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Abstract
We report a novel method of increasing both the reaction rate and the sensitivity of low-abundance
enzyme assay using a micro/nanofluidic preconcentration chip. The disposable preconcentration
device made out of PDMS with a surface-patterned ion-selective membrane increases local enzyme/
substrate concentrations for rapid monitoring of enzyme activity. As a model system, we used trypsin
as the enzyme and BODIPY FL casein as the fluorogenic substrate. We demonstrated that the reaction
rate of trypsin-BODIPY FL was significantly enhanced by increasing the local concentrations of
both trypsin and BODIPY FL casein in the preconcentration chip. The reaction time required to turn
over substrates at 1 ng/mL was only ~10 min compared to ~1 h without preconcentration, which
demonstrates significantly higher reaction rate through the increase of the concentrations of both the
enzyme and substrate. Furthermore, trypsin activity can be measured down to a concentration level
of 10 pg/mL, which is ~100 fold enhancement in sensitivity compared to the result without the
preconcentration step. This micro/nanofluidic preconcentrator chip could be used as a generic micro
reaction platform to study any enzyme-substrate systems, or other biochemical reaction systems in
low concentration ranges.

INTRODUCTION
In cellular systems, biological signals are transmitted via specific receptor-ligand binding and
subsequent modification of the ligand. The most notable examples are various kinases in the
cell signaling pathway. These enzymes are highly specific in their binding partners, and
transmit the signal by phosphorylating/dephosphorylating their ligands (which may be another
kinase, which in turn transmits the signal in the same manner). Therefore, experimentally
monitoring the state of each and (preferably) every kinase (or other enzymes) along the
signaling pathway would be critical in understanding complicated interconnections between
different pathways. While efforts toward systems-level computational modeling have resulted
in much deeper understanding regarding how cells work and transduce information, better
measurement tools for cellular enzyme activities are still critically needed. Also, from the
diagnostics point of view, a tool that measures enzyme activities from serum or saliva,
especially for low-abundance ones, would have a tremendous value. 1–3 Many of the disease
biomarkers are indeed enzymes, often associated with apoptosis/degradation processes
relevant to disease progress. 4, 5

*Corresponding author. Tel: 1-617-253-2290. Fax: 1-617-258-5846. E-mail: jyhan@mit.edu.

NIH Public Access
Author Manuscript
Anal Chem. Author manuscript; available in PMC 2009 September 24.

Published in final edited form as:
Anal Chem. 2008 May 1; 80(9): 3198–3204. doi:10.1021/ac800362e.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



While biochemical analysis (either by mass spectrometry or immunoassays) would give
chemical information such as the concentrations of the molecules of interest, often it is much
more valuable to measure the activity of the enzyme directly, just so that one can obtain a much
more accurate picture of the biological/pathological processes ongoing in the human body.
Often, biochemical analysis techniques cannot discern subtle post-translational modifications
on proteins (such as glycosylation/phosphorylation) and other subtle changes that could have
a profound impact on the enzyme activity. Enzyme activities are currently measured by
monitoring the turnover of enzyme substrates. For example, various kinase activities are
measured by kinase assays,6–8 simply by isolating kinases by specific antibodies on the surface
and then letting the enzyme turn over excess amounts of substrates. The amount of reaction
product is then measured either by fluorescence or precipitation assays. Major issues of this
kinase assay include the fact that the reaction occurs in sub-physiological ATP concentrations,
and the requirement of radiolabeling, which makes the assay an inherently slow and low-
throughput technique. Moreover, immobilization/capturing of target enzymes on a surface is
often required,9, 10 which has to be carefully characterized for each enzyme carefully for an
accurate quantification. Often, the activity of immobilized enzymes could be significantly
different from the free solution activities because of both diffusional restrictions or interactions
with the support 11, 12 and altered protein conformation, steric hindrance of the catalytic site,
13 although a good correlation between the two are expected. More recently, a target-specific
peptide chemosensor approach14 has been developed, which is a solution-based, flexible and
compatible sensing directly from crude cell lysates. However, development of individual
chemosensor peptides, specific to each target as required, limits generic application of the tool
to other areas (outside of kinase activity monitoring for signaling pathways).

