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Non-mechanical nano- and microscale pumps that function without the aid of an external power source and provide
precise control over the flow rate in response to specific signals are needed for the development of new autonomous nano-
and microscale systems. Here we show that surface-immobilized enzymes that are independent of adenosine triphosphate
function as self-powered micropumps in the presence of their respective substrates. In the four cases studied (catalase,
lipase, urease and glucose oxidase), the flow is driven by a gradient in fluid density generated by the enzymatic reaction.
The pumping velocity increases with increasing substrate concentration and reaction rate. These rechargeable pumps can
be triggered by the presence of specific analytes, which enables the design of enzyme-based devices that act both as
sensor and pump. Finally, we show proof-of-concept enzyme-powered devices that autonomously deliver small molecules
and proteins in response to specific chemical stimuli, including the release of insulin in response to glucose.

S
elf-powered nano- and micropumps that precisely control flow
rate in response to external stimuli are critical to the design of
the next generation of smart devices. Ideally, the pump should

enable fluid flow to be controlled both by the presence and concen-
tration of the specific analyte, such as a substrate, promoter (cofac-
tor) or a related biomarker. This coupling between sensing and
transport should allow new applications such as the bottom-up
assembly of dynamic structures, cargo delivery at specific locations
(for example, drug delivery) and related functions1,2.

Recently, autonomous motion that arises from the catalytic har-
nessing of chemical free energy from the surrounding environment
has been demonstrated at the nano- and microscale1–10. Tethering
these catalytic systems to surfaces enables the transfer of the mech-
anical force to the surrounding fluid. Utilizing this, a variety of
pumps have been designed and fabricated that operate on the micro-
scale and function as delivery vehicles for fluids, small molecules
and colloids11–28. A major drawback of these artificial micropumps
is their non-biocompatibility with respect to the catalyst, fuel or
even the ionic-strength regime in which they operate. Biocatalysts,
such as enzymes, provide an obvious solution to this problem.

The diffusive mobility of single enzyme molecules has been
shown to increase in the presence of a substrate in a concentration-
dependent manner and, when exposed to a substrate concentration
gradient, ensembles of enzyme molecules exhibit chemotaxis29–31.
Enzymes that move by generating a continuous surface force in a
fluid should, when fixed in place, function as micropumps that
move fluid and colloidal particles in a directed manner. Here we
describe a novel enzyme-based platform that combines sensing
and microfluidic pumping into a single self-powered microdevice.
These micropumps are substrate specific and their pumping speed
can be tuned by altering the substrate concentration. In addition,
the pumps can be triggered by different analytes that, in situ,
generate the substrate for the respective enzymes. This approach
demonstrates that even adenosine triphosphate (ATP)-independent
enzymes can generate movement and can be used as micropumps in
the presence of the appropriate fuel (substrate). Finally, we show
that an enzyme-immobilized hydrogel can be used as a scaffold
for micropumps that actively pump out gel-entrapped small

molecules and proteins (for example, insulin) in response to a
specific chemical trigger (for example, glucose). This opens up the
possibility of designing novel stimuli-responsive autonomous
cargo and drug-delivery systems32.

Results and discussion
We designed triggered fluid pumps using four different classes of
enzymes. Gold (Au) was patterned on a polyethylene glycol
(PEG)-coated glass surface. Next, the patterned surface was function-
alized with a quaternary ammonium thiol33, which formed a self-
assembled monolayer (SAM) on the Au surface. On incubating
the SAM-modified Au surface with enzyme, the negatively
charged groups on the enzyme bound selectively to the modified
Au surface via electrostatic self-assembly, which resulted in an
enzyme pattern on the glass surface (Fig. 1a, Supplementary
Fig. 1). To demonstrate the pumping ability of immobilized
enzymes, a spacer (20 mm diameter, 1.3 mm height) was placed
on top of the enzyme-patterned surface to seal the pump chamber
and create a closed system. A buffered solution of substrate with sus-
pended tracer particles was injected into the chamber and the fluid
flow was monitored with an optical microscope.

