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This paper describes a droplet-based microfluidic chip
with pneumatic valves for measuring millisecond enzyme
kinetics using amperometric detection method. Aqueous
streams containing reactants were injected to an oil flow
to form droplets, and each droplet represented one
microreactor. Pneumatic valves were used to control the
moving distance and in turn the reaction time of the
droplets. The reaction time was also fine-tuned by varying
the flow rate of the droplets in microchannels. A complete
Michaelis—Menten kinetics of catalase was successfully
measured by amperometric method in a single-run ex-
periment, and the total consumption of reagents was less
than 50 uL. In the current experiment, the best time
resolution was about 0.05 s, and the reaction time
measured was from 0.05 to 25 s. This microfluidic system
is applicable to many biochemical reactions, as long as
one of the reactants or products is electrochemically
active. With appropriate quenching method at the outlet,
various detection methods can be integrated into the
microfluidic system, further extending the application of
the combination of pneumatic valves and droplets in
microchannels.

Rapid kinetics measurement is essential to understanding many
biological and chemical processes, such as protein and RNA
folding, protein—protein interaction, and enzymatic mechanism.
For rapid kinetics within microseconds to seconds, stopped-flow'?
and quenched-flow>* are the two most often used measurement
methods. In both methods, two or more reactant solutions are
rapidly mixed in a mixing chamber. At desired reaction time,
the flow is either stopped or quenched, and the reaction can be
monitored using an appropriate detection method. Both of these
techniques provide fast mixing and short dead time for studying
rapid kinetics. However, the conventional instrumentation using
these two methods consumes large volumes of samples, which
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are not compatible with bioanalysis as the reagents are usually
expensive or in limited supply.

To solve the problem, various microfluidic platforms have been
developed. Microfluidics has the advantage of low sample con-
sumption, therefore is an attractive platform for bioanalysis. One
of the major difficulties in utilizing microfluidics for bioanalysis,
especially for kinetics measurement, is to mix nanoliter of
solutions rapidly.® Several tricks have been played to enhance
mixing in microfluidics.®~® Knight et al. developed a flow focusing
microfluidic device capable of squeezing the central stream to
submicrometer in thickness, thus reducing the diffusive mixing
times to less than 10 us. The flow focusing device facilitated the
study of fast reaction kinetics such as RNA folding on time scales
of hundreds of microseconds by monitoring the fluorescence
signal in the central stream.®%1° Song et al. demonstrated
millisecond kinetics measurement on a droplet-based microfluidic
chip by moving the droplets through winding microchannels and
inducing chaotic flow inside the droplets. Kinetics of the cleavage
of a fluorogenic substrate by RNase A was studied by analysis of
the fluorescent image of the microfluidic device.!! Droplet-based
microfluidic system is a powerful method for kinetics measure-
ment with advantages such as no dispersion, rapid mixing and
on-chip dilution.'>*® In both flow focusing and droplet-based
microfluidic systems, fluorescence detection is the most widely
used detection method, with excellent sensitivity and convenience
to implement by using fluorescence microscope. Since most
biomolecules have no or extremely weak fluorescence, these
molecules need to be labeled with fluorescence tags. The potential
issues of using fluorescence tags in kinetics measurement include
photobleaching of the fluorescence tag and interference of the
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fluorescence tag with the kinetics or function of the target
molecules.

Herein, we develop a complementary amperometric method
based microfluidic system to monitor rapid Kinetics in droplets.
Many small molecules involved in biochemical reactions, such
as metal ions, amino acids and ascorbic acid, can be directly
studied by amperometric or other electrochemical methods.
Electrochemical detection methods have great potential in mi-
crofluidics because of their high sensitivity, low cost, and compat-
ibility with microfabrication technologies.'* Previously electro-
chemistry system has been implemented in droplet-based
microfluidic system for analysis of equilibrium state concentra-
tions,*® electroporation of cells,'®'” and studying droplets flow
behavior.'® In the current work, we combine droplets and
pneumatic valves'® in microchannels to control the reaction time,
and concentrations at different reaction times are measured by
amperometric method. We validate the system by measuring the
Michaelis—Menten kinetics of the decomposition of H,O, by
catalase.

EXPERIMENTAL SECTION

Fabrication of Electrodes. 5-mm-long Pt wire (diameter 30
um, Sino-Platinum Metals) was soldered with a 2 cm-long Ag wire
(diameter 150 um, Sino-Platinum Metals) and was used as Pt
working electrode. AgCl was deposited electrochemically on
another piece of 3 cm-long Ag wire (diameter 50 um, Sigma-
Aldrich) in 0.15 M NaCl aqueous solution for 1 h with 0.5 mA
current?® and was used as quasi-reference electrode.