While these techniques have been successfully used for monitoring activities of a number of
kinases in systems-biology studies, they share several common drawbacks. The most important
one is that the target enzyme concentrations are typically low in the cell extract, and therefore
reaction times required to turn over enough substrates for detection can be long, typically a
few hours. The application of microchip (Lab-on-a-chip) for enzyme (kinase) studies has
received great attention because it offers advantages in analytical speeds, performance,
reduction of sample/reagent consumption, automation and integration. The use of enzyme
(kinase) in microfluidic chip enables a variety of application for on-chip mixing as well as
analyzing kinetics of the enzyme reactions for performing enzyme or inhibition assays.12, 15–
19

Our group has developed novel nanofluidic biomolecule concentration devices which can be
used to collect and trap proteins contained in a given sample into a much smaller volume,
thereby increasing the local concentration significantly.20, 21 This device can take a sample
volume of 1–10 μL and collect/trap any charged biomolecules such as proteins continuously,
until a sufficient amount of sample is collected in a very small volume (1 pL-1 nL). While this
device has a significant potential in immunoassays and biosensing applications, it is also clear
that any kind of biochemical reactions (not just the binding reaction between antigen and
antibody) could be enhanced by concentrating the sample inside this device.

In this paper, we demonstrate a simple method to increase the reaction rate and the sensitivity
of low-abundance enzyme assay by concentrating the enzyme and the substrate in a disposable
poly(dimethylsiloxane) (PDMS) preconcentration chip. For the proof of concept, we used
trypsin as the model enzyme and BODIPY FL casein as the fluorogenic substrate. We observed
significantly increased reaction rate of trypsin and BODIPY FL casein by increasing the local
concentrations of both the enzyme and the substrate in the concentrated reaction zone.
Furthermore, the preconcentration chip enabled a significantly higher sensitivity through an
increased concentration of the fluorescent reaction products in the reaction zone. This PDMS
device with its simplicity and efficient preconcentration capability could be used as a generic
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and powerful tool for improving enzyme assays for diagnostics and systems biology
applications.

EXPERIMENTAL SECTION
Microchip fabrication

The microchip was fabricated using poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow
Corning Inc., Midland, MI) bonded with a glass slide plate. Microchannels were molded in
PDMS by the replica molding technique. The fabrication of the microchip includes the
following fabrication steps: (1) master fabrication, (2) PDMS pouring/curing step, (3)
patterning of Nafion resin on the slide glass and (4) irreversible bonding of the PDMS
microchannel and the Nafion patterned glass slide via plasma bonding. One critical step for
the nanochannel formation in PDMS chip is the generation of nanogaps, and several techniques
have already been developed for this purpose.21, 22 In this work, we used Nafion film printing
on the glass substrate to generate a submicron thick ion-selective membrane.23, 24

At first, SU8 photoresist (SU8-2025, MicroChem Inc., Newton, MA) was patterned on a silicon
wafer to build a positive master. The positive master mold for the device contains channels
that are 50 μm wide and 50 μm deep. The SU-8 master was further treated with a
hexamethyldisilane (Sigma-Aldrich, St. Louis, MO) for 1 h to prevent adhesion with PDMS
after molding. The hexamethyldisilane solution was evaporated and deposited on the master
in a desiccator with a 5 psi vacuum.

In the second step, PDMS was poured on the master mold, which was degassed in a desiccator
with a 5 psi vacuum for 1 h before pouring. After curing in an oven at 65 °C for 3 h, the PDMS
layer was peeled off from the silicon master. To punch holes through the end of the channels,
we used a metal syringe needle with an outer diameter of 1/16 in. (Hamilton Co., Reno, NV).

