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A new rapid microfluidic method for measuring enzyme inhibition is presented. The assay relies

upon the creation of a uniform concentration of substrate and a microfluidically generated

concentration gradient of inhibitor using a single microchannel and a single initial inhibitor

concentration. The IC50 values of two enzyme inhibitors were determined using the new technique

and validated using a conventional microtiter plate assay. Using both experimental and

computational simulation techniques, the assay was shown to be sensitive to inhibitor potency

and the distribution of inhibitor in the system. The method has the potential to be more accurate

than conventional methods because of the comparatively large amount of data that may be

collected. Recommendations for use of the assay are provided, including its use for high-

throughput screening in drug discovery and general use in measurement of enzyme inhibition.

Introduction

Because drug discovery is an expensive and time-consuming

process, new methods of improving its overall efficiency are in

high demand. Here, we report an enzyme inhibition screening

technique that has the potential to increase the throughput of

one or more steps of the drug discovery process.

Enzyme inhibition assays are frequently used in drug

discovery for toxicity and drug candidate screening. A typical

preclinical toxicity screening method used to assess the efficacy

and safety of a drug candidate involves monitoring the

inhibition of the cytochrome P450 (CYPs) class of enzymes.

Because these enzymes largely determine drug bioavailability,

the in vitro inhibition of CYPs by a drug may indicate its

potential to cause adverse drug interactions in vivo.1–4 In

addition, enzyme inhibition assays are used to screen for drug

candidates that inhibit specific target enzymes involved in

disease.5–9 Current examples of such drugs include the HIV-

protease inhibitors and monoamine oxidase inhibitors.

Because of their applicability, many enzyme inhibition

assays have been developed.2,10–15 These methods typically

rely on either well array or microchannel systems that mix

enzyme, substrate(s), and inhibitor(s) in reaction chambers,

allow the reaction(s) to proceed, and measure either substrate

depletion or product formation in order to determine enzyme

activity. However, most current methods require the dilution

of inhibitor concentrations and the sequential measurement of

the enzyme activities in individual reaction chambers, which

limits their amenability toward high-throughput applications.

Here, we report a novel, continuous flow microfluidic

method of assaying enzyme inhibition that yields rapid,

quantitative results and may be used to determine IC50 values.

Because the assay only requires a single initial inhibitor

concentration and simultaneously measures the enzyme

inhibition resulting from variable inhibitor concentrations, it

is well suited for high-throughput screening applications. The

assay was extensively characterized using complementary

experimental and computational simulation methods.

Basic principle of the assay

The assay utilized a two-inlet microfluidic device, with

substrate pumped into one inlet, and the same concentration

of substrate plus inhibitor pumped into the other (Fig. 1). As

the two fluid streams travel through the device in the y

dimension, a gradient of inhibitor forms via diffusion in the x

dimension, while the substrate concentration remains uniform.

To make the product of enzymatic activity visible, a

chromogenic or fluorogenic substrate is used. After the

gradient of inhibitor is established, the solution in the main

channel encounters enzyme immobilized on one surface of the

microchannel (the region between the dashed lines in Fig. 1),

resulting in the formation of a fluorescent product. The rate of

formation of product at different locations across the width of

the device (in the direction of the inhibitor gradient) depends

on the local inhibitor concentration. Thus, the degree of

inhibition of the enzyme as a function of inhibitor concentra-

tion can be determined by monitoring the fluorophore

production across x. This fluorophore production was

monitored by acquiring digital images of the microchannel.

A model system of an enzyme, b-galactosidase (b-gal), its

fluorogenic substrate, resorufin-b-galactopyranoside16 (RBG),

and the competitive inhibitors, lactose and galactose, were

used to demonstrate this assay.

To measure inhibition using the assay format described,

initial velocity conditions are required. The initial velocity of

an enzymatic reaction is the rate of product formation before

more than about 10% of substrate has been converted to
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product. Under initial velocity conditions, complications in

analysis due to feedback inhibition and substrate concentra-

tion depletion are minimized. In the assay format as described

here, initial velocity conditions are achieved since the fluid

velocity in the system quickly replenishes substrate concentra-

tions and prevents excess product accumulation. Because,

under initial velocity conditions, the product concentration is

directly proportional to the initial velocity, we measured

product concentrations in our system in order to determine

relative initial velocities.

