density) with 
little or no misalignment. [ 28 ]  Furthermore the SAED of the 
whole cluster shown in the inset of Figure  6 e resembles the 
SAED of a single crystal, as expected from nanocrystals that 
are highly crystallographically aligned. [ 28 ]  This “oriented attach-
ment” of nanoparticle building blocks is often found in biomin-
eralization [ 2 ]  and bio-inspired crystal growth, [ 28 ]  and therefore 
it strongly supports the hypothesis that the nanoparticles grow 
via non-classical crystal growth pathways.  

 In the context of biomimetic crystal growth, the results 
in Figure  3  can be interpreted as follows. When the patterns 
are separated by micrometric distances the concentration of 
hydrogen peroxide around the pattern is low (Figures  2 a,b). 
These slow growth conditions favor the nucleation of nanocrys-
tals on the enzyme patterns as seeding points, which results in 
smaller, more abundant nanoparticles. However, when the pat-
terns are separated by nanometric distances the concentration of 
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 Figure 5.    Growth of gold nanoparticles in solution; a) UV-Vis spectra 
of nanoparticle solutions 6 min after adding hydrogen peroxide with 
the concentration of 0 µ M  (orange), 1 µ M  (blue), 3 µ M  (red), and 10 µ M  
(green); b) TEM images of gold nanoparticles grown with 10 µ M  hydrogen 
peroxide. Inset: SAED pattern of a group of particles.

 Figure 6.    TEM images of gold nanoparticles grown with 10 µ M  hydrogen peroxide after: 
a) 4 min; b) 5 min; c) 6 min; d) 7 min; e) enlarged image of the area inside the red square in 
(a) showing the lattice fringe of the plane (002) crossing areas of different electron density 
without misalignment (highlighted in red); SAED of the cluster in (a).
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hydrogen peroxide around the patterns is higher (Figure  2 c,d). 
Under this condition the nanoparticles nucleate fast in solution 
and aggregate in order to reduce their surface energy. Therefore, 
although nucleation is favored at higher peroxide concentra-
tions, the resulting nanoparticles are larger and less abundant 
because they are formed by the assembly of several nanoscale 
building blocks. This growth by aggregation of nanometric 
building blocks also explains the observation of irregular topog-
raphies in the nanoparticles grown with nanoscale patterns 
(white arrows in Figure  3 d,h and Figure S8 in the Supporting 
Information).   

  3.     Conclusions 

 In conclusion, the effect of spatial organization at the nanoscale 
on enzyme-guided crystal growth was studied. When patterned 
on a substrate, the enzymes generate concentration gradients 
of crystal growth precursors. The nanoscale organization of pat-
terns favors non-classical growth conditions in which nanoparti-
cles grow via assembly of nanoscale building blocks rather than 
by incorporation of atoms to existing nuclei. This phenomenon 
results in the formation of large clusters of nanocrystals when 
the distance between enzyme patterns is reduced below 1 µm. 
Increasing the reaction time leads to an increase in the number 
of nanoparticles on the surface fi rst, and then to a change in 
the overall morphology from discrete nanocrystals to smooth 
coating. The ability to control the size, surface density and state 
of aggregation of the nanocrystals could be of great impact in 
tuning the optical properties of the nanoparticles, for example, 
in SERS imaging and biosensing applications. [ 26,29 ]  Since nano-
particle growth is based on the local generation of concentra-
tion gradients, nanoparticles with different morphologies could 
be grown simultaneously on the wafer by patterning different 
areas with lines separated by predetermined distances. Further-
more, we envisage that the methodology could be adapted for 
the fabrication of other functional materials such as titanium 
dioxide, [ 30 ]  gallium oxide, [ 31 ]  or silver sulfi de, [ 32 ]  whose growth 
can be triggered by enzymes. Moreover, the resulting micro-
metric patterns containing nanostructured functional materials 
could potentially be integrated with microfabricated circuit ele-
ments as a crucial step in the fabrication of next-generation bio-
sensors and microprocessors. [ 10 ]   