As for the printing of the ion-selective membrane, we used a Nafion ® perfluorinated ion-
exchange resin 5 wt% solution in a lower alphatic alcohol/H2O mix (Sigma Aldrich, St. Louis,
MO) and patterned a thin planar Nafion film on a standard glass slide via microcontact printing
or alternatively, via microflow patterning inside the microchannel. In the first method, a PDMS
microstamp is used to print the membrane. The major steps are: (1) ink the PDMS microstamp
with Nafion resin, (2) transfer Nafion resin to a glass substrate, and (3) cure the patterned
Nafion resin on a hotplate at 95 °C for 10 min. To achieve a good wetting of the Nafion resin
on the PDMS stamp, we treated the surface of the PDMS stamp with oxygen plasma
beforehand. We used standard pre-cleaned microscope glass slides (25 mm × 75 mm) and
cleaned the surface with IPA and DI water thoroughly before printing. Preliminary tests showed
that microcontact printing with a consistent thickness of the Nafion membrane between 200–
400 nm was quite challenging. Depending on the pressure applied on the stamp and the pressure
distribution when stamping on the glass surface, the thickness of the Nafion film varied between
0.5–1 μm. As an alternative patterning method, the microflow patterning technique was applied
by using the microchannel to define the flow path of the resin. The channel used was 120 μm
deep and 200 μm wide. By placing a drop of liquid Nafion resin at one open reservoir of the
channel, the channel was immediately filled with it by the capillary force. Then, the liquid resin
was completely flushed out of the microchannel by applying negative pressure through the
syringe tubing on the other end of the channel. After this step, only a thin layer of Nafion
remained on top of the hydrophilic glass slide. In this flow patterning process, the thickness
of the membrane is controlled by the amount of the applied negative pressure. A repeatable
thickness can be achieved as long as a constant pressure is applied through the tubing. To fully
cure the patterned ion-selective film in a stripe shape, it was heated up at 95°C for 10 minutes.
Finally, the poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow Corning Inc., Midland, MI)
chip with microchannels was bonded on top of the patterned glass substrate by standard plasma
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bonding. Since an exact alignment was not required, the bonding could be performed without
any help of microscope. After bonding, the PDMS device was heated up in an oven at 70 °C
for 12 h to achieve higher bonding strength.

Surface treatment of microchannel
Since trypsin (Mw ~ 24 kDa, pI ~10.5) in 10 mM Tris-HCl buffer at pH 7.8 is positively
charged, we applied bovine serum albumin (5% solution in 1× phosphate-buffered saline (PBS,
pH=7.4), Sigma, St. Louis, MO) into the microchannel for 1 hour to prevent nonspecific
binding of biomolecules on the PDMS surface. We then repeatedly washed the microchannel
out with phosphate-buffered saline (PBS, pH 7.4). Due to this surface passivation, only a
marginal non-specific binding (increase of the fluorescence intensity by only ~ 20 A.U.)
occurred for the negatively charged BODIPY FL-labeled peptides on the channel wall.
However, the surface adsorption posed a problem to the Nafion membrane for long operation
times. We noticed a degradation of the Nafion membrane, especially caused by the surface
absorption of the positively charged molecules on the membrane, which led to a degradation
of the device performance.

Materials
To investigate the ability of our microfluidic preconcentration chip as a reaction enhancing
tool for the low-abundance enzymes, we used trypsin (from porcine pancreas, Aldrich, MO)
as the enzyme and BODIPY FL casein as the fluorogenic substrate (EnzChek® Protease Assay
Kits, Molecular Probes, Eugene, OR). It is well-known that protease-catalyzed hydrolysis
releases highly fluorescent BODIPY FL-labeled peptide and the accompanying increase in
fluorescence signal is proportional to protease activity.25 For all experiments, we used 10mM
Tris-HCl with pH 7.8 as the buffer solution.

Measurement instrument and image analysis
An inverted epifluorescence microscope IX 71 (Olympus, Melville, NY) equipped with a
thermoelectrically cooled CCD camera (Hamamatsu Co., Japan) was used for fluorescence
imaging. We measured the average peak value over a square window (30 μm × 30 μm) in the
preconcentration zone as a function of time. To reduce the photobleaching effect, we used a
mechanical shutter (Olympus, Melville, NY) which automatically block UV light and opens
only when images are taken. Also, we used a neutral density filter (Olympus, Melville, NY)
to prevent the CCD array from saturation so that we can achieve an increased dynamic range
and reduce the photobleaching effect. Fluorescence images were taken every 30 sec and were
analyzed using IPLab software (Scanalytics, Fairfax, VA). Since we performed the assay with
regard to the fluorescence signal detection of proteolytic activity in the low enzyme
concentration regime, we took the peak height instead of the peak area to characterize the
reaction rate. For the plotting of both hyperbolic fitting curves and slope curves, we used
Sigmaplot® 10 software (Systat Software Inc. CA) and Mathematica V 5.2 (Wolfram
Research, Inc., IL).

