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Abstract: This article reports a functional chemical reaction network synthesized in a microfluidic device.
This chemical network performs chemical 5000-fold amplification and shows a threshold response. It
operates in a feedforward manner in two stages: the output of the first stage becomes the input of the
second stage. Each stage of amplification is performed by a reaction autocatalytic in Co2+. The microfluidic
network is used to maintain the two chemical reactions away from equilibrium and control the interactions
between them in time. Time control is achieved as described previously (Angew. Chem., Int. Ed. 2003, 42,
768) by compartmentalizing the reaction mixture inside plugs which are aqueous droplets carried through
a microchannel by an immiscible fluorinated fluid. Autocatalytic reaction displayed sensitivity to mixing;
more rapid mixing corresponded to slower reaction rates. Synthetic chemical reaction networks may help
understand the function of biochemical reaction networks, the goal of systems biology. They may also find
practical applications. For example, the system described here may be used to detect visually, in a simple
format, picoliter volumes of nanomolar concentrations of Co2+, an environmental pollutant.

Introduction

In this article, we describe a synthetic chemical reaction
network that performs a function: it uses autocatalysis in a timecontrolled microfluidic device to perform one- and two-stage
chemical amplification. We are interested in synthesizing
functional chemical networks that mimic biochemical reaction
networks. By a “functional chemical network” we refer to a set
of interacting chemical reactions that is away from equilibrium
and that can perform a function. Examples of functions
performed by such networks include amplification, computation,
and self-regulation. Common attributes of such a network are
nonlinear kinetics, compartmentalization, and interactions among
the reactions in space and time.1-5 An example of a chemical
network is an array of 16 coupled reactions that performed
pattern recognition, a type of computation also common in
neural networks of the brain.1,2
Synthesis is important in chemistry because it poses intellectual challenges and because it provides a starting point for
new investigations. The synthetic targets span those inspired
by nature6 and those produced by abstract human thought.7
Chemical synthesis is essential for generating and testing
hypotheses in areas of science ranging from materials chemistry
(1) Hjelmfelt, A.; Schneider, F. W.; Ross, J. Science 1993, 260, 335-337.
(2) Laplante, J. P.; Pemberton, M.; Hjelmfelt, A.; Ross, J. J. Phys. Chem. 1995,
99, 10063-10065.
(3) Toth, A.; Gaspar, V.; Showalter, K. J. Phys. Chem. 1994, 98, 522-531.
(4) Steinbock, O.; Kettunen, P.; Showalter, K. J. Phys. Chem. 1996, 100,
18970-18975.
(5) Whitesides, G. M.; Ismagilov, R. F. Science 1999, 284, 89-92.
(6) Woodward, R. B.; Ayer, W. A.; Beaton, J. M.; Bickelhaupt, F.; Bonnett,
R.; Buchschacher, P.; Closs, G. L.; Dutler, H.; Hannah, J.; Hauck, F. P.;
Ito, S.; Langemann, A.; Legoff, E.; Leimgruber, W.; Lwowski, W.; Sauer,
J.; Valenta, Z.; Volz, H. J. Am. Chem. Soc. 1960, 82, 3800-3802.
(7) Eaton, P. E.; Cole, T. W. J. Am. Chem. Soc. 1964, 86, 3157-3158.
10.1021/ja031689l CCC: $27.50 © 2004 American Chemical Society