Methods

Experimental

Microfluidic device fabrication began by patterning a solution

of 333 units mL21 of b-gal from E. coli in phosphate buffered

saline (PBS), pH 7.4 (Sigma, St. Louis, MO) onto a glass slide.

The slide was purchased precoated with silanes terminated in

aldehyde groups (Genetix, Boston, MA) that, when exposed to

protein, formed covalent bonds. Patterning was accomplished

using a piezoelectric inkjet printing system (MicroFab

Technologies, Inc., Plano, TX). Individual droplet volumes,

on the order of 30–40 pL, were deposited onto the substrate

with a 25 mm center-to-center droplet spacing. Since each

droplet had a diameter of approximately 100 mm upon impact

with the surface, this caused extensive droplet overlap and

ensured that enzyme covered all locations across x.

Patterning occurred at a relative humidity of 16% at 23 uC.

A total of nine rows of spots were sequentially patterned along

the length of the device; one row extended approximately

seven mm in x.

The plastic layers of the device were created using a CO2

laser cutting tool (Universal Laser Systems, Inc., Scottsdale,

AZ) using methods described previously.21 A Y-shape was cut

out of 250 mm thick Mylar1 doubly coated with 25 mm thick

adhesive (Fralock, Canoga Park, CA), which defined the

microchannel in the final device. This layer was adhered to

the patterned glass slide so that enzyme spanned the width of

the 6.5 mm-wide microchannel and was positioned about 7 mm

downstream from the point where the two fluids merged. The

exposed glass in the partially assembled device was exposed to

a 10 mg mL21 solution of bovine serum albumin (Sigma, St.

Louis, MO) in PBS at 20 uC for 1 h. Then, the glass surface

was manually rinsed with PBS containing 40 ppm Triton-X

100 (Sigma, St. Louis, MO) and submerged in the same

solution. It was shaken at 20 uC for one hour in PBS with

detergent, twice. After washing, the device was refrigerated

overnight in the same solution. The device was then capped

with a layer of 175 mm thick poly(methylmethacrylate) (GE

Polymershapes, Huntersville, NC), which contained holes that

corresponded to the inlets and outlet of the device. After

capping, the microchannel was immediately filled with PBS

containing 40 ppm Triton-X 100.

For assay operation, the device was held in a custom

manifold; inlets were coupled to fluid lines (polyetheretherke-

tone tubing, Upchurch Scientific, Oak Harbor, WA) con-

nected to computer-controlled syringe pumps (Kloehn, Las

Vegas, NV). The solution in the main channel was pumped

through the device at an average fluid velocity of 74 mm s21. A

Zeiss ICM-405 inverted epifluorescence microscope (Carl Zeiss

Inc., Thornwood, NY) was used to monitor the fluorescence in

the system. Fluorescence images during flow were captured by

an integrating cooled CCD camera (Retiga 1300i FAST; Q

Imaging, Burnaby, BC, Canada). Images were converted to

intensity curves as shown in the figures using custom coded

MATLAB programs (version 6.5, release 13; the MathWorks,

Inc., Natick, MA). For the inhibition assays, 26 mM RBG

(Molecular Probes, Eugene, OR) and the same concentration

of RBG plus inhibitor were pumped through the left and right

inlets of the device, respectively (Fig. 1). The different

concentrations of inhibitor injected into the device for assay

operation were 0.75 and 7.5 mM lactose (Sigma, St. Louis,

MO) and 37.5 mM galactose (Sigma, St. Louis, MO). To

obtain the uninhibited activity in the system, 26 mM RBG

solutions were pumped through both sides of the device. In

addition, solutions of 26 mM RBG plus 8.3 mM galactose, PBS

with Triton-X 100, and 1 mM resorufin (Molecular Probes,

Eugene, OR) were each pumped through both sides of the

device.