Dynamic range assessment
We used the commerically available EnzChek Protease assay kit for our experiment and its
manufacturer provided the limit of detection (LOD) as the enzyme concentration required to
cause a 10~20% signal intensity change above background signal in their product manual.25,
26 According to the sample standard curve obtained with the EnzChek protease assay, the
detection limit of this assay was between ctrypsin = 1–5 ng/mL for trypsin in 10 mM Tris-HCl
at pH 7.8 with a fluorescence microplate reader using 200 μL reaction mixtures. We set the
concentration range for our experiment between ctrypsin = 1 ng/mL and ctrypsin = 1 μg/mL to
include the above-mentioned detection limit. For the fluorescence signal detection in our
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experiment, we defined the LOQ (limit of quantitation) with more standard threshold, namely
10σ above the background RMS noise.

As a preliminary test of enzyme assay in microchannel, we used csubstrate = 10 μg/mL BODIPY
FL casein, as suggested by the supplier,25, 26 for four different trypsin concentrations from
ctrypsin = 1 ng/mL to 1 ctrypsin = 1 μg/mL in the microchannel. However, the BODIPY FL casein
was not sufficiently hydrolyzed to produce a detectable signal for this trypsin concentration
range in the microchannel. This result seems to be related to the low sample volume we used
in the microchannel. The standard assays provided by the vendor use 200 μL reaction mixtures,
while the sample volume in our experiment was only tens of nanoliters. To compensate for the
low sample volume, we increased the concentration of BODIPY FL casein from csubstrate = 10
μg/mL to csubstrate = 50 μg/mL in 10 mM Tris-HCl buffer at pH 7.8 and were able to acquire
a signal difference with different enzyme concentrations in the microchannel.

In order to measure the increased reaction rate with preconcentration accurately, the enzyme
and the substrate had to be injected into the preconcentration device using two separate
channels. Due to the laminar flow in microchannel, the mixing between them will be only
minimal and the reaction will take place mainly in the concentrated reaction zone. However,
since our device had only one input channel, we mixed the enzyme and substrate off-chip in a
vial instead and injected the premixed solution into the preconcentration device. This approach
can be justified by the low reaction rate in the enzyme concentration range we investigated.
The preliminary experiment showed that the reaction time required for turning over enough
substrates at ctrypsin = 10 ng/mL was up to ~1 hour.

RESULTS AND DISCUSSION
Device scheme and operation

The PDMS preconcentrator device with its operation scheme for the enhancement of low-
abundance enzyme reaction is shown in Figure 1. The micro/nanofluidic preconcentration chip
was composed of two microchannels with a planar ion-selective membrane (e.g., Nafion)
across the microchannels, as shown in Figure 1a (dashed line). The scanning electron
microscope (SEM) images showed a well-defined Nafion membrane on the glass substrate (see
S1 in supporting material). The thickness of the Nafion membrane on the glass substrate was
only 191 nm. The middle channel, shown as red in Figure 1a, was loaded with a mixture of
trypsin (enzyme) and BODIPY FL casein (substrate), while the side channel, shown as green
in Figure 1a, was filled with 10 mM Tris-HCl buffer solution. For preconcentration, we applied
a potential difference across the middle and the side channel in combination with an
electrokinetically-driven tangential flow inside the middle channel to trap the molecules in
front of the depletion region.20, 21 First, we applied V1 = V2 = 50 V to two anodic reservoirs,
while the others were grounded, as shown in Figure 1b. In this way, we induced a depletion
region near the ion-selective Nafion membrane by using the concentration polarization effect.
In the second step, we applied V1 = 50 V and V2 = 25 V. With this potential difference, we
initiated the tangential electroosmotic flow to trap both the trypsin and BODIPY FL casein in
front of the depletion region (see the bottom image in Figure 1b). During this operation, we
kept a balance between anion repulsion from the space charge layer and electroosmotic flow
from the reservoir to preconcentrate the molecules, as described in previous reports.20, 21