Pumping in the presence of the substrate. We examined catalase34

as our first example of an ATP-independent, enzyme-powered
micropump. The enzyme was immobilized selectively on the Au
pattern (6 mm diameter) as described above and sulfate-
functionalized polystyrene microspheres, 2 mm in size, were used as
tracer particles to analyse the fluid flow. In the presence of
substrate (hydrogen peroxide) the tracer particles moved towards
the Au surface, which indicates that the surrounding fluid is
pumped inwards (Supplementary Movie 1). The fluid flow was
observed in a closed system, so by fluid continuity the fluid
flow showed an outwards motion when viewed above the
enzyme-patterned surface. The fluid-pumping velocity showed a
substrate concentration and a reaction-rate-dependent increase
from 0.37 mm s21 in 0.001 M hydrogen peroxide (enzymatic
reaction rate (n), 12.60 mM s21) to 4.51 mm s21 in 0.1 M hydrogen
peroxide (n, 613.5 mM s21) (Fig. 2a). The Supplementary
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Information gives detailed calculations of the reaction rates: the kcat
(turnover number) and KM (substrate concentration at which the
reaction rate is half of the maximum rate for the system) values
used are for enzymes in solution; these values will be different for
immobilized enzymes that are restricted dimensionally. No fluid
pumping was observed in the absence of substrate (Supplementary
Movie 2). Similar pumping behaviour was also observed for lipase35

and glucose oxidase (GOx)36 in the presence of their respective
substrates, 4-nitrophenyl butyrate and glucose, with inwards fluid
flow near the Au surface and an outwards flow when viewed above
the surface. As with catalase, the pumping velocity increased with
increasing substrate concentration and, in turn, enzymatic reaction
rates in general (Fig. 2c,d).

The opposite fluid flow was observed for urease anchored to the
Au surface. Close to the glass surface, the tracer particles moved
away from the Au pattern, which indicates that the surrounding
fluid was pumped outwards (Supplementary Movie 3). When
viewed upwards in the solution (away from the glass surface), by
fluid continuity an inwards fluid flow was observed. As expected,
the pumping velocity increased on increasing substrate concen-
tration from 0.24 mm s21 in 0.001 M (n, 44.83 mM s21) urea to
0.80 mm s21 in 0.75 M urea (n, 102.9 mM s21) (Fig. 2b). No fluid
pumping was observed in the absence of urea.

The newly designed enzyme-powered micropumps clearly have
the ability to sense substrate in the surrounding media and initiate
fluid pumping in response. Using glucose and GOx, fluid pumping
in the catalase pump was triggered by in situ generation of hydrogen
peroxide (Fig. 1b, Supplementary Movie 4). In the presence of 50 mM
glucose and 0.1 mM GOx, with catalase immobilized on the Au
pattern, the fluid was pumped inwards at a speed of 1.2 mm s21.
Pumping was not observed in the absence of either glucose or
GOx, or both. Thus, in principle, the enzyme pumps can be
triggered by a variety of analyte molecules, which opens up the
possibility of designing enzyme-based devices that act both as
sensor and as pump.