The actual time of ‘‘incubation’’ for the development of the

diffusion profile in a microfluidic channel like the T-sensor is

not simple to determine because of the range of flow velocities

present in z.23 To calibrate the system, the diffusion of an

indicator, fluorescein (Sigma Aldrich, St. Louis, MO), in PBS

from one fluid stream to an adjacent fluid steam of PBS was

monitored in the system using the same operational para-

meters as described above. The diffusion profile of fluorescein

was used to estimate the effective residence time in the region

of analysis used for the enzyme inhibition studies by fitting the

actual profile to that predicted by a one-dimensional diffusion

model created using Comsol Multiphysics (Comsol,

Stockholm, Sweden) for different residence times. The effective

residence time was 65 s based on the average fluid velocity in

Fig. 1 Schematic of the basic principle of the assay.
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the microchannel.

IPR~
IS{IB

IF{IB
(1)

The general equation used to process an image is shown in

eqn (1), where IPR, IS, IB, and IF represent the final processed

image, a sample image of fluorescent distribution, an image of

flowing buffer, and a flood image of the channel filled with

flowing resorufin, respectively. Processing the images in this

way provided fluorescence images that accounted for the

background signal from the buffer and nonuniform illumina-

tion from the fluorescence lamp. Then, the profiles across the

width of the device from experimental images were found by

averaging 100 pixels along y downstream from the down-

stream edge of the enzyme immobilization region.

Intensity profiles upstream from the enzyme immobilization

region were also obtained and were used to find the

background intensities in the sample profiles caused by the

presence of substrate. The profiles from the sample images

extracted upstream from the enzyme immobilization region in

one image were subtracted from the profiles extracted down-

stream from the immobilization region from the same image.

In order to normalize non-uniformities in enzyme density, the

resulting profiles were divided by those obtained from an

image of enzyme exposed to RBG only across x.

The diffusion profiles of inhibitor in the system were

calculated by fitting experimentally determined values to

diffusion profiles obtained from simulations. Since the

normalized inhibitor concentration of 0.5 for all diffusion

profiles was in the same location, the location of the

normalized inhibitor concentration of 0.5 was found using

the profile of fluorescein diffusion. Then, for each inhibitor

profile, the location of an additional inhibitor concentration in

x was determined by finding the location of the product

concentration in the assay data caused by a known concentra-

tion of inhibitor and assigning that location to the known

concentration of inhibitor. In this way, two inhibitor

concentration locations were found, which were then fitted

to a one-dimensional diffusion model using Comsol

Multiphysics by changing the diffusion coefficient.

For the conventional microtiter plate method, the inhibition

caused by one inhibitor was monitored using two rows of a

polystyrene 96-well plate—one replicate for each row. The

wells in columns 11 and 12 were filled with 200 mL of buffer

and RBG respectively. The wells in column 10 were filled with

180 mL of RBG. Then, stock inhibitor concentrations of either

16 mM lactose or 80 mM galactose were serially diluted in

columns 1–9. Next, enzyme was placed into wells 1–10, and the

plate was incubated at 20 uC for 15 min. The reaction was

arrested by placing the plate in an oven at 80 uC for 5 min.

After the plate was allowed to cool, the product concentration

in each well was measured using the well plate reader accessory

of a fluorometer (Luminescence Spectrometer LS50B, Perkin

Elmer, Wellesley, MA). The fluorescence intensities in each of

the columns were averaged along the rows of the plate. The

averaged fluorescence intensity from column 11 was subtracted

from the averaged intensities from columns 1–10. Then, the

resulting values in columns 1–9 were normalized by column 10

to yield fractional initial velocity measurements.