Fabrication of Multilayer Devices. The fabrication of mul-
tilayer devices was performed as described previously.'*?! Master
molds for multilayer devices were fabricated by photolithography.
Fluid layer mold was made by spin-coating 50 um-thick positive
photoresist (AZ P4620, AZ electronic materials) on silicon wafer
and patterning it with a high-resolution photomask. The mold with
the patterned photoresist was baked at 110 °C for an hour to
transform the cross section of the patterned photoresist to a half-
moon geometry that allowed full valve closure.’® Control layer
mold was made by spin-coating and patterning a 25 ym-thick SU-8
photoresist (GM 1060, Gersteltec) on silicon wafer. A degassed
5:1 mixture of a polydimethylsiloxane (PDMS) precursor with the
curing agent (Sylgard 184, Dow Corning) was cast as a fluid layer
with thickness of 5 mm. A degassed 20:1 mixture of a PDMS
precursor with the curing agent was spin-coated at 3000 rpm for
60 s to form a 25 um-thick control layer. Both fluid and control
layers were first cured for 30 min at 80 °C and then the fluid layer
was aligned and sealed on the control layer to form the micro-
channels for the fluid layer. Bonding between these two layers
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Figure 1. (a) Photograph of the multilayer PDMS device. (b) Scheme
of multitime range access controlled by pneumatic valves (in purple)
in a multilayer microfluidic device. Inset is the microphotograph of
microelectrodes inserted near the outlet of the microchannel. Scale
bar is 500 um.

was accomplished by curing the devices for another 60 min at 80
°C. The combined PDMS piece was then bound to a flat PDMS
slab to form the microchannels for the control layer (Figure 1a).
Pt and Ag/AgCl microelectrodes were inserted into the micro-
channel in the fluid layer and sealed with epoxy glue (inset of
Figure 1b).

Sample Preparation and Operation. Catalase (from bovine
liver, 2000—5000 units/mg, Sigma) was dissolved in 50 mM
phosphate buffered saline (PBS, pH 7.4) at 10.0 ug/mL. Hydrogen
peroxide (33%, Panreac) was diluted by 50 mM PBS buffer to 200
mM. Precision syringe pumps (PHD 2000, Harvard Apparatus)
were used to drive the flow of catalase solution, the diluting buffer,
and the carrier fluid. Teflon tubing (Stranco) was used to connect
syringes with microfluidic channels. Silicon oil (viscosity 50 cP,
Brookfield) was used as the carrier fluid, and droplets containing
the mixture of PBS buffer, substrate solution and catalase solution
were formed at the junction (Figure 1b).

Each control channel for the pneumatic valves was connected
to a homemade three-way switch through Tygon tubing (Cole-
Parmer). Regulated compressed air (0.2 MPa) was applied to the
three-way switch, and control channel can be pressured or vented
to atmosphere by controlling the three-way switch.

The Pt and Ag/AgCl microelectrodes were separately con-
nected to a potentiostat (263A, Princeton Applied Research) for
electrochemical analysis of the droplets in the microchannel
(Figure 1b).

Microphotographs were taken by using a stereoscope (MZ 16,
Leica) equipped with a CCD camera (SPOT Insight, Diagnostic
Instruments). A Machine Vision Strobe X-Strobe X1200 (Perkin-
Elmer Optoelectronics) provided lighting. The flash duration of
the strobe light was ~10 us.
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Figure 2. Microphotograph of the droplets moving along different routes controlled by pneumatic valves. (a) Droplets taking the shortest route
of ~5 mm-long; (b) Droplets taking the second route of ~20 mm-long; (c) Droplets taking the third route of ~50 mm-long; (d) Droplets taking
the fourth route of ~110 mm-long. The droplets contained Fe(SCN),®~¥* for better observation. The length of droplets was shorter at the
position where a valve was located, because the flexible PDMS membrane between the fluid channel and valve was forced to go down, increasing

the height of the fluid channel.

RESULTS AND DISCUSSION

Control of Reaction Time in Droplets. The reaction started
once the droplets were generated by combining the aqueous
streams and injecting them into the flow of silicone oil at the
junction of the microchannel (Figure 1b). The reaction time in
the droplets was the time that the droplets spent in the micro-
channel until they arrived at the microelectrodes. There were two
ways to vary the reaction time in the droplets in our microfluidic
system: (1) changing the flow rate to tune the reaction time; (2)
using the pneumatic valves to change the flow route and in turn
the travel time of the droplets (Figure 2).