Temporal and spatial variations in pumping. The temporal
velocity profile was investigated for all four enzyme-powered
pumps over both short and long time intervals. In the case of
catalase, fluid pumping was monitored for a duration of ten
minutes, at a distance 50–100 mm away from the enzyme
pattern and for time intervals of one minute. No significant
change in the velocity of tracer particles was observed at each
of the three different concentrations of hydrogen peroxide
(10 mM, 50 mM and 100 mM) within the time frame of ten
minutes (Supplementary Figs 2 and 3). Similar time-dependent
studies of pumping speed with urease in 0.75 M urea, GOx in
1 M glucose and lipase in 0.5 M 4-nitrophenyl butyrate showed
no appreciable change in pumping velocity at short time
intervals (Supplementary Fig. 2). As expected, over longer time
scales, the pumping velocity decreased. As the substrate was
consumed, the reaction rate decreased and thereby slowed the
fluid-pumping speed. This was demonstrated with catalase in
the presence of 0.050 M hydrogen peroxide at monitored at
regular time intervals of 30 minutes for a duration of four
hours (Fig. 3a). Similar behaviour was observed with urease-
powered pumps in the presence of 1 M urea (Supplementary
Fig. 4). Significantly, these pumps can be recharged by
introducing fresh substrate solution after the initial substrate
solution is exhausted and fluid pumping stops (Supplementary
Fig. 5). For both catalase and urease, fluid pumping resumed
with a velocity similar to that observed previously at that
specific substrate concentration.

The spatial velocity profile was also examined for each of these
enzyme pumps. The fluid-pumping velocity was examined at set
distances moving away from the enzyme-functionalized Au
pattern. At shorter distances (50–400 mm), the pumping velocities
did not show significant variations for catalase-, urease-, GOx-
and lipase-powered pumps (Supplementary Fig. 6). As expected,
the pumping velocity decreases at longer distances, as observed
for catalase- (Fig. 3b) and urease-powered (Supplementary Fig. 4)
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Figure 1 | Schematic that shows the enzyme pattern on a surface and triggered fluid pumping by enzymatic micropumps. a, Au was patterned onto a

PEG-coated glass surface using an e-beam evaporator. The patterned surface was functionalized with a quaternary ammonium thiol, which forms a self-

assembled monolayer (SAM) on the Au surface. The negatively charged groups on the enzyme bound selectively to the SAM-functionalized Au patterned

surface via electrostatic assembly, which resulted in an enzyme pattern on the surface. b, Catalase enzyme immobilized on the Au pattern causes fluid

pumping triggered by the presence of both GOx and glucose, which generates hydrogen peroxide in situ.
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pumps monitored at distance intervals of 1,000 mm, for an overall
distance of 5,000 mm.

Pumping mechanism. Figure 2 suggests that pumping velocity is
generally proportional to the reaction rate, which in turn is
controlled by both substrate concentration and inherent catalytic
activity. A detailed understanding of the mechanism will allow us
to a priori predict the limits of reactive sensing and detection for
specific analyte–pump combinations. It is possible to rule out
several alternative mechanisms. Pumping that arises from phoretic
mechanisms37,38, such as diffusiophoresis39, osmophoresis40 and

self-electrophoresis41, has been demonstrated in the past for
surface-anchored catalytic particles18–24,27. Symmetry breaking by
anchoring catalysts to solid surfaces can lead to chemical
gradients because of the asymmetric production or depletion of
solute molecules (charged or uncharged)38,42–44. Directional
movement of tracers in the catalase-powered pump can arise from
a non-electrolyte diffusiophoretic mechanism because of a
gradient caused by the conversion of hydrogen peroxide (two
reactant molecules) into water and oxygen (three product
molecules)45,46. However, such a mechanism can be ruled out
from our observations with an inverted pump set-up. When the
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Figure 2 | Fluid pumping velocity in an enzyme-powered micropump as a function of substrate concentration and reaction rate. a, Pumping velocity in a

catalase-powered micropump increases in the presence of its substrate in a reaction-rate-dependent fashion, at substrate concentrations that ranged from

0.001 M to 0.1 M hydrogen peroxide. b, Pumping velocity in a urease-powered micropump increases on increasing the substrate concentration from 0.001 M

to 0.75 M urea. c, Pumping velocity in a lipase-powered micropump shows a concentration-dependent increase at substrate concentrations from 0.001 M to