For the conventional microtiter plate assay, b-gal activity in

the presence of lactose and galactose was monitored using a

polystyrene 96-well plate. All solutions were made using PBS

at a pH of 7.4. An inhibitor, in the presence of 26 mM RBG,

was serially diluted into nine wells of the plate. An addition

well was filled with 26 mM RBG without inhibitor. Then,

enzyme was introduced to the filled wells, and the plate was

incubated at 20 uC for 15 min. The reaction was arrested by

placing the plate in an oven at 80 uC for 5 min. After the plate

was allowed to cool, the product concentration in each well

was measured using the well plate reader accessory of a

fluorometer (Luminescence Spectrometer LS50, Perkin Elimer,

Wellesley, MA). The fractional enzyme activities or initial

velocities caused by the variable inhibitor concentrations were

found by normalizing the product intensity at a particular

inhibitor concentration by the product intensity of the

uninhibited case. Duplicate measurements were made for each

inhibitor concentration.

Statistical analysis

To obtain IC50 values from the microfluidic and conventional

data, the initial velocities were plotted versus inhibitor

concentration. For the microfluidic data, standard linear

regression with a quadratic term was fitted to the data on a

restricted range of inhibitor concentrations that was associated

with values of normalized fluorescence slightly above and

slightly below the IC50 value (n = 16 for lactose, n = 23 for

galactose). A bootstrap statistical procedure24 was used to

estimate IC50, as well as the corresponding standard errors, by

resampling the residuals from the fitted regression model. The

bootstrap procedure was used because the fit of the theoretical

non-linear model showed systematic structure in the error

terms, calling into question the validity of the estimates

obtained from standard modeling techniques. An identical

statistical procedure was used with the conventional data (n =

5 for lactose, n = 7 for galactose) to obtain IC50 values. The

differences between the IC50 values obtained using the two

methods were not statistically different than zero (two-sided

test, p = 0.214 for lactose, p = 0.372 for galactose).

Computational simulation

A three-dimensional simulation of the enzyme inhibition assay

was created using Comsol Multiphysics. The model geometry

was obtained from experimental devices. The Navier–Stokes

and convection-diffusion equations were used to simulate fluid

motion and the mass transport of substrate, inhibitor, and

product, respectively. The constants and variables for this

model were obtained from published or experimental values

(Table 1). The rate of product formation in the system equaled

the rate of substrate depletion. The Reynolds number (defined

as the product of the density of water, the average fluid

velocity in the main channel, and the characteristic length

(depth of the device) divided by the viscosity of water) was

0.02. The Peclet numbers (defined as the product of the

average fluid velocity and the characteristic length divided by

the diffusivity of the chemical species in water) for product and
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lactose, galactose, and substrate were 52, 34, and 14,

respectively. The boundary conditions for the model are

displayed (Table 2). The initial fluid velocities in the x-, y-, and

z-directions were one, zero, and zero, respectively. The initial

concentrations in the entire model geometry for substrate,

inhibitor and product were one, zero, and zero, respectively.

To reduce the size of the three-dimensional model, a

separate two-dimensional, x–z model was used to simulate

the diffusion of inhibitor from one fluid stream to another

upstream from the enzyme immobilization area. The two-

dimensional geometry corresponded experimentally to the area

of the device after the two fluid streams merged and before the

enzyme patch. The Poisson and the pseudo-three-dimensional

convection–diffusion equations were used to simulate the fluid

velocity and transport of lactose, respectively. The pseudo-

three-dimensional convection-diffusion equation neglected

diffusion in y. For the Poisson equation, the maximum

velocity in the microchannel was a normalized value of 1.5,

and Dirichlet boundary conditions were imposed on the walls

so that the fluid velocity at the walls of the simulated

microchannel was zero. For the pseudo-three-dimensional

convection-diffusion equation, the diffusivity of lactose and

the normalized fluid velocity from the Poisson equations were

used to solve the model. Insulation conditions (the flux

perpendicular to the walls was zero) were imposed on the

walls of the microchannel. The initial concentration of

inhibitor on one half of the geometry was one, while it was

zero on the remaining half. After first solving the Poisson

equation, the resulting solution was used to solve the

convection-diffusion equation for 47 seconds. The resulting

distribution of inhibitor was then mapped onto the inlet of the

three-dimensional model geometry and was used as a

boundary condition (Table 2).