When the flow rate was varied to tune the reaction time, the
maximum flow rate was limited by the highest pressure allowed
at the inlets of the PDMS device. On the other hand, low flow
rate led to long droplets, which required long mixing time as the
droplets flowed through the winding microchannel.?? In our
experiment, the flow rate varied between 10 and 100 mm/s. Since
most reactions are of positive reaction order, it is necessary to
obtain more data points in the initial stage of the reactions in the
kinetics measurement. We varied the flow rates when the droplets
moved in the shortest route (Figure 2a), and the reaction time
ranged from 0.05 to 0.5 s. When the pneumatic valves were used
to vary the reaction time in the droplets, the flow rate of the
droplets was maintained constant at 10 mm/s. As a result, the
combined reaction time ranged from 0.05 s (in the shortest route)
to 25 s (in the longest route).

Features of the Microfluidic Device. The time resolution
of the current device is 0.05 s, which is limited by the maximum
total flow rate v, (100 mm/s) and the distance between the
T+unction for droplets formation and the microelectrodes (5
mm). The segment of winding channel induced chaotic advec-
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tion inside the droplets, which led to rapid mixing of the
reagents in each droplet.” It has been shown that efficient
mixing can be achieved by driving the droplets through only
a short segment of such winding channel.?®> We used pyranine
to characterize the mixing time in our droplet-based microflu-
idic system. Fluorescence intensity of pyranine increased
dramatically when the solution pH changed from acidic to basic.
By monitoring the fluorescence change of the droplets contain-
ing acidic pyranine solution (0.5 mM, pH ~ 1) and NaOH
solution (pH ~ 14), we found that the mixing was completed
within 0.02 s in our experiment (Supporting Information (SI)
Figure S1), which was shorter than the time resolution of the
device.

The Selwyn’s tes
demonstrate that there was no denaturation of the enzyme. In
this test, the kinetics of the substrate consumption was monitored
at different enzyme concentration. The resulting curves of the
percentage of converted H,O, versus the product of catalase
concentration and time were found superimposable (SI Figure
S2), suggesting that there was no apparent denaturation of catalase
in our microfluidic system.

We observed that some droplets were split after the droplets
passed by the Ag/AgCl electrode (Figure 3). Although the
splitting did not interfere with the electrochemical measurement,
it would be desirable to control the splitting in case more studies
of the droplet content were required after the electrochemical
measurement. We found that the splitting could be avoided by

t'124 was performed in the droplet system to
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Figure 3. A series of microphotographs showing droplets passing
through the two microelectrodes. The droplets contained Fe-
(SCN),89* for better observation. One droplet was highlighted by
dashed line. (a) The highlighted droplet was approaching the micro-
electrodes; (b) The droplet just contacted the first microelectrode, Pt
electrode; (c) The droplet moved further to connect both microelec-
trodes and a current signal was generated; (d) The droplet discon-
nected with the first microelectrode and current returned to zero.

using smaller-sized microelectrodes (SI Figure S3). In addition,
reducing the length of the microelectrodes presented in the
microchannel might also help prevent the droplets from splitting
(SI Figure S4).

Five kinetic profiles were obtained at different concentrations
of HyO, in a single run. Each Kkinetic profile was measured
within 1 min, consuming less than 10 uL of the combined
reagent solutions. Therefore the total consumption of sample
for a complete Michaelis—Menten kinetics with five different
substrate concentrations was less than 50 4L.. We envision that
the reagent consumption can be significantly reduced by auto-
mating the flow rate control?® and using smaller microchannels.

Electrochemistry of Hydrogen Peroxide. H,0, is oxidized
at the surface of metal electrodes such as platinum polarized
to 600 mV:2¢ H,0, — 2H" + O, + 2e.

In our microfluidic system, the aqueous droplets containing
H,0, and the carrier fluid alternatively passed by the micro-
electrodes, and the electrochemical circuit was connected and
disconnected, resulting in a periodic current rise and fall (SI
Figure S5). The peak value was stable and reproducible, with a
CV of 5%. The occurrence of each current peak signal can be
divided into three stages (Figure 3): (1) the aqueous droplet
approached the two microelectrodes, and became in contact with
only the first microelectrode (Figure 3b); (2) the droplet moved
further along the channel, and became in contact with both
microelectrodes, and a current peak was generated (Figure 3c);
(3) the droplet was disconnected from the first microelectrode,
the current signal returned to zero (Figure 3d). To make a
complete electric circuit, the droplet must be longer than the gap
between the two microelectrodes. In the microfluidic device, the
two microelectrodes were placed with a gap smaller than the cross-
sectional dimension of the microchannel. In our experiments, the
capillary number (Ca = uv/y, where u is viscosity, v is the flow
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Figure 4. (a) Calibration curve for H,O, concentration ranging from
10 to 200 mM with the linear fitting of the experimental data. (b)
Relationship between current and flow rate of the droplets. The
concentration of H,O, was 50 mM and the flow rates were from ~10
to ~70 mm/s.