0.5 M 4-nitrophenyl butyrate. d, Pumping velocity in a GOx-powered micropump increases in a substrate concentration- and reaction-rate-dependent manner

from 0.001 M to 1 M glucose. The reaction-rate calculations are based on kcat and KM values for enzymes in solution. Error bars represent standard

deviations. The means and standard deviations are calculated for 30 tracer particles. The pumping velocities at different substrate concentrations are

statistically different (P , 0.01) (see the Supplementary Information).
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experimental set-up for the catalase-driven device was turned upside
down such that the Au disk was on top, the direction of fluid flow
relative to the glass surface reversed (Supplementary Movie 5).
Fluid flowed outwards from the Au pattern at the glass surface
and, by fluid continuity, moved inwards when viewed away from
the surface. If, indeed, a non-electrolyte diffusiophoretic
mechanism was in operation, the direction of fluid flow should
remain the same irrespective of whether the pump device was
upright or inverted.

Transport of fluid in urease-, lipase- and GOx-powered pumps
may be the result of an electrolyte diffusiophoretic mechanism
because of the generation of charged reaction products45,47. Similar
to its non-electrolyte counterpart, electrolyte diffusiophoresis can be
ruled out from our observations with inverted pumps. In the case
of urease, the direction of fluid flow reversed when the experimental
set-up was turned upside down (Au disk on the top). Closer to the
surface, the fluid flow was inwards (Supplementary Movie 6), with
tracers moving outwards when monitored away from the surface.
Further, for both lipase and GOx a similar effect was observed, that
is the direction of fluid flow was reversed relative to the pump
surface in the inverted set-up. The zeta potential (surface charge) of
the tracer particles has a profound effect on the direction of electrolyte
diffusiophoretic transport; tracers with opposite charges move in
opposite directions. The negatively charged sulfate-functionalized
polystyrene tracers moved towards the enzyme-tethered Au pattern
for lipase and GOx systems, and moved outwards for urease. If a dif-
fusiophoretic mechanism was in operation, reversing the charge on
tracer particles should reverse the direction of their movement.
However, when positively charged amine-functionalized polystyrene
tracers were used, the direction of their movement remained exactly
the same as that of the negative tracers. Moreover, the speed of
fluid pumping, monitored with positively charged tracers, was
similar to that of their negative counterparts for all the enzyme
pumps, which thereby conclusively rules out the possibility of a diffu-
siophoretic mechanism (Supplementary Fig. 7).

As described above, the direction of fluid flow generated by all
four enzyme pumps reversed as the device cavity was inverted.
The simplest explanation for this observation is a density-driven
mechanism. The enzymatic reactions are exothermic and the

temperature increase at the pump surface should give rise to
thermal convection because of the local decrease in fluid density.
Thus, in an upright device the flow should be directed upwards
from the pump. Fluid continuity means that near the glass surface
the flow should be directed towards the Au pattern. For the inverted
set-up, the flow direction should be reversed because the lighter
fluid tries to occupy the upper layers and spreads along the glass
surface away from the Au pattern.

To validate our hypothesis, fluid flow was monitored in the
inverted device to determine the pumping velocity. For all four
enzyme-powered pumps, the pumping velocities in the inverted
set-up were similar to those in the upright one, which strongly
suggests a density-driven mechanism as the governing factor
(Fig. 4a). Further, the intensity of thermal convective flow within
a horizontal layer of liquid in the presence of a temperature gradient
is governed by the Rayleigh number (Ra)48, such that

Ra = gbh4

vx
dT
dx

(1)

where g, h, b, n and x represent the gravitational acceleration, thick-
ness of the liquid layer, volumetric coefficient of thermal expansion,
kinematic viscosity and heat diffusivity of the liquid, respectively.
The magnitude of the vertical component of the temperature gradi-
ent dT/dx can be estimated by calculating the heat flux Q
(J cm22 s21) as dT/dx¼Q/k, where, k is the thermal conductivity
of the liquid. The heat flux depends on the rate r and enthalpy DH of
the chemical reaction, as follows:

Q = rDH
pR2

(2)

where R is the radius of the pump surface. Assuming the flow to be
steady and small in magnitude, the speed can be scaled as:

V ≈ x

h
Raf (a) (3)

where the function f(a) depends on the aspect ratio of the
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Figure 3 | Temporal and spatial changes in fluid-pumping velocity for catalase-powered micropumps. a,b, The fluid-pumping velocity in catalase-powered

micropumps in the presence of 50 mM hydrogen peroxide was monitored 50–100mm away from the enzyme pattern as a function of time at intervals of

30 minutes for a total duration of four hours (a), and as a function of distance away from the Au pattern every 1,000 mm for a total distance of 5,000 mm

(b). As shown, the pumping velocity decreased over time and distance. Error bars represent standard deviations. The means and standard deviations are

calculated for 30 tracer particles. The pumping velocities at different time intervals are statistically different from the pumping velocity at time t¼ 5 minutes

(P , 0.01). The pumping velocities at different distance intervals are statistically different from the pumping velocity at distance d¼ 100 mm (P , 0.01) (see

the Supplementary Information).
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micropump, a¼ R/h. The flow, therefore, can be characterized by a
speed given by:

V � gbh3rDH
nkpR2

f a( ) (4)

At small Ra the function f(a) can be found by solving two
uncoupled boundary-value problems: first, to derive the tempera-
ture of the fluid by solving the Laplace equation with the pre-
scribed heat flux at the reactive patch and constant temperature
at the upper plate; second, the fluid velocity can be found via
the linearized Navier–Stokes–Boussinesq equation. To reiterate,
within this linear model, f(a) only changes its sign when the
gravity is inverted.

Numerical calculations within this approach showed that
f(a) grows from zero up to a value of 1023, with saturating
beyond R . 3h. Therefore, for R . 3h, any increase in the layer
thickness h should result in an increase in the flow speed pro-
portional to h3. For smaller a, the prefactor f(a) slightly diminishes
this effect. For example, for the experimental set-up with a¼ 2.3
(R¼ 3 mm, h¼ 1.3 mm), the velocity grows by a factor of 6.6
when the layer thickness is doubled. For three different enzymes,
the speed increased approximately by a factor of 6.8, which confirms
our theoretical proposition (Fig. 4b). Further, assuming that
the values of the reaction rate (r¼ 1027 mol s21), enthalpy
(DH¼ 100 kJ mol21) and height of the cavity (h¼ 1 mm) are of
the same order of magnitude for all the enzymes, the speed was
determined as �1 mm s21, in good agreement with the experimen-
tal results. Interestingly, even though Ra for our system is fairly high
(�10), the smaller magnitude of f(a) helps in keeping the flow speed
linear in Ra.

In the case of urease, the observed effect is opposite to the expected
one. Although the enzyme catalytic reaction is exothermic, the fluid is
pumped outwards in the upright device. We hypothesized that as
the products of urea hydrolysis are all ionic (NH4

þ and HCO3
2),

these solvated ions can increase the density of the fluid near the
enzyme pattern. This local increase in density causes the fluid to
spread along the glass surface, which results in a density-driven con-
vective flow that directs the fluid away from the pattern. In the
inverted set-up, the denser fluid generated on the top of the device
settles down to lower layers in the cavity, and by fluid continuity

drives the fluid flow inwards near the glass surface. Therefore, in
this case the fluid density can be written as:

r = r0(1 − b(T − T0) + bC(C − C0)) (5)

where r is the final fluid density, T is the absolute temperature, C is
the concentration of reaction products, r0, T0 and C0 are the reference
values of these three characteristics, and bC is the solute’s coefficient
of expansion. For bC . 0 the fluid density grows as the concentration
of products increases. Therefore, for urease the situation is more com-
plicated and double-diffusive convection sets against the competing
impacts of the reaction on the flow density and hence on the flow.
To verify our hypothesis, the fluid flow was examined in two
different systems.