to catalysis to biological chemistry. Successes of chemical synthesis rely on the development of a conceptual framework and
a set of laboratory tools and techniques that can be used to
implement and test the concepts.
Synthesis of chemical networks requires development of new
concepts. General thermodynamic theories that can be used to
describe far-from-equilibrium systems are very important and
are being developed.8a Large networks of biochemical reactions,
with hundreds of kinetic parameters, would present a formidable
computational challenge even if all of the parameters were
known. Lack of exact theoretical description is not necessarily
a problem for the development of effective synthetic strategies.
Synthetic chemistry had been developing successfully before
the Schrodinger equation could be solved with useful accuracy
for the molecules of interest. The essence of the equation has
been captured in approximate but very powerful concepts such
as “chemical bond”, “functional group”, and “mechanism”.5
These physical organic concepts allow a chemist not to treat
explicitly every atom in the molecule, but instead to simplify a
complex molecule into a set of modules with known reactivity
(functional groups), and then apply rules (mechanisms) to predict
how these modules would interact. These concepts have been
combined with approaches such as retrosynthetic analysis8b to
create a framework for synthesis of organic molecules and even
large biomolecules and supramolecular assemblies. Development
of a conceptual framework of analogous power and simplicity
to describe reaction networks would be important for both the
synthesis of chemical reaction networks and for understanding
(8) (a) Ross, J.; Hunt, K. L. C.; Vlad, M. O. J. Phys. Chem. A 2002, 106,
10951-10960. (b) Corey, E. J.; Cheng, X.-M. The Logic of Chemical
Synthesis; Wiley-Interscience: New York, 1995.
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of complex reaction networks in biology. We believe that the
modular approach used in physical organic chemistry (functional
groups as modules) may be extended to reaction networks.5,9
In this approach, the mechanism by which the biochemical
network functions is hypothesized, the network is separated into
interacting modules, and then each module is represented by a
single chemical reaction with appropriate kinetics. The network
is then recreated using these chemical reactions (e.g., in a
microfluidic device). If the hypothesis were correct, the simple
chemical network must reproduce the function of the biochemical network by which it was inspired. This approach appears to
work well for modeling hemostasis,9 but it has to be tested on
other biochemical systems and complementary approaches have
to be investigated. Quantitative metrics used to describe
biochemical modules would be important to develop, for
example, in analogy to Hammett linear free-energy relations
and substituent constants used to describe organic functional
groups.5
Synthesis of chemical networks requires development of new
experimental tools. Synthesis of chemical networks is challenging because it requires techniques for maintaining large numbers
of chemical reactions away from equilibrium and for controlling
interactions among them in space and time. These problems
are not commonly encountered when molecules are synthesized.
Microfluidics is attractive as a technique to solve such problems.
For example, a self-regulating chemical system has been reported using pH-responsive hydrogels in a microfluidic device.5,10 We have developed and used here a droplet-based
microfluidic system implementing precise time control.11 This
system enables us to recreate the process of chemical amplification.
Experimental Details
Poly(dimethylsiloxane) (PDMS, Sylgard brand 184 silicone elastomer
kit) was purchased from Dow Corning. 1H,1H,2H,2H-perfluoro-1octanol (98%) and potassium peroxomonosulfate (Oxone) were obtained
from Alfa Aesar. 2-(5-Bromo-2-pyridylazo)-5[N-n-propyl-N-(3-sulfopropyl)amino]phenol, disodium salt, dihydrate (5-Br-PAPS) was obtained from Dojindo Laboratories. Fluorocarbon 3283 was obtained
from 3M. Fluorosurfactant Zonyl FSO 100 was obtained from DuPont.
Oil used in the large microchannel was 3M fluorocarbon 3283:
1H,1H,2H,2H-perfluoro-1-octanol (98%) mixed 10:1 (v/v). Oil used
in the small microchannel was 3M fluorocarbon 3283 saturated with
FSO. Phosphate buffer (pH 7.0) was prepared from potassium dihydrogenphosphate. Cobalt(II) solutions were prepared by dissolving
cobalt(II) chloride hexahydrate in water. The solution of Co(III)-5Br-PAPS was prepared from 1 × 10-3 M 5-Br-PAPS and 5 × 10-4 M
cobalt(II) at 70 °C. Once Co(III)-5-Br-PAPS complex was made, it
was diluted to 7.5 × 10-5 M, and 5-Br-PAPS was added to be 4.5 ×
10-5 M.
Microchannels were fabricated as previously described12 using an
SPI Plasma Prep II plasma cleaner. Microfluidic experiments were
performed, and microphotographs were obtained as previously described.12 Transition points for the reactions were determined by
analyzing the microphotographs using ImageJ. The variations of
transition times were due to variations in relative and absolute flow
velocities. In each experiment, the number of microphotographs to show
(9) Runyon, M. K.; Johnson-Kerner, B. L.; Ismagilov, R. F. Angew. Chem.,
Int. Ed. 2004, 43, 1531-1535.
(10) Beebe, D. J.; Moore, J. S.; Bauer, J. M.; Yu, Q.; Liu, R. H.; Devadoss, C.;
Jo, B. H. Nature 2000, 404, 588.
(11) Song, H.; Tice, J. D.; Ismagilov, R. F. Angew. Chem., Int. Ed. 2003, 42,
768-772.
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a transition at a particular time was called the frequency. Microsoft
Excel and Igor Pro were used to perform data analysis.