Figure 2a shows schematically the electrokinetic trapping of the enzyme and the substrate
molecules in the concentrated reaction zone near the planar Nafion membrane (zone 2 in Figure
2). Both molecules are electroosmotically flown from zone 1, in which the reaction takes place
without preconcentration. Zone 3 represents the ion depletion region which repels all charged
ions. The location of the concentrated plug where the reaction between the enzyme and the
substrate takes place can be easily controlled by the potential difference across the Nafion
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membrane. We measured the fluorescence intensity profile along the microchannel to obtain
the concentration distribution of the reaction products in three different zones after 5 min. of
preconcentration. As shown in Figure 2b, the enzyme-substrate reaction rate was drastically
increased in the concentrated reaction zone, indicated by a high intensity plug in the
fluorescence image and the corresponding intensity peak. For comparison, the intensity profile
taken before preconcentration is also shown as a green reference line in Figure 2b.

We can express the reaction rate of the assay by the Michaelis-Menten equation as below,27

(1)

(2)

Here, [P] denotes the product concentration, [E0] and [S] are the starting amounts of enzyme
and substrate concentration, respectively, while k1, k2, k3 are the rate constants for the
individual steps. Km is the Michaelis constant which is defined as the concentration where the
rate of the enzyme reaction is half Vmax. Vmax is the maximum velocity in reaction rate versus
substrate concentration curve. According to eq. (2), we increased the reaction rate in the
reaction zone (zone 2 in Figure 2) by increasing the concentrations of enzyme ([E0]) as well
as of substrate ([S]). Furthermore, we increased the amount of the fluorescent reaction products
through the preconcentration step which led to the intensity peak in the concentrated reaction
zone. This enabled higher sensitivity of the assay. In the depleted zone 3, however, the
fluorescence intensity dropped down below the reference level.

Figure 3 shows the fluorescence intensity of the reaction product measured as a function of
reaction time for four different trypsin concentrations (ctrypsin = 1 ng/mL to ctrypsin = 1 μg/mL)
without preconcentration. For this experiment, we filled the preconcentrator chip with different
premixed enzyme/substrate solutions and measured the fluorescence signal near the Nafion
membrane without applying any electrical potential. The progress curves shown in Figure 3
correspond to the typical enzyme-substrate reaction curve suggested,27 which demonstrated
that the reaction rate decreases with time after reaching the initial maximum value. Obviously,
the intensity values after 60 min. increased with higher initial enzyme concentrations.