The movement of tracer particles was monitored for the urease
pump in a vertical device set-up (Supplementary Fig. 8). The fluid
flowed downwards when viewed both below and above the
enzyme-patterned surface, which indicates an overall downwards
flow at the enzyme-patterned surface in the vertical set-up
(Supplementary Movie 7). Again, by fluid continuity the fluid
flowed upwards away from the surface. The reaction-generated pro-
ducts, being denser than the reactants, settled to the bottom layers of
the device and thereby drove the fluid-flow downwards. The mech-
anism proposed for the urease-powered micropump can also be
established by monitoring the fluid flow using a sink-reservoir
model (see Supplementary Information).

Similar experiments that used vertical set-ups were performed with
catalase- and lipase-powered micropumps (Supplementary Fig. 8).
In both of these cases, the fluid flow was upwards when viewed
below the Au pattern close to the surface, against gravity
(Supplementary Movie 8). This upwards fluid movement also sup-
ports the mechanism proposed previously: convective flows result
from a thermal gradient. The increase in temperature at the pump
surface caused by these enzyme catalytic reactions decreases the
local fluid density for catalase and lipase, and thereby drives the
fluid flows upwards. The effect of temperature on solute–particle inter-
action may also play a role in the observed pumping49.

Substrate-triggered release of molecules. The ability of enzyme-
powered micropumps to respond to an external stimulus (for
example, substrate) and produce a change in the surrounding
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deviations are calculated for 30 tracer particles. The pumping velocities monitored in the upright and inverted pump set-ups are not statistically different

(P . 0.01). b, The fluid-pumping velocity monitored in the double-spacer (two × height of chamber, h) set-up showed an approximately seven-fold increase

as compared with the single-spacer (h) set-up for three enzyme micropumps. Error bars represent standard deviations. The means and standard deviations

are calculated for 30 tracer particles. The pumping velocities monitored in the single- and double-spacer set-ups are statistically different (P , 0.01) (see the

Supplementary Information).
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environment by generating fluid flows makes them suitable
candidates for applications such as drug delivery, in which a
controlled response to an external stimulus is required to attain a
specific goal (for example, the triggered administration of a drug).
We fabricated a proof-of-concept design to demonstrate the
potential ability of the enzyme pumps as autonomous stimuli-
responsive drug-delivery devices. Positively charged hydrogels
were used as scaffolds for immobilizing enzymes, as well as
reservoirs for small molecules. We anticipated the active release of
small molecules and proteins from the hydrogel in the presence of
the enzyme substrate via a self-pumping mechanism. Hydrogels
with quaternary ammonium functionality were synthesized and
used as the template for enzyme immobilization via electrostatic
self-assembly, similar to the previous pump set-up. As the
hydrogel also serves as a reservoir for small molecules (cargo),
simultaneous incubation of the hydrogels with enzyme and cargo
molecules (to be released) led to their absorption in the gel
network. The release of fluorescein dye molecules (used as a
model cargo) as a function of time was monitored from the
urease-immobilized hydrogel in the presence of varying urea
concentrations (Fig. 5) using an ultraviolet–visible (UV-vis)
spectrophotometer. Although there was some leaching of dye
molecules through passive diffusion in the absence of any
substrate, the dye release rate from the hydrogel increased
with increasing substrate concentration (Fig. 5b, Supplementary
Figs 9–11). This is a direct consequence of fluid pumping
regulated by enzymatic reaction. To maintain a stable solution
pH, all the measurements were performed in phosphate-buffered

saline (PBS). This ensured that the enzymatic activity was
retained and that absorbance analyses were not subject to changes
in solution pH, because fluorescein is known to show a
pH-dependent change in absorbance.