Discussion

Chemical amplification is an essential function in signal
transduction,13 vision,14 and metabolic regulation in biological
systems.15 Chemical amplification also has many practical applications. It is a key component of photography16 and photolithography.17 Polymerase chain reaction (PCR) is a widely employed method used to amplify specific nucleic acid sequences.
We use the term “amplification” to describe a set of chemical
reactions and transport processes by which a small input flux
of molecules gives rise to a significantly larger output flux of
molecules (where flux has units18 of molecules × time-1 or
moles × time-1, in contrast to flux density18 with units of molecules × time-1 × area-1). We distinguish amplification processes occurring at different points in space and time. Autocatalytic reactions may be expected to be the most effective at
amplification. They are involved in hemostatic response19 and
in apoptosis,20,21 where rapid and large amplification is required.
For example, caspases (cysteinyl aspartate-specific proteinases)
use autocatalytic amplification to begin the process of programmed cell death.20,21
Amplification in hemostasis and apoptosis involves dozens
of chemical reactions, and creating an exact chemical mimic
of amplification in one of these systems would be difficult and
probably would not provide new insights. Instead, we identified
three features that are essential in an autocatalytic amplification
network and asked whether these three features could be
recreated using the minimal number of simple chemical reactions: (i) A nonequilibrium state, kinetically trapped in the
absence of the autocatalyst; input flux of the autocatalyst triggers
rapid production of the autocatalyst. (ii) A threshold response
that makes this nonequilibrium state stable with respect to
subthreshold flux of autocatalyst produced by biochemical
fluctuations or by nonautocatalytic background reactions. This
threshold may be set by inhibition, cleavage, or physical removal
of the autocatalyst from the compartment.22 (iii) Multiple stages
of amplification, used to increase the overall amplification and
also to allow for regulation and finer control of the threshold.
Single-Stage Amplification. To create a chemical network
performing amplification, we used a reaction23 that is autocatalytic in Co2+ ions (Scheme 1).
We used fluid flow in a microfluidic device (Figure 1) to
create a nonequilibrium mixture of purple Co3+ complex (1)
and KHSO5 (2) by continuously supplying and mixing fresh
(12) Tice, J. D.; Song, H.; Lyon, A. D.; Ismagilov, R. F. Langmuir 2003, 19,
9127-9133.
(13) Bowness, J. M. Science 1966, 152, 1370-1371.
(14) Wald, G. Science 1965, 150, 1028-1030.
(15) Arshavsky, V. Y.; Lamb, T. D.; Pugh, E. N. Annu. ReV. Physiol. 2002, 64,
153-187.
(16) Marshall, J. L.; Telfer, S. J.; Young, M. A.; Lindholm, E. P.; Minns, R.
A.; Takiff, L. Science 2002, 297, 1516-1521.
(17) Lin, E. K.; Soles, C. L.; Goldfarb, D. L.; Trinque, B. C.; Burns, S. D.;
Jones, R. L.; Lenhart, J. L.; Angelopoulos, M.; Willson, C. G.; Satija, S.
K.; Wu, W. L. Science 2002, 297, 372-375.
(18) Berry, R. S.; Rice, S. A.; Ross, J. Physical Chemistry, 2nd ed.; Oxford
University Press: New York, 2000.
(19) Beltrami, E.; Jesty, J. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 8744-8748.
(20) Thornberry, N. A.; Lazebnik, Y. Science 1998, 281, 1312-1316.
(21) Srinivasula, S. M.; Ahmad, M.; Fernandes-Alnemri, T.; Alnemri, E. S. Mol.
Cell. 1998, 1, 949-957.
(22) Goldbeter, A.; Koshland, D. E. Proc. Natl. Acad. Sci. U.S.A. 1981, 78,
6840-6844.
(23) Endo, M.; Abe, S.; Deguchi, Y.; Yotsuyanagi, T. Talanta 1998, 47, 349353.
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Figure 2. Single-stage amplification attempted in a laminar flow, without
localizing reagents in plugs. Microphotograph of the microfluidic channel,
showing a poorly defined transition.