To estimate the reaction rates, we calculated the slopes of the fitting curves shown in Figure
3. First, all data points in Figure 3 were fitted with a hyperbolic function. Then, we calculated
the slopes of the fitting curves and compared their initial slope values as a measure of reaction
rate. We provided the equation of each fitting and slope curve as well as the graph of the
corresponding slope curves in supporting material S2. The initial slopes were 155 A.U./min.,
121 A.U./min., 153 A.U./min., and 4.2 A.U./min. for four different trypsin concentrations of
ctrypsin = 1 μg/mL, ctrypsin = 100 ng/mL, ctrypsin = 10 ng/mL, ctrypsin = 1 ng/mL, respectively.
A significant difference in the initial slopes was noticeable only between ctrypsin = 10 ng/mL
and ctrypsin = 1 ng/mL. Above ctrypsin = 10 ng/mL, the difference of the initial slope values was
rather small due to the generally low intensity values without preconcentration. At ctrypsin = 1
ng/mL, the signal intensity was 99 A.U. after 60 min., which was higher than the 10σ of the
background RMS (= 95.5 A.U.). This limit of quantitation was in good agreement with the
value provided by the assay vendor, which was approximately between 1–5 ng/mL.
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To investigate the influence of the preconcentration on the reaction rate, we repeated the same
experiment with preconcentration. The highest initial concentration at which we were able to
measure the signal intensity as a function of time was ctrypsin = 1 ng/mL. Above ctrypsin = 1
ng/mL, the fluorescence signal intensity immediately reached the saturation value of the CCD
camera (= 4096 A.U.) as soon as the preconcentration was started. Therefore, we reduced the
trypsin concentrations down to ctrypsin = 10 pg/mL, ctrypsin = 100 pg/mL, and ctrypsin = 1 ng/
mL, with the lowest concentration being two orders of magnitude lower than that used in Figure
3. Because of this concentration shift, a direct comparison between the measurements without
and with preconcentration was only possible at ctrypsin = 1 ng/mL. The enhancing effect of
preconcentration on the trypsin-catalyzed reaction is shown in Figure 4. Again, all data points
in Figure 4 were fitted with a hyperbolic function (see supporting material S3). The reaction
time required to turn over the substrate at 1 ng/ml was reduced from 1 hour to ~ 10 min, which
means a 6-time increase in the reaction rate compared to that of non-preconcentrated sample.
To elucidate the effect of preconcentration on the reaction rate, the slope curves are plotted in
Figure 5. The slope of ctrypsin = 1 ng/mL (red; circle), 100 pg/mL (blue; triangle up), and 10
pg/mL (green; triangle down) with preconcentration was calculated from the data of Figure 4,
while ctrypsin = 1 ng/mL (grey; open circle) without preconcentration was calculated from
Figure 3. The slope curve for ctrypsin = 1 ng/mL without preconcentration is given as a reference.
The calculated initial slopes of the curves were 3333 A.U./min, 357 A.U./min, and 114 A.U./
min for three different trypsin concentrations, ctrypsin = 1 ng/mL, ctrypsin = 100 pg/mL,
ctrypsin = 10 pg/mL, respectively. In case of ctrypsin = 1 ng/mL with preconcentration, for
instance, the initial slope was increased by ~794 folds compared to that without
preconcentration. This increase in reaction rate was due to the increase of the enzyme
concentration [E] as well as of the substrate [S] in the concentrated reaction zone. Since we
used a premixed enzyme and substrate, the increase of the fluorescence signal can be partially
attributed to the products flowing from the reservoir into the concentrated reaction (trapping)
zone. However, this contribution was negligible compared to that of the products generated in
the concentrated reaction zone since the reaction rate outside the concentrated reaction zone
was significantly low, as shown for ctrypsin = 1 ng/mL in Figure 3. At ctrypsin = 10 pg/mL, the
initial slope value was comparable to that of ctrypsin = 10 ng/mL without preconcentration (153
A.U./min). This result demonstrated that the preconcentrator chip can increase the reaction rate
of the enzyme assay up to the level of three-order of magnitude higher enzyme concentrations.

Furthermore, the fluorescence intensity was increased by 20 folds through the
preconcentration. This increase in fluorescence intensity enabled even detection at an enzyme
concentration of ctrypsin = 10 pg/mL possible. As a result of preconcentration, the sensitivity
of the enzyme assay was improved at least by two orders of magnitude (the LOQ was at
ctrypsin = 1 ng/mL without preconcentration).

The experimental data in Figure 3 and 4 show the average run-to-run values of three devices
and relatively large errors in Figure 4 than in Figure 3. These relatively higher standard
deviations in case of preconcentration are due to the fact that the electrokinetic trapping process
with its “dynamic” character (e.g., force balance between the depletion region and trapping
region) is more susceptible to the variations of the device such as the thickness of the Nafion
membrane, bonding strength and surface conditions of the microchannel than the
electroosmotic flow without preconcentration operation. We characterized the chip-to-chip
reproducibility with the coefficient of variance (CV) value. The coefficient of variance (CV)
for the measurement with preconcentration was 11.5 %, showing a good reproducibility of our
PDMS devices even with the “dynamic” preconcentration process.
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CONCLUSION
In this paper, we reported a simple, disposable PDMS microfluidic platform to assay the
enzyme-substrate reaction. This device contains a planar surface-patterned cation-selective
membrane across the microchannels and enables an electrokinetic trapping of the enzyme and
the substrate, near the ion-selective membrane, thereby increasing the concentrations in the
trapping zone. Since the molecules can be electrokinetically trapped, there is no need to
immobilize the enzymes inside the channel.