To solve the steady-state three-dimensional model, the

steady-state Navier–Stokes and convection–diffusion equa-

tions were solved simultaneously. The initial inhibitor con-

centrations used are shown (Table 1). The product and

inhibitor concentrations obtained from the final solved model

at the outlet of the model geometry were summed through z at

100 points across x. This manner of data analysis allowed

direct comparison to experimental fluorescence data taken

from top-view perspectives.

Additionally, model parameters were examined by changing

the diffusion coefficient of inhibitor or KI for an initial lactose

concentration of 7.5 mM. Additional diffusion coefficients of

inhibitor evaluated were 2.2 6 1026 and 19.8 6 1026 cm2 s21,

while additional KI values were 0.19 and 3.040 mM.

Results

The experimental initial velocities and inhibitor distributions

across x for initial inhibitor concentrations of 7.5 mM lactose

and 37.5 mM galactose are shown (Fig. 2 A); these profiles

were extracted from experimental processed images. The initial

velocities were also plotted versus the corresponding inhibitor

concentrations (Fig. 2 B). The standard deviations of 100

pixels in y at corresponding x values are illustrated.

Lactose was found to be a more potent inhibitor of b-gal

activity than galactose (Fig. 2). The IC50 values and standard

errors determined for inhibition by lactose and galactose using

the microfluidic method were 0.6756 ¡ 0.0021 (95% CI:

0.6719, 0.6799) and 12.02 ¡ 0.0182 (95% CI: 11.98, 12.06)

mM, respectively, while the IC50 values and standard errors

found for inhibition by lactose and galactose using a

conventional plate method were 0.7119 ¡ 0.0408 (95% CI:

0.6429, 0.7865) and 13.15 ¡ 0.9099 (95% CI: 11.67, 15.11) mM,

Table 1 Constants and expressions used in the simulation. ‘E’, ‘S’, ‘I’, and ‘P’ correspond to enzyme, substrate, inhibitor, and product,
respectively. ‘R’ corresponds to the rate of product formation and was based on standard Michaelis–Menten kinetics for competitive inhibition

Name Variable Value or expression

Characteristic length or depth of device xS 0.3 mm (from experiment)
Average fluid velocity uS 0.074 mm s21 (from experiment)
Diffusivity of RBG DS 4.3 6 1024 mm2 s21 22

Diffusivity of lactose Dl 6.6 6 1024 mm2 s21 for lactose or 16 6 1024 mm2 s21

for galactose (from experimental fit)
Diffusivity of resorufin DP 6.6 6 1024 mm2 s21 22

Michaelis constant KM 4.5 6 1024 M
Characteristic substrate concentration S0 26 6 1025 M (from experiment)
Characteristic inhibitor concentration I0 75, 7.5, or 0.75 mM lactose or 37.5 mM galactose (from experiment)
Kinetic rate constant K2 77.2 s21 (calculated using data not shown)
Inhibition constant KI 0.760 mM for lactose or 12.4 mM for galactose (from a least

square fit of experimental data)
Kinetic rate constant for lactose K2

l 103.34 s21 (derived25)

Table 2 Boundary conditions for the Navier–Stokes (N-S) and convection–diffusion (C–D) equations. ‘C’ represents the concentration of
respective chemical species, while ‘R’ and ‘R2’ represent the reaction rates for the depletion of substrate or formation of product and the depletion
of inhibitor, respectively

Boundary N–S C–D substrate C–D inhibitor C–D product

Substrate and inhibitor inlet x = 0 C = 1 Mapped from 2D simulation C = 0
y = 6z(1 2 z)
z = 0

Enzyme patch No slip Flux = 2R Flux = 2R2 Flux = R
Outlet Normal flow/pressure Convective flux Convective flux Convective flux
All others No slip Insulation Insulation Insulation
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respectively. The differences in the IC50 values between the

conventional and microfluidic methods were not statistically

significant at the 0.05 level.

The profiles of product and inhibitor concentrations

extracted from experiments and simulations are illustrated

(Fig. 3 A). Similar trends were observed experimentally and in

simulations for different initial concentrations of inhibitor.