velocity of the carrier fluid, and y is interfacial tension) was less
than 0.005, and the width of the main channel was comparable to
the width of the aqueous inlet (Figure 2). Under these experi-
mental conditions, the droplets formed in the microchannel were
in the form of “plugs”,>"-?® with the length longer than the cross-
sectional dimension of the microchannel and the microelectrodes
gap, ensuring that the electrochemical circuit was always com-
pleted when a droplet passed by the microelectrodes.

In our electrochemical detection setup, we found that the
current peak was independent of the flow rate of the droplets
(Figure 4b), indicating that diffusion was not the limiting step in
the electrochemical oxidation of H,O,. Our observation was
consistent with previous studies on the electrode reaction of
H,0,,2°732 which found the reaction to be irreversible and
sensitive to the surface roughness of the electrode. The quantita-
tive treatments of the flow and of the response of the hydrody-
namic microelectrode in the microchannel are beyond the scope
of the current work, and the complete understanding of the
mechanism of the electrochemical response in our two-phase
system requires further study.

Analysis of the Enzymatic Kinetics. The current amplitude
in the electrochemical system depends on two factors: (1) the
bulk concentration of the analyte; (2) the flow rate of the droplets
when diffusion is a limiting factor in the electrochemical reaction.
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Figure 5. Plots for Michaelis—Menten kinetics analysis. (a) Plot of
[H2O,] vs the reaction time. The starting H,O, concentrations are 100
mM (“0”), 66.7 mM (“O”), 33.3 mM (“A”), 20.0 mM (“x”), and 6.67
mM (“O"), respectively. Inset is the blow-up of the plot in the time
range from 0 t0 0.5 s. (b) Plot of V" vs [H,0,] " for Michaelis—Menten
kinetics analysis.

Accordingly two calibration curves would be required for using
amperometric method to analyze the droplet content in the current
microfluidic system: (1) the current signal dependence on the
concentration of the electrochemically active molecule; (2) the
current signal dependence on the flow rate of the droplets. Both
calibration curves could be obtained in a single experimental run
by manipulating the individual flow rates of H,O, stream, the
diluting buffer stream, and the carrier fluid. The first calibration
curve (Figure 4a) was established at varying concentration of
H,0, in the droplets by changing the ratio of the flow rates of
the buffer and H,0, streams while maintaining the combined
flow rate constant. In the concentration range in our experiment
for enzyme activity measurement, the peak heights of the
current signal were linearly proportional to the concentration
of Hy,O, in the droplets. The second calibration curve was
established by gradually increasing the flow rates of both H,0,
solution and the buffer, while the ratio of the two aqueous
streams was maintained constant (Figure 4b). As we mentioned
in the previous section, the current signal of H,O, oxidation was
independent of the flow rate, therefore the second calibration
curve was essentially a flat line in the case of electrochemical
oxidation of HyO,. As a result, the analysis of the current signal
of H,0, oxidation was simplified by referring to only the
calibration curve of the current versus the bulk concentration
of H,0,.

The calibration of the current signal versus H,O, concentration
was performed both before and after the Selwyn’s test. The two
superimposable calibration curves suggested that there was no
obvious adsorption of protein or other contaminants on the surface
of the microelectrodes during the kinetics measurement (SI Figure
S6).
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The reaction kinetics was analyzed following the typical
Michaelis—Menten kinetics. The Michaelis—Menten Kkinetics does
not always apply to the decomposition of H,O, by catalase
because of the two-step nature of the catalytic reaction.®®
However, in our experiment with H,O, concentration below
200 mM, catalase does exhibit a Michaelis—Menten kinetics.>*
In a single-run experiment, we obtained multiple reaction
kinetics at different starting H,O, concentration and constant
catalase concentration (Figure 5a). Each curve in Figure 5a was
composed of two segments. The first segment was from 0.05 to
0.5 s and was obtained by changing the flow rate of the droplets
in the shortest route (inset of Figure 5a). The second segment
was from 1.5 to 8.0 s and was obtained by using the pneumatic
valves to change the flow routes of the droplets. The initial
velocities (V) of the enzymatic reaction were calculated at different
concentration of H,O, from the linear portion of the kinetics
curves in the initial stage of the reaction. By plotting initial
velocities versus different concentrations of H,O, at the same
catalase concentration, a Michaelis—Menten kinetics curve was
obtained (SI Figure S7). The Michaelis constant K,, and the
maximum velocity V.« were calculated as 62 mM and 22
mM/s by plotting V! against [H,O,]~' (Figure 5b). These
values were consistent with previous measurements of bovine
catalase under similar experimental conditions.>*