Figure 1. Single-step amplification. (a) A schematic of the microfluidic
channels (315 × 315 µm2 cross section). (b) A microphotograph of the
microfluidic channel at the transition point of the autocatalytic reaction.
(c) Distribution of transition times for various inputs of [Co2+]o. Transition
times were determined using several microphotographs of the channel
(similar to (b)). Frequency is defined as the number of microphotographs
displaying a particular transition time. For example, a [Co2+]o of 280 nM
yielded 10 microphotographs with a transition time of 14 s. Aqueous
concentrations of 1 and 2 were 25 µM and 0.030 M, respectively; CoCl2
solution was prepared in 0.375 M KH2PO4 buffer, pH 7.0, and [Co2+]o
varied as specified in the legend. All solutions were diluted 3-fold when
mixed inside plugs. Experiments were performed at 21.1-21.6 °C.
Scheme 1

reagents and removing products. This mixture decomposes
autocatalytically in the presence of Co2+ to yield a colorless
solution in which all of the Co3+ has been reduced (presumably
by the decomposition products of the ligand) to Co2+.23 Because
of autocatalysis, the majority (80%) of Co2+ is produced within
2.3 s at the end of a ∼30 s reaction, leading to an abrupt color
transition from purple to colorless (Figure 1b). The time at which
the color transition occurs correlates directly to concentration
of Co3+.23 The sharpness of the transition is due to the rapid
conversion of Co3+ to Co2+ near the end of the autocatalytic
reaction. We repeated the experiments described previously23
using UV-vis spectrophotometry to confirm the sharp transition.
Time control was achieved by localizing the reagents inside
water-in-fluorinated oil droplets (plugs) that were rapidly mixed
by chaotic advection24 and transported with no dispersion.11 As
expected, the reaction proceeded (in 37 s) even when buffer
prepared in deionized water was used instead of the Co2+containing stream. The time required for the color transition to
occur (transition time) decreased upon increasing [Co2+]o, the
concentration of Co2+ in the reaction mixture at t ) 0 s (Figure
1c). Transition times were obtained by dividing distance (from
the point where plugs formed to the point at which the plug
changed color) by flow velocity. The value of the flow velocity,
(24) Song, H.; Ismagilov, R. F. J. Am. Chem. Soc. 2003, 125, 14613-14619.