Using the fluorescence intensity measurement, we could establish a 6-time faster reaction
between the trypsin and BODIPY FL casein in the concentrated zone. In addition to the rapid
enzymatic reaction, the preconcentration device lowers the limit of quantitation of the enzyme
by two orders of magnitude from ctrypsin = 1 ng/mL down to ctrypsin = 10 pg/mL. These
significant enhancements in terms of the reaction rates and sensitivity have an important
implication for the enzyme kinetic studies as well as for enzyme-based diagnostics. In the
future, this type of PDMS preconcentrator chip with its simple design and operation can find
widespread applications as a general and efficient reaction enhancing platform for low-
abundance kinase assays as well as for other enzyme assays involving low-abundance
molecules or slow reactions. Since our PDMS preconcentrators can be also built in a massively
parallel fashion, this array-type reaction platform will enable high-throughput analysis of
enzymatic processes in molecular engineering. Immediate application could be found in the
study of cell signaling pathways, where multiple, specific kinase/phosphatase activity
monitoring from a small volume of sample would be highly desirable.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Optical image and (b) operation of PDMS preconcentration chip as a reaction enhancing
tool for low-abundance enzyme assay. The microchannel in the center (red) is loaded with
enzyme/substrate mixture and the side channel (green) is filled with a buffer solution. To
concentrate the premixed solution of enzyme/substrate, a potential difference is applied across
the middle and the side channel in combination with an electrokinetic flow. In the depletion
mode, the depletion region is formed due to the concentration polarization and then in the
trapping mode, the molecules driven with an electroosmotic flow are electrokinetically trapped
in front of the depletion region, resulting in increased concentration.
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Figure 2.
(a) Schematic of electrokinetic trapping of enzyme and substrate and (b) intensity profile along
the microchannel as a measure of the enzyme-substrate reaction product after 5 minutes of
preconcentration. It shows an increased concentration of the enzyme-substrate reaction product
in the concentrated reaction zone generated by electrokinetic trapping (zone 2). Zone 1 contains
the mixture of trypsin and BODIPY FL casein outside of the concentrated reaction zone. The
difference of the fluorescence signals between zone 1 and 2 indicates an enhanced enzyme-
substrate reaction through the preconcentration. The increase of the intensity was partly due
to the stacking of the reaction products flowing from zone 1. The Zone 3 illustrates the depletion
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zone, allowing a control experiment to estimate the background noise that can be generated
from the adsorption of the reaction products on the side wall of the microchannel.
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Figure 3.
Fluorescence signal intensity of products as a function of enzyme-substrate reaction time for
different trypsin concentrations ranging from ctrypsin = 1 ng/mL and ctrypsin = 1 μg/mL without
preconcentration. BODIPY FL casein with csubstrate = 50 μg/mL was used as a fluorogenic
substrate to monitor the turnover rate. It shows that the limit of detection was between
ctrypsin = 1 ng/mL and ctrypsin = 10 ng/mL (> 10% change of the signal intensity above control)
and the reaction time required to turn over enough substrates was ~ 1 hours.
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Figure 4.
Fluorescence signal intensity of products versus preconcentration time shows an enhanced
trypsin-catalyzed reaction with preconcentration. We used three different trypsin
concentrations ranging from ctrypsin = 10 pg/ml to ctrypsin = 1 ng/ml (lower concentrations than
those used in Figure 3) for enzymes while maintaining the same substrate concentration at
csubstrate = 50 μg/mL. The reaction time required to turn over the substrate at a concentration
of 1 ng/ml was only ~ 10 min, which was 6 times faster than that without preconcentration. It
also showed that the limit of detection was lowered down to ctrypsin = 10 pg/mL, which means
a ~1000 folds sensitivity enhancement compared with the results without preconcentration.
The fluorescence images were taken at ctrypsin = 10 pg/mL after different concentration times.
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Figure 5.
Reaction rate versus preconcentration time, calculated from the fitting curve (Figure 4). In case
of ctrypsin = 1 ng/mL, the initial slope was drastically increased through preconcentration
(compare with the grey line (open circle) which shows the slope curve of the same concentration
without preconcentration). At ctrypsin = 100 pg/mL, the initial slope was still higher than any
of those measured without preconcentration. In case of the lowest concentration tested,
ctrypsin = 10 pg/mL, the initial reaction rate was comparable to the initial slope of ctrypsin = 10
ng/mL without preconcentration.
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