CONCLUSION

We integrated the electrochemical detection method into a
droplet-based microfluidic system for measuring rapid Kinetics.
Pneumatic valves were implemented to control the reaction time.
In this work, the best time resolution was about 0.05 s. A complete
Michaelis—Menten kinetics measurement with five different H,O,
concentrations was achieved in a single experimental run, and
the total consumption of samples was less than 50 uL.

This microfluidic system is complementary to the fluorescence-
based microfluidic system for rapid kinetics measurement. The
system has high sensitivity of the electrochemical detection
without the need of labeling. Only one pair of microelectrodes
was employed in the microfluidic system, making the PDMS chip
simple and inexpensive to fabricate, and the chip can be dispos-
able. It is possible to further simplify the fabrication of the chip
by separating the microelectrodes from the microfluidic chan-
nels.>® The current microfluidic system is applicable to many
biochemical reactions, as long as one of the reactants or products
is electrochemically active. With appropriate quenching method
at the outlet, the reaction in the droplets can be “frozen” at
different reaction times, allowing the droplets to be analyzed
offline, for example by mass spectrometry.®® In this way various
detection methods can be integrated into the microfluidic system,
further extending the application of the combination of pneumatic
valves and droplets in microchannels.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the fluorescence intensity of pyranine solution
during mixing the acidic pyranine solution with NaOH solution.
Figure S2 shows the result of the Selwyn’s test. Figures S3 and
S4 show the microphotographs of droplets passing by two
microelectrodes of 20 um in diameter without splitting. Figure
S5 shows the current profile measured at 0.6 V (vs Ag/AgCl quasi-

reference electrode) for different H,O, concentration. Figure S6
shows the calibration curves of current versus H,O, concentra-
tion before and after the Selwyn’s test. Figure S7 shows the
plot of initial velocity (V) vs different substrate concentrations
([Hy0,]) at the same catalase concentration. This material is
available free of charge via the Internet at http://pubs.acs.org..
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Figure S1. Normalized fluorescence intensity (1) obtained from microphotograph (2 s exposure) as a
function of the travel distance (a) and as a function of travel time (b) of the droplets at two different
flow rates. Fluorescence intensity increased when acidic pyranine solution (0.5 mM, pH ~ 1) mixed
with NaOH solution (pH ~ 14) inside of droplets. The average intensity across the width of the

microchannel was measured.
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Figure S2. The Selwyn plot for catalase. H»O, concentration was 66.7 mM. Two catalase

concentrations, 5 pug/ml (red triangles) and 10 ug/ml (blue squares), were tested.
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Figure S3. A series of microphotographs showing droplets passing by the two stainless steel wires

(diameter ~ 20 pum).

The two steel wires were extended laterally across the microchannel.

The

droplets contained Fe(SCN),®™" for better observation. One droplet was highlighted by dashed line.

(a) The highlighted droplet was approaching the metal wires; (b) The droplet just contacted the first

metal wire; (c¢) The droplet moved further to connect both metal wires; (d) The droplet disconnected

with the first metal wire. Scale bar is 500 um.



Figure S4. A series of microphotographs showing droplets passing by the two stainless steel wires
(diameter ~ 20 um). The two steel wires were extended laterally to only the middle of the
microchannel. The droplets contained Fe(SCN),*™" for better observation. One droplet was
highlighted by dashed line. (a) The highlighted droplet was approaching the metal wires; (b) The
droplet just contacted the first metal wire; (c) The droplet moved further to connect both metal wires;

(d) The droplet disconnected with the first metal wire. Scale bar is 500 pum.
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Figure S5. Current profile measured at 0.6 V (vs. Ag/AgCl quasi-reference electrode) for H,O»
concentration ranging from 10 mM to 200 mM. Numbers on top of each group of peaks indicate the

concentrations of H,O, in mM.
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Figure S6. Calibration curves of the current versus H,O, concentration before (blue squares) and after

Selwyn’s test (red triangles).
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Figure S7. Plot of initial velocity (V) vs. different substrate concentrations ([H,O;]) at the same
catalase concentration (10 pg/ml).
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