calculated using the cross-sectional dimensions of the microchannel and the volumetric flow rate, agreed with the value
obtained by direct measurement.
We have reliably detected (that is, distinguished the reaction
time from the 37 s reaction time of the buffer input) input
[Co2+]o ) 56 nM (reaction time ) 29 s) using single-stage
amplification. The concentration of Co2+ after the reaction
equaled the initial concentration of the complex 1 (8.3 µM),
corresponding to an amplification of up to 450-fold (flux of
6.6 × 10-15 mol Co2+/s into the flux of 2.9 × 10-12 mol Co2+/
s). This level of amplification is similar to that in a single CMOS
transistor (∼100) or in a single biochemical step in G protein
signaling (∼100).
Time control achieved by compartmentalizing the reagents
inside droplets is essential for this system to function. When
droplets were not used to perform this reaction, the color
transition was not well-defined because of slow mixing and large
dispersion in laminar flow (Figure 2). The reaction proceeded
more rapidly in the part of the channel with the high initial
concentrations of Co2+ autocatalyst. The autocatalyst produced
by the reaction diffused across the channel and initiated the
reaction in other parts of the flowing reaction mixture.
Two-Stage Amplification. To increase the level of amplification and to generate a threshold response, we configured a
microfluidic network for two-stage amplification. In this feedforward network, two chemical reactions were coupled in a timecontrolled manner. After a well-defined residence time, easily
tuned by adjusting the length of the first channel and/or the
flow velocity, the output of the first stage was fed as the input
into the second stage (Figure 3). The first stage of amplification
was performed in a channel with a small cross section, where
each droplet was approximately 150 pL. Ten of these small
droplets were merged11 into each much larger droplet (∼80 nL)
of the second stage, performed in a larger channel. The
difference in droplet sizes facilitated merging.11
Threshold response may be achieved by the competition of
two reactions producing and removing the autocatalyst on two
time scales.22 In this network it is achieved (at the point of
merging) by competition between the time scale of formation
of the autocatalyst by the reaction and the time scale of removal
of the autocatalyst by the flow. For example, in Figure 3, the
residence time of the reaction mixture in the first channel
(purposefully limited to 25 s by the channel length and flow
velocity) establishes a threshold [Co2+]o of 110 nM in the first
section for which the second stage of amplification takes place.
For all initial concentrations of Co2+ above this threshold,
J. AM. CHEM. SOC.
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Figure 3. Two-stage amplification. (a) Schematic of the two-stage
amplification device. Solutions 1, 2, and 3 are as defined in the caption of
Figure 1; solution 4 was 0.375 M KH2PO4 buffer, pH ) 7.0. The first stage
takes place in the small 38 × 34 µm2 channel, and the second stage in the
large 315 × 315 µm2 channel. (b) Distribution of transition times in the
large section for varied [Co2+]o input in the small section. Frequency is
defined in Figure 1.

reaction in the first stage was finished (producing 8.3 µM Co2+
in the small droplets) by the time of merging. Merging of small
droplets into large droplets produced initial [Co2+] ) 210 nM
in the large droplets, corresponding to a reaction time of ∼13
s ([Co2+]o ) 110 nM input in the first section is diluted 3-fold
to 37 nM when reagents are mixed inside a plug). For all [Co2+]o
below the threshold, reaction in the small section was incomplete
and gave a reaction time over 30 s in the second stage. We
monitored the second stage of the reaction from 2 to 23 s
(limited by the length of the microfluidic channel) and observed
the transition times shown in Figure 3b that correspond to the
threshold response. The abruptness of the transition at the
reaction endpoint and fine control of the interactions of the two
reactions in time enabled us to create this threshold response.
Overall, 5000-fold amplification was achieved, from 1.6 fmol/s
to 7.6 pmol/s. This amplification was accomplished via an ∼90fold amplification in the first stage (1.6 fmol/s to 140 fmol/s)
and an ∼60-fold amplification in the second stage (140 fmol/s
to 7.6 pmol/s). We have seen up to 450-fold amplification for
[Co2+]o ) 56 nM in a single-stage experiment (as discussed
above). Setting the threshold concentration to [Co2+]o ) 110
nM reduced the amplification in the first stage to 90-fold
amplification.
Effects of Mixing. It is well-known that mixing affects the
rates25 and even outcomes26 of autocatalytic reactions. Efficient
mixing reduces the rates of autocatalytic reactions by removing
pockets of locally high concentration of autocatalyst.25 We have
observed that this autocatalytic reaction is sensitive to the rate
of mixing; the reaction in the small channel (mixing time ∼0.02
s) consistently occurred more slowly than the same reaction in
the large channel (mixing time ∼0.5 s). We have good estimates
for mixing time in these channels because we have previously
(25) Nagypal, I.; Epstein, I. R. J. Phys. Chem. 1986, 90, 6285-6292.
(26) Metcalfe, G.; Ottino, J. M. Phys. ReV. Lett. 1994, 72, 2875-2878.
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Figure 4. Effect of mixing. Reaction time as a function of the mixing
time for the autocatalytic reaction shown in Scheme 1. Input [Co2+]o is
shown in the legend. (a) Reaction conducted on 0.9 mL scale in a vial;
inverse mixing rate is plotted instead of mixing time. (b) Reaction performed
in 80 nL droplets in a microchannel.