  4.     Experimental Section 
  Preparation of PEG-COOH Patterned Substrates : [ 21–23 ]  Si chips were 

cleaned by immersing in freshly prepared piranha solution (3:1 H 2 SO 4 /
H 2 O 2 , Caution! Piranha solution reacts violently with organic materials.). 
The chips were then washed with a copious amount of MilliQ water and 
dried under a stream of air. Cleaned Si chips were spin-coated (2000 rpm 
for 20 s, 4000 rpm for 10 s) with 2 wt% 8-arm PEG-COOH (JenKem 
Technology U.S.A., MW = 20000 g mol –1 ) solution in 1,2-dichloroethane. 
The coated chips were then used directly without any drying or baking 
steps. Pattern fi les for electron beam lithography were created using 
DesignCAD Express 16 software. Arrays of rectangular (1 µm × 5 µm) 
polymer patterns comprising a range of spacings in between (400, 800, 
1000, 2000 nm) were generated using a JC Nabity e-beam lithographic 
system (Nanometer Pattern Generation System, version 9.0) modifi ed 
from a JEOL JSM-6610 scanning electron microscope. An accelerating 

voltage of 30 kV was used, with a beam current of ≈15 pA, a spot size of 
32 nm, and using an area dose of 30 µC cm –2 . After e-beam exposure, 
any non-crosslinked polymer on the chips was rinsed with methanol, 
water, and methanol (10 s each) and the substrates were dried with a 
stream of nitrogen. Pattern formation was confi rmed using an inverted 
bright-fi eld microscope. The height of the patterns was 15 to 50 nm as 
determined by atomic force microscopy. 

  Immobilization of Glucose Oxidase on PEG-COOH Patterned 
Surfaces : [ 33 ]  The prepared surfaces were activated using 0.1  M  1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC, Sigma-Aldrich) and 0.2  M  
N-hydroxysuccinimide (NHS, Sigma Aldrich) in 0.1  M  2-(N-morpholino)
ethanesulfonic acid buffer (MES buffer, pH 5.5) for 1 h. After rinsing with 
MES buffer, the substrates were immediately incubated with 1 mg mL −1  
of glucose oxidase from Aspergillus Niger (GOx, Sigma-Aldrich) solution 
in phosphate buffered saline (PBS, pH 7.4). Then, the surfaces were 
washed with 0.1% (v/v) Tween 20 in PBS, rinsed with water and dried 
with nitrogen. Inactive enzyme patterns were obtained by heating the 
GOx-modifi ed substrates at 70 °C for 30 min. 

  Simulations : Simulations were made assuming the generation of 
a Nernst diffusion layer close to the PEG patterns (see Section S1 in 
the Supporting Information). Within this region mass transport can be 
considered to be diffusion-limited and convection effects negligible. 
Simulations were solved using Finite Element Analysis (FEA) in 
COMSOL Multiphysics. 

 Fick’s law was solved in the steady state under the above 
assumptions. The fl ux of hydrogen peroxide molecules generated at the 
surface was calculated using:

 2
v

D r
ϕ π=

  
(1)

 
 where ν is the specifi c activity of the enzyme, 0.44 × 10 −21  mols s −1  
molecules −1  (value provided by the manufacturer) and D is the diffusion 
coeffi cient for hydrogen peroxide, 1.5 × 10 −9  m 2  s −1 . [ 34 ]  GOx has a 
diameter of ≈7 nm as measured by dynamic light scattering (DLS). [ 35 ]  
The surface density of enzymes (150 enzymes/pattern) was estimated 
assuming spherical particles forming a compact monolayer on PEG 
patterns (see Section S3 in the Supporting Information). Close to the 
surface ( r  = 7 nm) the initial concentration of hydrogen peroxide is 
thus calculated using Equation  ( )   to be 7 × 10 −6   M . The concentration 
of hydrogen peroxide in the bulk solution is initially assumed to be 0. 
Spacings between PEG pads were varied to match the experimental 
design. 

  Growth of Gold Nanoparticles : 1 m M  MES buffer was prepared by 
diluting a 0.1  M  MES buffer solution (pH 6). Substrates containing 
enzyme patterns were immersed in a 100 mL beaker containing 90 mL 
of 1 m M  MES stirred with a magnetic stirrer (900 rpm) (see Section S1 
in the Supporting Information). The production of hydrogen peroxide 
was triggered via the addition of 10 mL of 1  M  glucose in 1 m M  MES. 
After 10 s, 100 µL of a 100 m M  gold (III) chloride trihydrate solution 
was added to the stirring solution. After 5, 6, or 7 min, the substrates 
were rinsed with water and dried with nitrogen. AFM images were taken 
in tapping mode with a Veeco Multimode instrument. Images were 
processed with Gwyddion. Solution based experiments were performed 
in exactly the same way but adding hydrogen peroxide to the fi nal 
desired concentration prior to the addition of gold chloride. After 6 min, 
a 1 µL drop was placed on a carbon grid and dried with a piece of fi lter 
paper. The remaining nanoparticles were imaged with a JEOL 2000FX 
TEM working at an acceleration voltage of 200 kV (Figure  5 b) or with a 
Jeol 2100F TEM working at an acceleration voltage of 80 kV (Figure  6 ). 
UV-Vis spectra were obtained with a Lambda 25 spectrometer (Perkin 
Elmer).  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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