In another proof-of-concept demonstration, the release of insulin
from GOx-immobilized hydrogels was shown at different concen-
trations of glucose in sodium acetate trihydrate (SAT) buffer (pH
5.23). Increasing levels of insulin release from the hydrogel were
achieved with increases in glucose concentration in the surrounding
solution (Fig. 6, Supplementary Tables 5–8, Supplementary Figs 12
and 13, and see Supplementary Information for the detailed calcu-
lations). The release profile for insulin is somewhat different to that
of the dye, presumably because of differences in interaction with
the host hydrogel. Our results suggest the design for a rechargeable
enzyme pump that can release insulin actively at a rate proportional
to the ambient glucose concentration (one of the glucose concen-
trations employed (0.005 M) is in the physiologically relevant
range). The autonomous delivery device described above contrasts
with other recently described systems, which involve the passive
release of insulin through scaffold decomposition32. Currently, we
are exploring our approach with different enzymes and hydrogel
systems. We assume that the structural variation of hydrogel is a
key parameter for the sustained release of molecules from the
cross-linked gel network.

Conclusion
In conclusion, we have demonstrated successfully the first examples
of ATP-independent, non-mechanical, self-powered enzyme micro-
pumps. These novel devices were fabricated by simple patterning
and electrostatic assembly of enzymes on surfaces. The fluid-pump-
ing speed shows a substrate concentration- and reaction-rate-depen-
dent increase. Catalysis-induced density-driven convective flow is
the driving mechanism for the directional fluid pumping. Further,
these micropumps can be utilized to attain both spatial and tem-
poral control over fluid transport, as well as delivery of colloids
and small molecules. We have also shown that the pumps can be
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triggered by the presence of specific analytes. In principle, the
analyte can be a toxic substance that will be drawn towards
the pump and be consumed as substrate, and thereby reduce its
ambient concentration (for example, a phosphate-based nerve
agent as a substrate for a phosphatase pump). Currently, work is
in progress to pattern pumps that involve multienzyme cascades
to enable regulation and microfluidic logic. Finally, we describe
a proof-of-concept device that acts as a self-regulated, stimuli-
responsive, active-delivery vehicle.

The ability of immobilized enzymes to pump fluids and particles
autonomously with velocities that are dictated by the concentration
of a specific analyte, either a second enzyme or a chemical, may
enable the development of smart micro- and nanoscale devices
that contain sophisticated levels of control over the direction and
velocity of fluid and particle transport. From a technological stand-
point, this work provides a novel intrinsic energy source for fluid
movement that will enhance microfluidic device design and over-
come a critical barrier in the field in which pressure-driven
pumps are used to move fluids. Further, these self-powered
pumps can, in principle, remain viable and be capable of ‘turning
on’ even after prolonged storage.

Methods
Micropump design, enzyme immobilization and particle tracking. An electronic-
beam (e-beam) evaporator was used to produce the Au pattern on a PEG-coated
glass surface (MicroSurfaces). The e-beam evaporated a thickness of 90 nm of Au on
the PEG-functionalized surface, with a 10 nm adhesion layer of Cr. The radius of the
Au pattern was 3 mm. The surface was cleaned thoroughly with isopropanol
followed by acetone and dried by flowing nitrogen. Previously synthesized
quaternary ammonium thiol was used for SAM formation on the Au surface. The
ligand was dissolved in methanol and the surface was incubated in this overnight
at room temperature under an inert atmosphere. Later, the surface was washed
several times with methanol followed by PBS buffer, and dried under an inert
atmosphere. The SAM-modified surface was incubated in an enzyme solution for
4–5 hours. The negatively charged enzymes bound selectively to the thiol-
functionalized Au-patterned surface via electrostatic assembly. The enzyme-
functionalized surface was thoroughly washed with PBS to remove any unbound
enzyme molecules from the PEG-coated glass surface. The enzyme-patterned
surface was covered with a secure-seal hybridization chamber (Electron Microscopy
Sciences) with dimensions of 20 mm diameter and 1.3 mm height.