characterized the scaling of mixing by chaotic advection as a
function of the cross-sectional dimension of the channel.27 We
confirmed this observation by performing mixing experiments
both in microfluidic channels and in a vial on a benchtop (two
sets of experiments are shown in Figure 4). We did not
characterize mixing time in a vial, but assumed that it correlated
with the inverse of the stirring rate.
This effect is also evident when comparing the data from
one- and two-stage amplification. In the single-stage experiment
(315 × 315 µm2 channel; mixing time ∼0.5 s), the reaction
time for 110 nM [Co2+]o is ∼22 s. This time should be
sufficiently short to yield a signal in the two-stage experiment,
which has a 25 s threshold. However, the mixing time in the
smaller (38 × 34 µm2) channel of the two-stage experiment is
much lower (∼0.02 s). Rapid mixing in the small channel
extends the reaction time for 110 nM [Co2+]o from 22 s to over
25 s, keeping it below the threshold of the two-stage system.
Conclusion

We have shown that microfluidics can be used to maintain
two chemical reactions away from equilibrium and control their
interactions in time, leading to a chemical network that performs
a simple function: two-stage chemical amplification with a
threshold response. Time control was essential: when laminar
flows were used instead of droplets, reactions were not
compartmentalized and transition times were ill-defined. The
two-stage, 5000-fold amplification in this system is comparable
to typical two-stage amplification in a transistor (∼10 000-fold),
(27) Song, H.; Bringer, M. R.; Tice, J. D.; Gerdts, C. J.; Ismagilov, R. F. Appl.
Phys. Lett. 2003, 83, 4664-4666.
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but is significantly lower than the multistage photon/rhodopsin
f tranducin f cGMP amplification in human vision (∼100 000fold). This microfluidic system requires small amounts of
reagents and could be operated in an autonomous mode with
low power consumption. It may be useful for environmental
monitoring of heavy metal pollutants; other reactions that use
other environmental pollutants (heavy metals28,29 and oxyhalides30-33) as autocatalysts are known. These amplifying
systems could be particularly useful in conjunction with
microfluidic logic circuits and self-regulating systems.10,34
We have synthesized a functional chemical network by identifying the essential components of the biochemical amplification networks, and generating a simple chemical mimic that
performs the same function: chemical amplification. This chemical network uses only two coupled reactions and performs a
rather simple function. The microfluidic system used here
provides time control on time scales from milliseconds to
hundreds of seconds11,24 and even to days,35 and we expect that
such an amplifying network may be synthesized from other
(28) Kelley, R. A.; Earley, J. E. Inorg. Chim. Acta 1983, 76, L167.
(29) Ordax, F. A.; Arrizabalaga, A.; Peche, R.; Quintana, M. A. An. Quim. 1992,
88, 440-443.
(30) Simoyi, R. H. J. Phys. Chem. 1985, 89, 3570-3574.
(31) Dateo, C. E.; Orban, M.; De Kepper, P.; Epstein, I. R. J. Am. Chem. Soc.
1982, 104, 504-509.
(32) Metsger, L.; Bittner, S. Tetrahedron 2000, 56, 1905-1910.
(33) Epstein, I. R.; Showalter, K. J. Phys. Chem. 1996, 100, 13132-13147.
(34) Zhan, W.; Crooks, R. M. J. Am. Chem. Soc. 2003, 125, 9934-9935.
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autocatalytic reactions19,20,36 occurring on these time scales. We
are using a modular approach, inspired by physical organic
chemistry and similar to the one described here, to understand
and chemically mimic the biochemical network of hemostasis
performing a more sophisticated function of self-repair.9 We
believe that it is important to develop a systematic conceptual
and experimental approach to the synthesis of larger reaction
networks performing more sophisticated functions. It remains
to be seen if an approach conceptually similar to the one used
to synthesize organic molecules is successful. Synthetic functional chemical networks could find practical applications and
may help understand the design principles of functional network
of biochemical reactions.
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