When the initial concentration of lactose was 0.75 mM, or near

the IC50 value, the minimum fractional initial velocity obtained

was approximately 0.5, as expected. With an initial lactose

concentration of 7.5 mM, or about ten times the IC50 value, a

maximum initial velocity of about 0.1 was found and a greater

range of inhibition was achieved compared to when the

lower concentration of inhibitor was used. In addition,

agreement between the simulation and experimental results

was observed with an initial galactose concentration of

37.5 mM, which had a different KI than that used for the

lactose simulations.

As the experimental data validated the simulations, the

model was used to explore the effect of inhibitor distribution in

the system by changing its diffusion coefficient (Fig. 3 B). The

initial velocities were calculated using the actual diffusion

coefficient of lactose (6.6 6 1026 cm2 s21), as well as M and

3 times this value. Since the substrate concentration, KM, and

KI values in each condition were identical, the IC50 values for

each of the conditions were equivalent. As expected, since the

inhibitor concentration was identical for all conditions at the

highest and lowest inhibitor concentrations, the initial

velocities resulting from exposure to these concentrations were

equivalent. However, since the diffusion-driven distribution of

inhibitor in the system for each condition was different at

intermediate concentrations, the initial velocities correspond-

ing to these concentrations were also distributed differently. As

shown, the lowest diffusion coefficient caused the narrowest

initial velocity profile, while the highest diffusion coefficient

caused the broadest initial velocity profile, which caused

corresponding shifts in the location of 50% inhibition even

though the IC50 values were identical.

The models were also sensitive to the potency of the

inhibitor or KI (Fig. 3 C). The distribution of inhibitor,

substrate concentration, and KM values were identical for each

condition, while the KI values varied from its approximate

actual value of 760 mM to J and 4 times this value. Therefore,

the IC50 values were proportional to KI. As expected, at all

normalized initial velocities of less than one, the lowest and

highest KI conditions resulted in relatively better and worse

inhibition, respectively. For each condition, this caused

corresponding shifts in the location of 50% inhibition even

though the inhibitor distributions were identical.

Fig. 2 Experimental data displayed as a function of distance along x

(A) and the normalized inhibitor concentration (B). In A, the inhibitor

distribution is indicated by the inhibitor name. The corresponding

initial velocities and standard deviations associated with an inhibitor

are indicated by the inhibitor name followed by IV and SD,

respectively. In B, the corresponding initial velocities and standard

deviations associated with an inhibitor are indicated by the inhibitor

name and the inhibitor name followed by SD, respectively. The

concentrations of lactose and galactose in the system were normalized

by 7.5 and 37.5 nM, respectively.

Fig. 3 Computational simulation results. Comparison of normalized

initial velocities obtained from experiments and simulations (A). In the

legend, E and S indicate experimental and simulation results,

respectively. The concentrations of lactose used in mM are indicated,

and the concentration of galactose used was 37.5 mM. Model results of

lactose inhibition using various diffusivities of inhibitor in units of

1026 cm2 s21 (B) and KI values in units of mM (C). For all graphs, at

intermediate inhibitor concentrations, the concentration of inhibitor

increased with increasing x.
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Discussion

The microfluidic assay described here has several advantages

compared to traditional microtiter plate methods. In our

hands, the plate assay required over 15 min—a typical

duration for such assays, but the microfluidic enzyme

inhibition assay took only about 2 min. Compared to

microtiter plate methods, the microfluidic method was also

simpler to operate since it required only one initial inhibitor

concentration, which was diluted within the device.

Additionally, instead of recording measurements from indivi-

dual wells, this new assay allowed the simultaneous measure-

ment of enzyme activity at a range of inhibitor concentrations.

Finally, because the microfluidic method provided initial

velocity measurements from 40–50-fold higher inhibitor

concentrations and 50 times more measurements were made

at each inhibitor concentration compared to the conventional

method, the standard errors for the kinetic values in the

microfluidic data were substantially lower than those for the

plate data.