To monitor the fluid flow, in all our experiments functionalized polystyrene
microspheres (Polysciences Inc.), 2 mm in size, were introduced as tracers suspended
in a buffered solution of substrate. Videos were captured using two different
optical set-ups. One set-up comprised an upright optical microscope (Olympus
BX60M) with a halogen lamp (12 V maximum, 100 W). Excitation light was focused
into the sample through a 50× objective (LMPlanFLN 50× /0.5 BD 1/0/FN26.5,
Olympus). Emission light was collected by the objective, passed through interference
filters and finally detected by a high-sensitivity CCD (charge-coupled device)
camera at 30 frames per second. Videos were recorded using this CCD camera
attached to the optical microscope. The other system also included an optical set-up,
which comprised an inverted microscope (Zeiss Axiovert 200 MAT) with a halogen
lamp (12 V maximum, 100 W). Excitation light was focused into the sample
through a 20× objective (EC Epiplan-NEOFLUAR 50× /0.55 HD DIC 1/0, Zeiss)
or 50× objective (LD EC Epiplan-NEOFLUAR 20× /0.5 HD DIC 422472-9960,
Zeiss). Emission light was collected by the objective, passed through interference
filters and finally detected by a high-sensitivity Flea 3 CCD camera (FL3-U3-32S2C-
CS, Point Grey), which has a resolution of 2,080 × 1,552 pixels at 30 frames per
second. This camera was attached to the optical microscope and videos were
recorded. To measure fluid-pumping velocity in each experiment, 30 tracer particles
were tracked for a 25 second time interval using PhysVis software (Kenyon College).

Preparation of enzyme-functionalized hydrogels. For the preparation of enzyme-
functionalized, dye-loaded hydrogels, small pieces of hydrogel (2 mm3) were cut
and soaked overnight in a mixture of urease (2 mg ml21, 3 ml) and fluorescein
dye (1 ml saturated) solution in PBS. The solution was kept in the refrigerator
overnight and allowed to come to room temperature before the experiments
were performed.

For the preparation of enzyme-functionalized, insulin-loaded hydrogels, small
pieces of hydrogel (2 mm3) were cut and soaked overnight in a mixture of GOx
(2 mg ml21, 3 ml) and insulin (2 mg ml21, 3 ml) solution in SAT buffer (pH 5.23,
adjusted with 0.1 M HCl). The solution was kept at 4 8C overnight, and brought
to room temperature before the experiments were performed.

Release of fluorescein dye from enzyme-functionalized hydrogels monitored with
UV-vis spectroscopy. Hydrogel pieces were washed 3–4 times with fresh buffer (PBS

or SAT) to remove any excess enzyme and guest molecules. The gel pieces were
transferred to a UV-vis cell and buffer or substrate solution (urea or glucose) of
varying concentrations was added to promote the release of the cargo. A Beckman
DU-800 Spectrophotometer with a six-cell sampler was used for the measurements
in kinetics and time mode, with the analytical wavelength set to 488 nm for
fluorescein dye (maximum absorbance wavelength of fluorescein in PBS) and
276 nm for insulin50 (maximum absorbance wavelength of insulin in SAT). Both
experiments were carried out at 25 8C using 250 nm as the background wavelength.
Measurements were set to be taken at periods of 30 or 60 minutes for a total
duration of �15 hours. Initial measurements were taken after 15–30 minutes for the
dye-release experiment and after 10–15 minutes for the insulin release one. Dye
release from the urease-immobilized hydrogels was analysed in 0 M, 0.005 M, 0.05 M
and 0.5 M urea solutions in PBS. Insulin release from GOx-immobilized hydrogels
was analysed in 0 M, 0.05 M, 0.25 M and 0.5 M glucose solutions in O2-saturated
SAT. Ultraviolet absorbance was plotted as a function of time at each of these
concentrations, which gives a direct correlation between substrate concentration
and the amount of dye or insulin molecules released from the gel (Supplementary
Tables 5–8, and Supplementary Fig. 9).

Syntheses. Detailed information on the synthesis of quaternary ammonium thiol
linker, the selective attachment of enzyme molecules to the SAM-modified Au pattern
and the synthesis of hydrogel are provided in the Supplementary Information.
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