The standard errors for the microfluidic assay were

estimated using the bootstrap method based on the error

found from 100 pixels in one column of an image correspond-

ing to one inhibitor concentration. The error in the pixel

column took into account the product and inhibitor diffusion

that occurred within the pixel column; it also took into

account flow instabilities due to the pulsatile flow in our

system, which occurred at a rate of 138 Hz. Since the diffusion

profile of a fluorescence indicator in the system was stable over

time and enzyme damage in the presence of substrate upon

exposure to fluorescence excitation was observed, only one

image for each inhibitor was taken. The values determined in

this report were consistent with other similar experiments

performed in different devices.

In general, in order to extract IC50 values using the reported

method, the distribution of inhibitor in the system must be

determined. Since the method of determining inhibitor

distribution used here depended largely on diffusion, condi-

tions that complicate inhibitor diffusion should be avoided.

For instance, the viscosities and densities of the two solutions

placed into the device should be similar. Differences in

viscosity could lead to the uneven occupation of the two fluid

streams within the device,17 while differences in density could

cause gravity-induced reorientation of the fluids.18 Both of

these factors would make it difficult to determine inhibitor

distributions. If changes in the properties of one solution

placed into the device are unavoidable, properties in the other

solution should be correspondingly matched. This could be

done, for instance, by the addition of molecules to one solution

that change its properties but that do not interfere with the

enzymatic reaction.

In order to directly measure IC50 values, the initial

concentration of inhibitor placed in the device must be greater

than the IC50, otherwise 50% inhibition will not be realized.

However, if the initial concentration of inhibitor is much

greater than the IC50 value, product concentrations corre-

sponding to variable levels of inhibition will be restricted to

relatively fewer pixel columns in x. As a general guideline, to

avoid these problems, initial inhibitor concentrations should

be in a range from two to ten times the IC50 value, which could

be estimated by performing preliminary assays with variable

initial inhibitor concentrations.

The flow rates used in the assays were chosen in order to

create a distribution of inhibitor in the system that ranged

from zero to the initial inhibitor concentration placed in the

device. Additionally, the diffusion profile of inhibitor was

chosen so that it was sufficiently broad over the imaging region

so that the gradient, across the width of the device, spanned

several pixel columns allowing resolution of the inhibitor

concentrations that caused 50% inhibition of the enzyme. At

relatively high flow rates, the inhibition diffusion profile would

be steep, spanning relatively fewer pixel columns. Compared to

a relatively broader inhibitor diffusion profile, this would

result in a less precise determination of the IC50 value since the

pixel column corresponding to 50% inhibition of the enzyme

would correspond to a wider range of inhibitor concentrations.

In addition, in this study, measurements were made of the

IC50 values of competitive inhibitors, which compete with

substrate for the active sites of the enzyme. Because relatively

high concentrations of substrate in the system would reduce

the effect of the inhibitor and make it difficult to observe, the

substrate concentration used in the assay were less than the KM

of the substrate.

While demonstrated for one model enzyme system, this

assay could be applied toward a wide range of enzyme systems.

For direct use of the assay, a fluorogenic or colorimetric

substrate must be available and the rate of product formation

must be high enough to ensure a detectable product signal near

the enzyme immobilization region before significant inter-

diffusion of the reactant(s) or product(s) occurs. For enzyme

systems with slow reaction times, a range of inhibitor

concentrations in individual microchannels could be created

using a similar Y-shaped channel and splitting its outlet into a

series of smaller channels.19 The reactions could then proceed

for relatively longer periods of time without the product and

inhibitor diffusion that would occur in the system as presented.

The wide range of continuous and discontinuous gradients

that can be produced by microfluidic devices20 would allow the

assay developed here to be fine-tuned for particular types of

inhibition. While a wide range of fluorogenic substrates are

available,21 radioactive, spectroscopic, or amperometric meth-

odologies could also be used in the assay by implementing the

corresponding detection systems. With the modifications

suggested, the assay reported here could be highly versatile,

accommodating enzyme systems with slow turnover rates and/

or systems without available fluorogenic substrates.
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